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EFFECT OF SWITCHING IN THE CONDUCTIVITY
OF InGaAs/GaAs HETEROSTRUCTURES
WITH TUNNEL-COUPLED QUANTUM WELLS

P.A. Belevskii, M.M. Vinoslavskii*, V.M. Poroshin

Institute of Physics, National Academy of Sciences of Ukraine, 03028 Kyiv,
Ukraine, *mvinos@jiop.kiev.ua
It is reported about the observation of the effect of switching between states
with different conductivities in double tunnel-coupled quantum wells (QW)
n-In,Ga, (As/GaAs under the action of a heating lateral electric field pulse.
The effect is explained by the redistribution of carriers between the impurity
band in a narrow QW and the lower subband in a wide QW.

Introduction.

Heterostructures with tunnel-coupled quantum wells (HS with TCQW) are
used in various devices - field effect transistors, high-frequency oscillation genera-
tors, logic elements, and etc. The principle of operation of these devices is based
on the tunneling interaction of states in QWs with different conductivity (mobil-
ity). In most cases, studies are carried out on samples with three contacts, one of
which is the controller (gate). The change in conductivity occurs, for example, in
the anti-crossing of the levels of size quantization in the TCQW, which is achieved
by changing the gate voltage [1].

In this paper, we report the effect of the lateral (along the heterolayers) con-
ductivity switching in InGaAs/GaAs HS samples with a TCQW with only two cur-
rent contacts under the action of the pulses of the electric field which is heating
carriers.

Technique of the experiment.

The structures grown by the gas-transport epitaxy method contained from 10
to 20 pairs of InGaAs double tunnel-coupled QWs with different widths (80-100 A
and 160-180 A) separated by GaAs barriers 30-50 A thick. The QW pairs are sepa-
rated from each other by GaAs barriers of 700 A width. The structures with double
QWs were 6-doped with Si into narrow QWs. The impurity concentration was Ny =
1-3*#10"" ¢m™ for a period.

The rectangular samples, cleaved from the structure, had In or GeAu strip
electrical contacts, the distance between them being 1 to 3 mm. Cooling the sam-
ples to a temperature of 4.2 K was carried out in the dark.

To measure the conductivity of the structures, a constant voltage of ~3 V was
applied to the contacts, so that the value of the stabilized current through the sam-
ple was of the order of 1 pA. In addition, single voltage pulses of ~ 0.5 us duration
and amplitude up to 1000 V were applied to the contacts. After the voltage pulses

6| has finished, the time dependences of the conductivity relaxation (hereinafter in the
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Figure 2. Field dependences of the conductivi-
ty of the HS with double QWs during the elec-

tric field pulse and after it is turned off

0

text referred to as the "residual
conductivity") of the samples
were measured, which usually
quickly reached a certain sta-
tionary value. In addition, the
field dependences of this resid-
ual conductivity were measured
at a value close to stationary af-
ter 1 to 4 minutes after the end
of the voltage pulse.

Experimental results.

A typical dependence of
the residual conductivity rela-
xation on time for heterostruc-
tures with double QWs is
shown in Fig. 1. The depen-
dence of the residual conducti-
vity on the applied field, meas-
ured at the time moment t;, is
shown in Fig. 2.

It has been established
that for samples of HS with
double QWs 6-doped into nar-
row QWs, the application of a
pulsed electric field E > 0.1-1
kV/cm leads to a substantial in-
crease (up to two orders of
magnitude) of the residual con-
ductivity, which depends both
on the magnitude of the applied
pulsed field and the doping
level of the QWs (Fig. 3).

The observed strong ef-
fect of increasing the residual
conductivity in the double QWs
structures, d-doped into a nar-
row well, is, in our opinion, due

to fact that the conductivity at helium temperatures is carried through two chan-
nels: over the lower subband of the wide QW and along the impurity band in the
narrow QW [2]. The impurity band is located in energy below the size-quantized
subband in this well, but above the bottom of the subband of the wide well (Fig. 4).
As follows from the calculations of the energy spectrum, due to the high density of
states in the impurity band, even at helium temperature there is a significant |7
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amount of electrons in it, which
is greater for the higher doping.
The electron mobility in the
impurity band is mainly deter-
mined by scattering on the re-
sidual impurities and it is much
less than the carrier mobility in
the lower subband of the wide
well. The contribution in the
conductivity of the electrons in
the impurity band explains the
observed relatively low mobil-
ity in these structures at helium
temperatures. Under the action
of the applied high electric
field pulse, electrons from the
impurity band of a narrow QW
tunneling through the barrier to
the lower subband at wide QW.
As a result the sample conduc-
tivity increases. After the field
pulse is turned off, the electrons
remain in wide wells, since the
states of the impurity band are
higher in energy and spatially
separated from the states of the
wide QW subband. As a conse-
quence, a state with high con-
ductivity will be maintained.

We also carried out com-
parative measurements on single
QWs with different types and
levels of doping (d-doping into
the barrier, into the well or ho-
mogeneous over the period). A
common property of such het-
erostructures was the absence of
two channels of conductivity.
Respectively to this, the above
described switching effects be-

tween them should not be observed. Actually, the maximum change in the residual
conductivity obtained by us in these experiments did not exceed 50% and was
reached in fields of the order of 2 kV/cm. Moreover, these changes had a complex
nature. For example, in addition to an increase of the conductivity, its decrease was
8| observed also. These conductivity changes can be explained by changing the car-
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rier concentration due to their capture by various types of barrier-like traps on the
QWs interfaces. Ridley pointed out this possibility for the QWs [3]. However, the
contribution of such barrier-like states to the change in the conductivity of a HS
with double TCQWs under the action of strong electric fields is less importance.

The authors are grateful to N.V. Baidus and B.N. Zvonkov for growing het-
erostructures.
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OPTICAL PROPERTIES OF THE ARRAYS DIFFERENT FORM
QUANTUM DOTS

V.1 Boichuk|, L.V. Bilynskyi, R.I. Pazyuk

Physics department
Ivan Franko Drohobych State Pedagogical University

24 Ivan Franko St., Drohobych, 82100, Ukraine, iv.bilynskyi@gmail.com

Investigations of many-dimensional superlattices (spatially ordered ) of self-
assembled semiconductor quantum dots (QDs) are interesting and potentially prac-
tically important in terms of developing fabrication techniques and theory of

physical processes of nanosize heterosystems.

Semiconductor quantum dots are local areas of semiconductor material
about 2-10 nm in size embedded in a wider energy gap semiconductor matrix. Due
to existence of the potential well, charge carriers are confined inside the dots. Be-
cause of their small size quantum dots represent the ultimate case of quantum con-
finement when the movement of carriers is limited in all three directions. A three-
dimensional confinement of carriers leads to a strong spectrum modification of
electronic states, so that the electronic structure of a quantum dot brings an analogy

with a single atom.

We considered conduction band intersubband electron transitions in an array
of non-interacting one-dimensional chains of spherical quantum dots in the

GaAs/ Al Ga, _As semiconductor system. The absorption coefficient caused by

these transitions was calculated depending on frequency and polarization of inci-
dent light, Fermi level position, and temperature. We established the existence of
peaks of the absorption coefficient at the edges of the absorption region in conse-
quence of intersubband transitions according to the defined selection rules. The
dependence of the absorption coefficient on Fermi level position was found. It is

10| shown that the absorption coefficient reaches its maximal value at the center of the
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region between the s-, p-like subbands and slightly varies with temperature. In case
of change in the direction of the polarized light wave from perpendicular to parallel
the absorption bandwidth increases sharply. It is obtained that the absorption
bandwidth also increases with reducing quantum dot radius followed by a simulta-
neous blue shift. It is demonstrated that the absorption coefficient of light inci-
dence parallel to the quantum dot chain does not depend on the method of polariza-
tion (linear or circular), while the change in the direction of polarization (to per-
pendicular) leads to appearance of the quasi-resonant band within the absorption
region. We also analyzed the dependence of the relative absorption coefficient on

concentration of aluminum in the A/ Ga,  As matrix.

11
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TWO ELECTRONIC MOLECULA CONTAINING THREE SPHERICAL
QUANTUM DOTS

Boichuk V.1, Holskyj V.B., Leshko R.Ya.

Physics department
Drohobych Ivan Franko State Pedagogical University,
Stryiska Street, 3, Drohobych, 82100, hol.wit@gmail.com

Quantum dots (QD) are often referred to as artificial atoms through their dis-
crete electron spectrum. When several QD are near placing, they begin to interact,
resulting in the energy particle levels split [1]. For large influences of tunneling on
electronic states, covalent bonds are introduced, as in real molecules [2]. Regard-
less of whether there is a large effect of tunneling on the formation of coherent mo-
lecular-like states, this must be taken into account for the correct description of the
system of QD. It has a practical value for quantum computing [3], coherent states
for the formation of qubits, and for implementing a SWAP gate for control of
qubits [4]. The methods of self-organization that provide the production of mole-
cules and arrays of semiconductor quantum dots are now well developed and con-
tinue to be refined [5].

Fig.1.The model of the nanosystem.

The paper considers a molecule of three spherical QDs that are connected
with each other due to tunneling effects (Fig. 1). The spectrum of energy states of
such a molecule contains the split states of individual QDs. To determine them
when there is one electron in such a nanosystem, the wave function is represented
as a linear combination of electron wave functions of individual QDs:

¥(r)=3Co, (1), i=1.2.3 0

¢, (r) is the wave function of the electron ground state, in i-th QD.



X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

To obtain the energy particle levels, a substitution (1) has been made in the
stationary Schrédinger equation with Hamiltonian:

H=-—V=V+U(r), )

U,, if rinQDs space
vin=-{ )
0, if rother
where m is effective mass of electron for the proper area, U<O.

As a result, a system of linear homogeneous equations is obtained. To calcu-
late the specific energy values a condition is used that the system has a solution
when its determinant is zero.

The found energy levels and wave functions were used to determine the en-
ergy of the system of two electrons and their wave function for the molecule under
study. We considered nine levels of energy, which are described by the following
wave functions:

rlarz): 1(”1)\111 (’”2)

\11(1)( Y
‘P(z) (”prz) =Y, (rl)lPH (r2)
yt) ( ,7’2) =¥, (rl)‘PHI (rz)

‘P(4’5)(r1,r2): 1

3(\?1(

3)

i

(4)
W)Wy (n) £, (n) ¥, (7))

g7 (rl:’”z) =%(\Pl (}’1)‘1’”, (FZ)i‘P’ (7’2)‘11,,, (7‘, ))

1
lP(&g) (Vl ,7’2) = _(LPII (”1 )le (l”2 ) u (,,2)\}1”[ (VI ))
V2
The energy of two electrons system is found from the stationary Schrodinger
equation with Hamiltonian:
2 2 2
A=y ly "y ly . ¢ Lup). (5)
2 m 2 m ¢9|r1 - r2|
Consequently, the numerical calculation of the energy spectrum of two elec-
trons in a molecule, formed from three quantum dots of a spherical shape, was per-
formed. The influence of the magnitude of the nanocrystal, the distance between
them and the symmetry of the quantum molecule on the energy spectrum of two
electrons is investigated. The case of symmetry of an equilateral and an isosceles
triangle is considered.

1. Boichuk V.I., Holskyj V.B., Journal of Physical Studies. — 2001. — 46, Ne 3. —
c. 342-345.
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4. R. Hanson, L. P. Kouwenhoven, J. R. Petta, S. Tarucha, and L. M. K. Vander-
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EFFECT OF POLARIZATION TRAPS, DONOR AND ACCEPTOR IMPU-
RITIES ON THE INTRABAND AND INTERBAND LIGHT ABSORPTION
OF QUANTUM DOTS

Boichuk V.I.\, Leshko R.Ya., Karpyn D.S., Ivanchyshyn I.B., Toma L.P.

Physics department
Drohobych Ivan Franko State Pedagogical University,
Stryiska Street, 3, Drohobych, 82100, leshkoroman@gmail.com

It is a long period of time that the physics of nanosystems is considered to be
a priority direction in the modern development of the materials science and
nanoelectronics. Its success is due to the use of nanoobjects such as quantum wels,
quantum wires, quantum rings and especially quantum dots (QDs). Due to their
unique properties, QDs are widely used in optoelectronics. The narrow spectrum of
radiation of monodisperse QDs makes it possible to use QDs in light-emitting di-
odes (LEDs). They have better spectral characteristics and a higher coefficient of
efficiency than LEDs on the basis of the liquid crystals and organics materials.

Today technologies give possibility to product high-quality QDs, but it does
not guarantee absence of various defects in them. In the nanocrystal can be at least
one impurity atom. Also impurities can passivate the torn ties on the QD surface.
In addition, the impurities can purposefully inject into a nanostructures by doping.
Therefore, impurities may be in QDs and affect its properties.

An increasing ratio of the number of atoms on the surface to the number of
atoms in the nanocrystal volume (QD size becomes small) increases the role of the
surface states in the formation of absorption and luminescence bands. It relates to
the heterosystem with QDs. Notwithstanding that in QD it is often hard to deter-
mine the nature of the surface states, in most cases the red radiation spectrum is
caused by electron transition with concern to the surface traps [1]. One of the rea-
sons for the existence of a surface trap is the polarization charges on the interfaces.

The value of polarization charges and the potential energy of the electron interac-
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tion with polarization charges are defined by the difference of the dielectric permit-
tivity of a heterosystem. A larger difference of the dielectric permittivity of a het-
erosystem and smaller sizes of QDs increase the role of the polarization trap.

Therefore, there are two important factors which effect on optical properties
of the QD: 1) surface states causes by the polarization charges and impurities (es-
pecially for small QD); 2) different impurities (for intermediate and large QD).
Those two factors leads to presence of the absorption peaks in the long-wavelength
region in the interband and intraband light absorption and luminescence.

The calculation of the electron energy in the QD heterosystem with an impu-
rity shows that the reduction of the QD size causes a transformation of the lowest
exited states from the inner-dot into the outer-dot states. The outer-dot states are
characterised by a weak energy dependence on the QD radius. The probability den-
sity of the electron in the space for those states has a maximum value near the QD
surface in the matrix [2]. Those states are called “surface electron states”.

Taking into account the polarization charges and the intermediate layer with
€ = ¢(r) on the surface, causes the existence of the electron polarization trap in the
matrix near the QD surface. It has been defined that the electron interaction with
polarization charges increases the binding energy of the surface states (decreases
the electron energy) [3].

Also, we consider 5 types of the QD excitation: the Wanier-Mott exciton
and 4 types of exciton-impurity complexes. The dependence of the total absorption
coefficient of light on the wavelength for a heterosystem with such types of elec-
tron excitation showed that the main absorption band is characterized by two
maxima. It is formed by quantum transitions of an electron with the formation of
exciton, exciton-ionized donor, exciton-neutral donor, exciton-ionized acceptor.
The longwave wing of this band is formed during the formation of the complex ex-

citon-neutral acceptor.
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THE JOINED EFFECT OF ELECTRIC AND MAGNETIC FIELD ON
THE OPTICAL PROPERTIES OF NANOSTRUCTURE
CdS/HgS/CdS/HgS/CdS

V.A. Holovatsky, M.Ya. Yakhnevych, N. Ya. Yakhnevych

Chernivtsi National University. Chernivtsi, Ukraine.

External fields are important mechanism of influence on optical characteris-
tics of quantum dots (QDs). Because of using electric or magnetic fields we can
change absorption or radiation spectrums of nanostructures.

There are other works concerning with the simultaneous effect of electric
and magnetic fields on the electronic states in QDs [1-5]. Authors of paper [1] in-
vestigates the light interband absorption coefficient in parabolic GaAs quantum dot
in the presence of codirected electric and magnetic fields. Analytical solutions of
Schrodinger equation are gotten. The ground state energy of the exciton in cylin-
drical quantum dot in the presence of external fields is obtained in [2] by varia-
tional method. Influence of electrical and magnetic fields on electron states in mul-
tilayered QD is investigated in [4-5] for spherical nanosystems: core-
barrier/well/shell and core-well/shell/well correspondently, using the expansion
method, which is based on the solutions of Schrodinger equation for electron in
nanosystem without external fields.

The semiconductor multilayered spherical QD is considered consisting of
core-potential barrier with radius ry and two layers forming the potential wells with
Ay and A, respectively, separated by y thin layer-barrier with p thickness, placed
into the semiconductor matrix-barrier is considered. Directions of magnetic field
induction vector and electric field intensity vector coincide with Oz-axis. The ef-
fective masses of electron, dielectric constants in potential wells and barriers, and
confining potential has forms

My, 1y<r<r,r,<r<r,
p(r) =

m, r<r,r<r<r,,r2r,

9

) &y, F<rsn,n<r=<r ()
e(r)=
E, rSr,n<rsr,r2r,

b

19

UG Vo, <1y, i <r<n,rzn
V)=
0, y<r<n,n<r<n

In order to obtain the energies and wave functions of the electron in nanos-
tructure, which is placed into external fields, we are going to solve the Schrodmger
equation with Hamiltonian (2), where 7 is the electron quasi-momentum, 4- vector
potential.
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Formula (3) describes electric field potential, where unknown coefficients are got-

ten as solutions of Poisson equation.
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The potential V?(r) is calculated in ref. [6] and has the form
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When nanostructure is placed in electric and magnetic field, wave functions
is calculated in following view

V()= 2e®,,F) (5)

The energy spectrum Ej,, and expansion coefficients are gotten from solution of the
secular equation 6.

| E,5,.6,|=0 (6)

Fig. 1 proves that the degeneration of the energy spectrum with respect to
magnetic quantum number is taken off in the magnetic field. The energies of the
states with = = @ increase when the magnetic field induction becomes bigger. The
energies of the states with m<O0 at first decrease, and further increase at B increas-

18| ing. In the fig. 1 one can see the complicated behavior of electron energy spectrum

n'l',nl -
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with the regions of anti-crossing between neighbor energy levels with same mag-
netic quantum number m. In these regions the electron changes its location tunnel-
ing through the finite potential barrier due to the spatial confinement of electron by
magnetic field. The role of the ground state is played by the states with m=0; -1; -
2, alternately, when B increases. The configuration of the ground state changes
when the magnetic field changes on the same value AB.

The similar behavior of the electron energy spectrum is observed for the
quantum rings and is known as the Aharonov-Bohm effect. Fig.1b and fig.1c prove
that in case of presence of electric field such effect decreases, and then completely
disappears. With electric field intensity 100kV/sm this effect decreases and with
200kV/sm effect completely disappeared. Increasing electric field intensity the
ground state of the electron doesn’t change its magnetic quantum number.

E, meV

Fig. 1. Dependences of electron
energy spectrum on magnetic field in-
duction for the states with different
magnetic quantum number m in the
nanostructure at

(a) F=0 kV/sm,

(b) F=100 kV/sm,

(c) F=200 kV/sm

With increasing magnetic field induction electron in the ground state gradu-
ally tunnels from external potential wall into internal one. In case of presence of
electric field intensity tunneling occurs at bigger values of magnetic field induction
than at without electric field. When with 0 kV/sm tunneling occurs at 10 T, at 100

kV/sm - 25T, at 200 kV/sm - 50T. 119
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In anticrossing area electron changes its localization. This phenomenon is
observed because of electron tunneling possibility through finite potential barrier
because of spatial restriction charged particle by magnetic field. Change of local-
ization quasiparticle has influence on the optical properties of the nanostructure
(especially on the intensity of intraband and interband quantum transitions). De-
pendence of oscillator strengths are shown on figure 2.

F F . —_

15 | H | FI-Z
F1-3

F1-4

FI-S

F

0,5 0,5- F”’
1-7
0’0""\""'"""X""""0’0/'"Q&QLI,\'\
5 10 15 20 BT 20 40 B, T

(a) (b)

Fig.2. Dependences of oscillator strengths from magnetic field induction at without
electric field — (a), and F=100 kV/sm — (b)

In case of presence of electric field dependences of oscillator strengths intra-
band quantum transitions from magnetic field induction becomes more compli-
cated, and transitions such as 1—6, 1—7 become available. In case of absence of
electric field such strengths equal zero.

The properties of electron energy spectrum in the nanostructure under study
can be implemented in new magneto-optical devices.
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We showed recently [1] that ionization of shallow impurities arranged as a delta
layer within the quantum well (QW) with relatively small concentration increases
their binding energy and changes (also increases) the separation between couples
of the first neighboring space-quantized energy levels. Here the term “relatively
small” means that we treat impurities as isolated ones or in other words, impurity
binding energy (IBE) does really exist. As an upper criterion for such concentra-
tion 1s the critical one N,, for the Mott’s metal-semiconductor transition which can
be found from the relation a,N'> =0.37 . The reason for such phenomena is the fact

that (partly) ionized delta layer “digs out” its own electrostatic QW, which is su-
perimposed on the original energy profile created by heterostructure. The Fig. 1
explains these phenomena. Here one can see and compare the original QW with
neutral impurities at low temperature — a) and compound QW with ionized center-
doped — b), and edge-doped delta layer — ¢) at elevated temperatures. At low (he-
lium) temperature all the electrons are frozen out to impurities and therefore there
are no additional electrostatic QW. In this case the IBE for center-doped QW is
approximately twice as large as for edge-doped one (for QW widths not less than
three Boron radii — and it is with such QWs that we will deal further). Increased
temperature involves ionization of the delta layer. As a result additional electro-
static Hartree potential created by free electrons and ionized donors is added to the
original one. Due to the fact that this “digged out” QW is narrower than original
one the difference between energy levels here is larger than in wider initial QW,
which is shown in the parts b) and c). Note that for edge-doped QW in the case c)
the added QW is narrower than in the case b). It means that wave function of the
first level of the spatial quantization is bigger in magnitude and more concentrated
near the impurity atom. All this is followed by an increase in both the IBE [1] and

! There are some other values of the right-hand side in the literature, not so much different from each other. We use | 21
here the estimate given in [2].
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Energy, melV

Normalized coordinate z

Fig.1. Schematic representation of influence of the ionized delta layer potential on the
energy structure and impurity binding energy. Solid lines — energy profiles of the
QWs, dashed lines — energy levels of the original QW, dotted lines — energy levels
created by the electrostatic (Hartree) potential, blue lines — wave functions of the first
energy level. Ec and Ee (short bold red lines) — ground impurity states for center-,
and edge-doped QWs accordingly. a) — original structure with neutral impurities (at
low temperatures), b) — structure with center-doped ionized delta layer, c) — structure
with edge-doped ionized delta layer.

difference between pairs of neighboring energy levels [3]. Meanwhile, it is known

that background impurities exist in any QW structure or some impurities can be
introduced intentionally into the barriers (for instance as a delta-layer to enlarge
mobility and concentration of charge-carriers in the QW — a so-called modulation
doping) for some or other reason. But regardless of whether the impurities intro-
duced intentionally or not, they lead to the band bending near interfaces even at
zero temperature like it is schematically shown in Fig.2 for an edge-doped QW. In
turn this affects the electrical and optical properties of the device as a whole.
Therefore our work is focused on the theoretical study of the influence of the band
bending on the energy spectrum and, consequently on the impurity binding energy
of the partly ionized delta doped QWs. We do it on the example of n-type
Sig.8Gey,/S1/S1p sGey, QW structure with infinitely long barrier’s, center- or edge-
n-doped with Phosphorus at temperatures 7= 4 and 300 K. The donor impurity in
the barriers is taken as uniformly distributed with concentration of 10" cm™, 10"
cm”, u 10" cm™. The energy spectrum of the QW is calculated in two steps. At the
beginning, we calculate the band bending and the energy spectrum by a self- con-
sistent solution of the Schrodinger and Poisson equations and with a constant IBE
for the impurities of the delta layer, which is equal to the value obtained without
background impurities. In the second step we calculate the IBE in the delta layer
and the energy spectrum of the QW again by the self-consistent solution

22|

Obviously, it is the impurities in the barriers that determine the position of the Fermi level.



X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

.

-

2\

\J

Eneroy
\l\l

z/L

Fig.2. Schematic representation of edge delta-doped QW
with residual impurities at elevated temperatures.

of the Schrudinger and Poisson equations with taking into account the energy pro-
file of the structure obtained on the first stage. The procedure is described in our
works [1,3, 4]. Some results are shown in the Table 1. In the last column desig-
nated with afterisk * we present the results from our work [4] obtained for the ab-
sence of background impurities. It is seen that background impurities do not affect
much to the IBE for donors in the delta layer but their influence on the separation
between neighboring energy levels is more pronounced. Careful analysis shows
that IBE in the delta layer and the separation between couples

Table 1. Impurity binding energies E,, differencies between couples of the first space-quantized
energy levels, number of electrons in the QW released from the depletion layers n;, and from the
delta layer n,y, and a percent content of donors in the delta layer for different concentrations of
background impurities N, for a center-, and an edge-doped QW. Concentration of donors in the
delta layer 1.2410"cm™, temperature T=300K.

N,, cm” 107 10" 107 0*

Plage Center | Edge | Center | Edge | Center | Edge | Center Edge
of doping

E, meV 324 | 324 | 334 |31.7| 337 |316| 334 30
AE,meV 6.1 |274| 113 | 258 | 124 | 259 11.1 19.7
AE; 3, meV 24 (179 58 |183| 69 |188]| 58 11.2
ny, 10" em™ 77 | 73| 20 | 1.8 | 04 | 03 0 0
ny 10" em® | 73 | 56 | 78 | 68 | 81 | 7.2 | 84 7.8

Ny, % 61 47 65 57 68 60 70 65

of neighboring energy levels are the result of a shape of the bottom of the QW.

This shape, in turn is formed by the competition of the potentials created by 23
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charges released due to the band bending on the one hand, and by the charges ob-
tained by the ionization of the delta layer on the other hand [5]. The results on the
number of electrons in the QW (see the last row in the Table 1) show that it is pos-
sible to increase them (which can be important for some optoelectronic devices —
see, for example, Ref. [6]) by increasing the number of electrons supplied by the
depletion layers.

Thus the obtained results allow one to predict the changes in the optical properties
depending on the band bending and the level of ionization of impurities in the cen-
ter- or edge-delta doped QWs.

This work was partly supported by the ministry of education and science of
Ukraine.
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Synthesis of doped NCs CdTe

0.A. Kapush, D.V. Korbutyak, S.1. Budzulyak, N.D. Vakhniak

V.E. Lashkaryov Institute of Semiconductor Physics NAS of Ukraine, Natl. Acad. of
Sci. of Ukraine, Kiev, Ukraine.

Luminescent semiconductor nanocrystals (NCs) have gained increasing at-
tention in the past decade due to their unique optical, electronic and magnetic
properties that are not available in either isolated molecules or bulk solids. Then
NCs are potential candidates for various technical applications such as light-
emitting diodes and lasers and biological fields. Recent years have seen consider-
able research interest in II-VI compound semiconductors, which are promising
materials for novel microelectronic devices that take advantage of quantum size
effects, missing in bulk materials. Such effects are most pronounced in CdTe, be-
cause it has a large Bohr exciton radius (ag =7.5 nm). Unfortunately, among
nanoparticulate cadmium chalcogenides CdTe has been studied least. The reason
for this is that colloidal solutions of CdTe are difficult to prepare because many
Te (II) compounds have a tendency to decompose and are highly toxic.

Currently, there are many different methods of CdTe NCs obtaining for us-
ing in various spheres of science and technology. Physical methods provide a high
degree of control system parameters, but they are quite complicated in implemen-
tation and require cumbersome and valuable equipment. Chemical methods are
simple and economical, more profitable than the others methods of synthesis, thus
they allow to obtain CdTe NCs of small sizes, even to several nanometres. Chemi-
cal methods are simple and economical, more profitable than the others methods of
synthesis, thus they allow to obtain CdTe NCs of small sizes, even to several
nanometres. They offer great opportunities to receive and study the properties of
low-dimensional systems based on CdTe. It is possible to operate not only the size
of the NCs, but also affect on their shape and structure by changing the synthesis
conditions.

In this paper we consider an easy way of obtaining a doped CdTe NCs at
room temperature. CdTe nanocrystals capped with thioglycolic acid and, thus, car-
rying a negative charge were synthesized in aqueous medium by the method col-
loidal synthesis in a semi-periodic reactor. Aqueous solution of 40 ml 0.1 M Cdl,
and 2-15 mmol stabilizer was placed in the reactor to synthesize CdTe NCs. Fur-
ther we increased the pH to desired value by introducing aqueous solution of 1.25
M NaOH into the mixture; if it is necessary, then overall volume of the solution
(250 ml) was topped by adding a solvent. For stabilization of CdTe NCs surface
during the synthesis tioglycol acid S(CH,CO,H), (99 %) has been used. All chemi-
cal reagents have been used without additional purification, and deionized water
was taken for the preparation of solutions with resistivity 2.5 MOhm.

To optimize CdTe NC formation parameters, we measured the photolumi-
nescence spectra of colloidal solutions of CdTe NCs and determined the particle

25
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size by calculational techniques and experimentally, using photon correlation spec-
troscopy.

The alloying of CdTe NCs by ions of the f-group is an interesting and prom-
ising task, in particular because their intraatomic transitions lie in the visible and
near infrared regions of the spectrum. For example, the maximum of the lumines-
cence of the erbium is observed at a wavelength of 1550 nm, which corresponds to
the second window of transparency in fiber optic transmission systems. However,
these transitions are prohibited by the rules of selection and the intensity of these
lines is very small. Therefore, the implantation of an ion into a nanocrystal charac-
terized by strong absorbing power, and provided by an effective energy transfer
occurs, will significantly increase the required luminescence.

From the side of synthesis, the introduction of several impurity atoms in a
NC containing only a few hundred atoms can lead to their expulsion to the surface
or deteriorate the crystalline structure. Actually this is the creation of highly doped
NCs in conditions of strong confinement. Electronic and optical properties in such
conditions are not completely studied yet.
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ELECTRONIC PROPERTIES OF SURFACE VACANCIES IN CDS
NANOCRYSTALS

I.M. Kupchak, N.F. Serpak, O.A. Kapush, D.V. Korbutyak

V. Lashkarev Institute of Semiconductor Physics, NAS Ukraine, 45, Prospect
Nauky, Kyiv 03680, Ukraine, kupchak@jisp.kiev.ua

Cadmium sulfide (CdS) is a classic direct gap A"B"' semiconductor with a
band gap of 2.42 eV (515 nm) at room temperature, but remains an interesting ma-
terial during the long time [1,2]. However, in recent years, this interest has grown
significantly due to possible application of CdS nanocrystals (NCs) in micro- and
optoelectronics and, particularly, in light-emitting diodes, lasers, sensors, photo-
electrical devices, solar cells, memory cells etc. [3-7].

Bulk CdS is a non-stoichiometric semiconductor of n-type, provided by the
presence of intrinsic defects, such as sulfur vacancies and interstitial cadmium [8].
However, at the nanoscale, the recombination processes are expected to be affected
by the presence of the surface defects due to the smallness of NCs size, resulting
mainly in the luminescence characteristics of NCs. In the most of cases PL spectra
of such the nanocrystals are determined by the inter-band transitions only, as
widely described in the literature [9-11]. Nevertheless, the defect-associated lumi-
nescence may be observed in PL spectra of cadmium chalcogenides [12] as well.
There is a set of works [13-18] dedicated to the problem of the photoluminescence
properties and establishing the mechanism of radiative recombination in CdS
nanocrystals. However, many factors remain undefined, particularly, the nature of
the recombination centers have still not been clarified. There are the assumptions
made in many works that the radiation occurs through the V -V [14,18] centers,
acceptor centers Vg [15-17] or through the surface defects of unknown nature. In
order to make a conclusion which kind of these defects are the most probable cen-
ter of radiative recombination, we perform the geometry structure and the elec-
tronic density of states calculations of the defect-free Cd;;Ss; cluster in the charge
states g=-2..2, as well as of cluster containing the cadmium vacancy V4! with
¢=0..-2 or sulfur vacancy Vs* with ¢=0..2. The vacancies were simulated by re-
moving the single atoms of the corresponding sort - cadmium or sulfur from the
NC surface, leading to the general study the properties of Cds,S;3 and Cds;S;, clus-
ters.

All the calculation have been carried out within the density functional the-
ory, as implemented in GAMESS-US software package [19], with the use of hy-
brid exchange-correlation functional B3LYP [20-23] and the Hay-Wadt set of ba-
sis functions and effective core potentials, known as LANL2DZ basis set [24-26].

We calculated the formation energies Ej,.,, of neutral and charged vacancies
of cadmium and sulfur, ionization energies of defect-free system Ex? and relaxation
energies (Franck-Condon shifts) E,? for charged systems, which are listed in the
Table 1.

Table 1.
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E, eV g=-2 |g=-1 g=0 |g=1 |g=2
E, eV -4.283 -3.130 |- 7.392 116.965
Ef eV -1.4411-0.089 |- -0.889 |-1.872
Epmm  Ved, |1.064 12.237 13.727|- -

eV

Ejorm V', eV - - 5.99214.523 |1.877

It is seen from the table, that the largest energy is needed to form the neutral
vacancy of sulfur, although all the values of formation energy are positive. It is
noteworthy to note, that formation energies of charged vacancies are significantly
smaller than for neutral ones: with the increase of ionization energy, the system re-
laxation becomes larger, leading to increase in Franck-Condone shift. Fig.1 shows
the total and partial density of states (PDOS), calculated for neutral and charges
vacancies of cadmium and sulfur. PDOS is formed with the states of the
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Figure 1. Total (continuous line) and partial (dashed line) DOS of defect-free
(bare) NC, containing the neutral and charged vacancies of cadmium and sulfur.

nearest sulfur or cadmium atoms, participating in the vacancy of cadmium and for
sulfur vacancy formation, respectively. All spectra are obtained using the Gaussian
convolution with a smearing parameter 0.25¢V and are aligned over HOMO levels,
taken as zero energy for the convenience. It is seen, that the DOS of initial, defect-
free NC has a clear gap (the HOMO-LUMO energy distance) of E, = 2.6 eV. For
the sulfur vacancy, the states of nearest cadmium atoms appear in the forbidden
gap in the vacancy charge state Vg(g=+1) only. Also, they form a clear peak close
to the conduction band bottom (LUMO level) in the systems with neutral or g=+1
charged vacancy. The rest of peaks, arising in a gap, are related with the general
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relaxation of the system. In the case of the singly charged acceptor-type vacancies
of cadmium, the well-defined peak in DOS appears on the energy distance of about
0.4 eV far from the valence band top, and during the recharging into state g=-2 the
nearest sulfur atoms form another peak close to the valence band top. The presence
of such well-defined peak in the DOS during the singly charged vacancy formation
means that these centers could be responsible for the radiative recombination in
CdS NCs. This result is a theoretical confirmation for the assumptions made in ex-
perimental works listed above, that the surface singly charged vacancies of cad-
mium are the centers of luminescence. It is noteworthy to note, that in work [7],
two closely located bands in PL spectra of CdS NCs in the region 2.1-2.3 eV are
assigned to interstitial sulfur ions. With regards to the results, obtained in this
work, we can assume, that one of these bands is related with singly charged cad-
mium vacancies, and another — with interstitial sulfur ions.
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E¢ext HeratuBHol q1udepeHnianbHol NpoBiaHOCTI y 2D HaniBIpoOBiAHUKOBUX
MOHOIIAPAX: TEOPETHYHA MO/Ie/Ib

B.I'.JIutoBuenko, A.I. Kypuak, M.B.Ctpixa
Inemumym @izuku nanienpogionuxis im.B.€.Jlawkapvosa HAH Ykpainu

VYnepue orpumanuit 'y 2004 poii aTOMHHMI MOHOIIap BYTJIeINio rpadeH €
HaIBMETAJIOM, 1110 CTAJI0 MPUHIIMIIOBOIO MEPEIIKOA0I0 Ha IUIIXY CTBOPEHHS Ha
0a3i rpadeHy eneMeHTHOI 0a3u MJis HOBOI e€JNeKTpoHiku. YuciaeHHi cnpoOu
HaJITUTH rpad)eH HAMiBNIPOBIIHUKOBUMH BJIACTUBOCTSIMHU BUSBHIIMCS MaJOYCHIIII-
HUMU 3 TOTJISIY AANbIIUX MPUJIAJHUX 3aCTOCYyBaHb. [IpoTSIrom ocTaHHIX POKIiB,
OJIHAaK, THTEHCUBHO CHHTE3YIOThCA I BHBYAIOTHCS 1HII MOHOIIAPU 3 HaIiBIPO-
BIJIHIKOBUMH BJIACTUBOCTSAMH (HacamIepes - XaJIbKOTCHIIN MePEeXiTHUX METaiB).
Mounomapu MoS, ta WS, € npsSMO30HHUMH HAIIBIPOBITHUKAMHU 3 IIHPUHOIO
3a0opoHeHol 30HM E, ~ 1,7 eB ta 1,8 eB BiamoBigHO 1 3 €KCTpeMyMaMHu 30HU
MPOBITHOCTI ¥ BaJCHTHOI 30HH, pO3TalllOBaHUMH B TOYKax K, K’ rekcaroHaJbHOI
30Hu bpumitoena, mogioHO 10 TOTO, SIK 1€ Mae Miciie B rpadeni [1].

CrnexTp B30HM TPOBIJHOCTI I[MX MarepialiiB MICTUTh TaKoX OIYHUMN
excTpemyM (7-nonuny) 3 eHepriero npubnauzHo Ha AE ~ 0,2 eB 1 0,08 eB Outbmioro
BiJl €Heprii JHA 30HHU, PO3TAIIOBAHUN y HAMPSAMKY BiJ To4ok K, K’ 10 IIeHTpy 30HU
bpimmtoena /. HasiBHICTh ABOX MiA30H 30HMU MPOBIAHOCTI, HIKYOT (1) 1 BUIIof (2),
y SKUX JUIsi €(EeKTUBHUX Mac JABOBUMIPHUX EJIEKTPOHIB BUKOHYETHCS CIIBBIJ-
HOILEHHS m, <m, [l], 1ae miacTaBU OYIKYBAaTH MOKJIMBOCTI peam3auii B 2D mo-

Homapax tumy WS,, MoS, edexty HeraTuBHOI auQEpeHIAIbBHOI TPOBIAHOCTI
[2].

HemonaBro 1eit edext Oyno Bmepiie EKCNEPUMEHTAIBHO BHUSBICHO B
MoHomapax WS, [3]. [loka3aHo, 1110 y BUNAJIKy HEHANPYKEHOTO MOHOIIAPY €PeKT
HE B1I0YyBA€ETHCS YEpe3 3aMally EHEPreTUYHy BIJACTaHb MUK JonuHamu AE ~ 0,08
eB, 00 3a KIMHaTHOI TeMIlepaTypu 3acelICHHs €JIEKTpOHaMU 7-JT0OJIMHU TMOYMHA-
€THCS BXKE MPU MIHIMAIBHUX 3HAYCHHSX TOJIIB MK BUTOKOM 1 CTOKOM. OJIHaK MpHU
NPUKIIaJEHH] JABOBICHOTO CTUCKY, Koiu 3HadeHHS AFE ~ 0,1 eB i gemo Buie,
e(eKT HeraTuBHOI AudepeHIiaIbHOT TPOBITHOCTI TOYMHAE BUPA3HO BUSBIISITUCS B
3aJIe)KHOCTI CTPYMY Yepe3 MOJbOBUI TPAH3UCTOP BiJl MPUKIIAACHOI HATIPYTH.

VY pamkax HamiB()EHOMEHOIOTIYHOI MO, MOAIOHOT 0 Ti€l, siIKka MIUPOKO
BUKOPUCTOBYETHCS JIJIi TPUBUMIPHUX MartepiajiiB [2], HAMU OOYHUCICHO MOJIbOBY
3aNeXHICTh JipeiidoBoi mBUIKOCTI v(¢) B WS, npu temnepatypi T = 300 K nns
pizHux 3HaueHb AFE Big 0,03 eB go 0.27 eB, a TakoX CHiBBIIHOIICHHS
KOHIICHTpAIlli €JIEKTPOHIB y BEpXHIM 7-TONHMHI n, 0 3arajibHOI KOHIIEHTpaIlli
€JIEKTPOHIB Y 30HI MPOBIJHOCTI # BiA enekTpuuHoro mnoss. Ilpu pozpaxyHkax

12 2 -
BUKOpHUCTaHO 3HaueHHs 7, = 107" ¢, u; = 50 cm”/Bc, ”% =10 . 3aIEXHICTh V(&)
1

Ha6YBa€ BUIIAOY KpI/IBO.l. 3 MAKCUMYMOM, a CHiBBiJIHOHICHHH l’l% IIpu 1oJIsIX, 1m0

BI/IMOBIAAIOTh MAaKCHUMYMY, TOYHMHAE 3pocTatv (1Ie BIJAMOBIAAE IHTCHCUBHOMY
3aCEJICHHIO PO3ITPITUMU EIIEKTPOHAMU BEPXHBOI JOJMHHU 30HU IPOBIAHOCTI) 131
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MOYMHAIOYM 3 IIEBHOTO TOporoBoro 3HaueHHI AFE ~ 0,15 eB, mo skicHO
BinnoBinae pesyabrataM [3]. [lpu HwK4unx 3HaYeHHSIX AE €1eKTPOHU IHTEHCHUBHO
MEePEXO0IATh 10 BEPXHBOI JOJIMHHU BXKE MPH MIHIMAIBHUX 3HAYCHHSAX JICKTPHIHOIO
noJid &, i ePeKT HEeraTUBHOI AU(EePEeHIIATIBHOI TPOBIAHOCTI BIICYTHIH.

Takum 4uHOM, ymepiie aaanToBaHa Hamu 0 2D HamiBOPOBIIHUKOBUX
MoHomapiB Tury MoS, Ta WS, npocta TeopeThuyHa MOJENb PO3IrpiBy €IEKTPOHIB
y CHCTEMI 3 JIBOMA JIOJMHaMHU [6] qoOpe onucye HasBHI €KCIIEpUMEHTAIbHI JaH1 ¢
MIJITBEP/PKYE MOKJIMBICTh CTBOPEHHSI HAa TaKUX CTPYKTypax HOBOTO MOKOJIIHHS
nioxiB ['anna. YacToTw, siki MOke OyTH OTpUMaHO Ha TaKMX J10/1aX, JIETKO OI[IHUTH

31 CHIBBIJHOLICHHS fNVL . e L — nopxuHa KaHamy nioga. /lng 3HadeHb, L0

BIJIMIOBIAlOTh cHCTeMi, sika BuBYamacs B [3] (v=4-10°cm/c, L = 5 wmrm)
oTpuMyemMo dYacTotu mopsanky 10 /7y, mo poOUTh Taki MiOAU TOTEHIIHHO
MPUBAOIMBUMHU JIJI1 HU3KU MTPAKTUYHUX 3aCTOCYBAHb.

Buxknanena B 11iii po60Ti MOJIeITb TI0O3BOJISIE TAKOXK OI[IHUTHU MEPCIIEKTUBHICTD
CTBOpPEHHS ["aHHIBCHKUX Ai0A1B HA 1HIHMX 2D HamiBIPOBIIHUKOBUX MOHOIIIAPAX Ta
TOHKAX KBAHTOBHX sSMaX, 0a30BaHUX SIK Ha TPAAMIIIMHUX Marepiajgax eIeKTpo-
HIKHM, TaK 1 Ha aJIOTpOMax BYTJEI0 «MiX TpadeHoM i rpaditom», 1o, K OyiI0
MOKa3aHO Hamu B [4], TakoX MOXYTb MaTW KOPHMCHI HaIliBIPOBIJIHUKOBI BIac-
THUBOCTI.
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EFFECT OF ELECTRIC FIELD ON OPTICAL PROPERTIES OF SEMI-
CONDUCTOR QUANTUM RINGS
IN INRRA-RED REGION OF THE SPECTRUM

O.M. Makhanets, V.1. Gutsul
Chernivtsi National University, Chernivtsi, Ukraine

Cylindrical semiconductor quantum rings are intensively studied for a long
time [1-5]. Varying the geometrical sizes of nano-rings one can influence the en-
ergy spectrum of quasi-particles and obtain the demanded optical properties.

The outer fields essentially affect the spectra of quasi-particles in such nano-
structures. For instance, in the papers [2, 3], the effect of magnetic field on energy
spectrum of electron and oscillator strengths of intra-band quantum transitions in
nano-rings fabricated of semiconductors Gads/ Al Ga, .As. In particular, it is

shown that the electron energy and oscillator strengths of intra-band quantum tran-
sitions non-monotonously depend on the magnitude of magnetic field induction
(B). In the dependences of energies on induction B one can see the anti-crossing
of energy levels of equal symmetry over the magnetic quantum number (Aaronov-
Bohm effect). The bright maxima and minima are observed in oscillator strengths
as functions of induction B. In the papers [4, 5], the authors studied the influence
of homogeneous electric field on optical properties of semiconductor nano-rings.
Herein, the model of parabolic potential was used and wave function of electron in
electric field was obtained as expansion over the complete set of wave functions of
quasi-particle in infinitely deep potential well with further solution of the respec-
tive secular equation.

In the proposed paper we study the
model of the system similar to those ones, ob-
AlGas served in the papers [4,5]. However, we use an
optimal model of confined potential with the
orthonormal set of cylindrical wave functions,
obtained in the model of finite potential. The
oscillator strengths of intra-band quantum tran-
sitions as functions of electric field intensity in
double semiconductor nano-rings
GaAds/ Al,.Ga,_.As are analyzed for the first

time.

AlGaAs

cc

In the paper we study the nano-structure
NERN consisting of two concentric rings with a height
L (GaAsquantum wells) separated by concent-
o— w7 n —»n 3 ric and tunnel-transparent ring Al Ga,_ As

Puc.1 Geometrical and potential with the thickness A. The inner and outer radii
energy scheme of nano-structure  of the first ring are p, and p,, respectively

(A 1s the thickness), for the second ring - p, 133
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and p; (A, 1s the thickness). The cross-section by the plane z =0 and potential en-

ergy scheme are shown in fig.1. A vector of electric field intensity F is directed
along Ox axis of nano-structure.

Taking into account the symmetry of the problem, the further calculations
are performed in the cylindrical coordinate system (p, ¢, z) with Oz axis directed

along the axial axis of the rings. The electron effective mass BBaxaroThcs is fixed
by the expression

L [Mos [ZISL/2i po<p<pi, pr<p=p;
u(F) = | W
W, |z>L/2abo |z|ISL/2i0<p<py, p1<p<p,

In order to study the electron energy spectrum, we solve the stationary
Schrodinger equation

HY(p,¢,2)=EY¥ (p,9,2) (2)
with Hamiltonian

2 2 2 2 2
H = lq —n? ‘9—2+1i+i282+82 - hﬁ 62+U(F)—|6|choscp-(3)
op- pop p-o0p- Oz 2u(7) 6z

Assuming the fact that the electric field does not influence the energy spec-
trum when electron moves along Oz axis and that the electron is mostly located in
the quantum wells of nano-structure (weakly penetrating into the barriers), the po-
tential energy U(7) is conveniently written as

Ur)=U(2)+U(p), 4)
where
Ug, |z>L/2, Up, 0<p=<pg, py<p=ps,
U(Z)={ : U(p)= (5
0, |z|<KL/2, 0, po<p<p;, Pr<pP=ps.

If the potential energy has such form, then, z variable is separated in Schrodinger
equation. Herein, the energy spectrum (£, ) and wave function ( f,_(z)) of elec-

tron moving along Oz axis is easily obtained [3].
The Schrodinger equation with the Hamiltonian (3) is also exactly solved
when electric field is absent. As a result, the energy spectrum (Enpm) and the radial

wave functions (Rnpm (p) ) are obtained.

For the electron energy spectrum at F # 0, we write the unknown wave
functions as an expansion over the complete set of wave functions
1

—R e
Tin nym (P)

v, ()= ﬁzzze (p)e™. (6)
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We should note that the new states of electron are characterized only by one quan-
tum number (7).
Setting the expansion (6) into Schrodinger equation with Hamiltonian (3), we
obtain the secular equation:
H E5, .0

npm,n'pm' n ng,n', m,m'

=0, (7)

where the matrix elements H . are the following:

n m,n'p m'

eF % )
anm,n'pm' = EnpmSnp,n'me,m' + (Sm',m+1 + 8m',m—l )7£Rnpm (p) Rn'pm'(p)p dp . (8)

Finally, the problem of obtaining of energy spectrum (£, ) and wave func-
tions (y, (7)) is reduced to the calculation of eigenvalues and eigenvectors of this

matrix.
These electron energies and wave functions give opportunity to evaluate the

oscillator strengths of intra-band optical quantum transitions, using the formula

[15]

2

an' ~ (En' _En) M};l'

©)
where
M, = [y} (F)epcos(o) v, (F) dF (10)

is a dipole momentum of the transition.
In this paper we analyze the electron energies and oscillator strengths of in-
tra-band quantum transitions as functions of electric field intensity.
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PROPERTIES OF ELECTRON QUASI-STATIONARY STATES IN
DOUBLE-BARRIER NANOSTRUCTURE WITHIN THE MODEL OF PO-
SITION DEPENDENT EFFECTIVE MASS

J.O. Seti, M.V. Tkach, O.M. Voitsekhivska

Yuriy Fedkovych Chernivtsi National University, 2, Kotsyubinsky Str., 58012,
Chernivtsi, Ukraine, j.seti@chnu.edu.ua

The theory of position-dependent effective mass and potential energy of qua-
siparticles became actual after the appearance of the unique unipolar nano-devices
— quantum cascade lasers and quantum cascade detectors. The theory, which ex-
plains the tunneling of electrons through the resonant-tunneling structures (RTS),
being the cascades of the abovementioned devices, is very important for the correct
optimization of their operating parameters. Such theory demands use of the models
with rather realistic position-dependent effective mass. The physical considerations
prove that, due to not perfect hetero interfaces between structure layers, there exist
the near-interface regions, where the effective mass of quasi-particle differs from
that in the contacting crystals, being the linear function of coordinate in the first
approximation.

We should mention that due to the mathematical difficulties arising at the so-
lution of Schrodinger equation, in the majority of theoretical papers [1, 2], the elec-
tronic tunneling through the multi-layered RTS was studied within the simple step-
like models for the electron potential energy and effective mass at hetero inter-
faces.

In the proposed paper, we develop the theory and investigate the properties of
spectral parameters of electron quasi-stationary states (QSS) within the smooth po-
sition-dependent effective mass. The plane open double-barrier RTS is studied us-
ing the model of rectangular potential profile of electron and its position-dependent
effective mass, being the linear function of coordinate z (fig.1)

1 0<z€zy,2,6 Sz IS0
z|-z
1+5m||—i1, zy S zIS 243
1
= m z|-z
m(z) =m, ™ —5m| | —Z44 oz S|z 2 (1)
m,, 2A,
m
—, Zy3 S| 2[S 24y,
mW

where A; and A, are the sizes of near-interface regions between wells and barriers
of RTS and m,,, m, are the electron effective masses in wells and barriers, respec-

tively, om=(m, —m,)/m,,.
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Fig.1. Rectangular potential profile (U) as function of coordinate (z) and linearly-
dependent effective mass (m) of electron in double-barrier RTS

The solutions of Schrodinger equation for the electron [3]

2
[_ h_i( 1 ij n U(z):|‘P(Z) =E¥(2), (2)

2 dz\ m(z)dz

are obtained using two well-known quantum-mechanical approaches: transmitting
coefficient (D-method) or scattering matrix (S-method). In both methods (D and §),
they must satisfy the fitting conditions, which can be written in compact form:

dYi, @) _d¥ ()
dz dz

z=z,, z=z,,

D,S D,S
\Pi(p—l)(zip):qlip (Zip)a s (p:1_6) (3)

In the regions of RTS where the electron effective mass is constant, the solu-
tions of equation (2) are known [2], and in D-method are the following:

D D iKipz D —iKipz _

\Pip(z):Aipe +Bipe s (p_09396) (4)

and in S-method
¥ ()= B e, (p=0,3) (5)

Fikz tikz
Yoi(2) = A (e 5™, (p=6) (6)
where
k=n"'\2m E p=0,6,

K., =+(-1" (7)

x=h"2m, (U-E), p=3.

S is the scattering matrix.

In the near-interface regions of RTS where the electron effective mass is line-
arly dependent of coordinate, equation (2) in D- and S-methods also has the exact
solutions [4], written as linear superpositions of the derivatives of Airy functions |37



38|

X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

D,S D,S , D,S .y _
‘Pip (fip):AJ_rp Al (éip)—i_Bip Bl (gip)ﬂ (p_192= 49 5) (8)
where

on’h’
PRy —8))
mwao y( E)J , p:2 4.

s 5 1/3
_mwaod Rye)j =15

&, () =2m(n) )

Sn’h’
Now, using the known procedure [2], from the system of fitting conditions
(3), one can obtain the transfer matrix. Its elements define the scattering matrix and

transmitting coefficient for the double-barrier RTS. The functions D(E) and S(F)
make possible to calculate the resonance energies ( £, ) and widths (I, ) of electron

QSS in both approaches and to study their behavior at the varying sizes of near-
interface regions (A, A,).

The high accuracy numeric calculations were performed for the double-
barrier RTS with Ings;Gag4;As wells and Ings,Alg4gAs barriers, being the basic
elements of modern quantum cascade lasers and detectors [5]. Thus, the geometri-
cal parameters for wells and barriers were taken typical, varying from several to
dozen nano-meters (as for the cascades of nano-devices).

The calculations prove that the differences between the resonance energies of
sub-barrier electron QSS, obtained within the exact S-method and approximated D-
method, do not exceed one per cent and that of resonance widths — several per
cents. It is shown that the spectral parameters of electron QSS strongly depend on
the size (A;) of near-interface regions between the inner potential well and barriers
of double-barrier RTS and are almost independent of the size (A,) of outer near-
interface regions.

It 1s established that in the ranges of physically correct A; size (till one lattice
constant), the resonance energies of sub-barrier electron QSS differ from that ob-
tained in the well-known simplified abrupt model for the effective mass, not more
than at 0.5%, while the resonance widths — not more than at 5%. Herein, the reso-
nance energies in abrupt model are always smaller than that obtained in the realis-
tic model with linearly-dependent effective mass. The difference between the reso-
nance energies of electron QSS in both models not big. However, it can be either
positive or negative depending of the size of quantum well and number of the state.
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Effect of Polarization Phonons on Electron, Hole and Exciton States in
Spherical Quantum Dots of Cubic Lattice Structure

I. S. Shevchuk

Department of Physics
Ivan Franko Drohobych State Pedagogical University

In recent years quantum dot structures attract increasing attention due to their
interesting quantum mechanical phenomena and unique perspectives to apply them
in electronic and optoelectronic devices [1]. In view of their size-dependent optical
properties QDs can be used in biological and biomedical researches [2]. In these
systems there exists a strong 3D quantum confinement effect on electron, hole and
exciton states arising from the energy gap difference between materials. The local-
ization of charged particles (electrons, holes) and excitons in quantum dots leads to
increasing interaction between particles. Electron-phonon interaction in QD is dif-
ferent from the interaction in bulk material. It considerably increases with reducing
dimensionality of the system, a number of polarization oscillating branches, which
interact with electrons and holes, rises: there exist confined and interface (surface)
optical phonon types [3]. It is found that the electron-optical phonon interaction
cannot be neglected, and near the surface the interaction of an electron with surface
optical phonons can be compared by magnitude to that with confined longitudinal
optical phonons [4]. A strong electron-phonon interaction results in arising of pola-
ron states in QDs based on materials with a high degree of ionicity. Polaron states
show themselves in a quite noticeable change of electron and hole quantizing en-
ergy in the quantum dot.

In [1] the effect of electron-phonon interaction on impurity electron energy in
a ZnSe spherical QD, placed in a non-polar matrix, is investigated by variation
technique. In [4] electron and hole polaron energies are found in a spherical quan-
tum dot with an infinite potential barrier by unitary transformation method. The
interaction of longitudinal optical phonons and surface optical phonons with con-
duction electrons and donor-type excitons in polar spherical quantum dots placed
in a glass matrix (calculated for CdSe and CuCl QDs) is considered. A quantum-
size effect is described with the infinite potential well in the two non-degenerate
band model in the envelope function approximation. The interaction of charged
carriers with phonons is considered in the adiabatic approach. The ground state en-
ergy of donor-type exciton is calculated by variation technique using a one-
parameter probe envelope function considering the electron-hole interaction. The
data show that for a donor-type exciton in a quantum dot centre, the lattice polari-
zation effect leads to reducing of the energy for all values of a QD radius.

Optical transition energies of the lowest states of an electron-hole pair in
CdSe QDs placed in glass are determined in [5]. The comparison of experimental
data obtained by different methods is made; a general dependence of energy on QD
size 1s established.

139



X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

In [6] bulk CdSe band parameters in magneto-optic measurements of super-
thin samples are found. Absorption spectra for a CdSe QD system located in planes
in a ZnSe matrix are obtained. A theoretical model to describe energy spectra and
exciton behaviour is proposed. Theoretical calculations allow predicting of struc-
ture parameters necessary for the relevant carrier localization and oscillator
strength enhancement.

In [7] the dependence of CdSe nanocrystal optical transitions in the many-
body approximation on the basis of one-particle wave functions for a pseudo-
potential on presence of the so-called “observers” — electrons and holes is calcu-
lated. Because of the difference in localization of electron and hole wave functions,
absorption lines are shifted in a certain manner when an electron or a hole goes
into a quantum dot. The lowest emission line is significantly shifted in the direc-
tion of the long wavelength region of spectrum with respect of the lowest allowed
absorption line.

In [8] the dependence of exciton ground state energy and oscillator strength
in a spherical quantum dot made of crystal with a high ionization degree in case of
infinite potential barriers is investigated. A strong interaction of an exciton with
optical phonons using the effective potential between an electron and a hole is
taken into consideration. The comparison is made between exciton ground state
energy values calculated with this potential and the results where the interaction of
an exciton with confined and surface phonons is considered separately. A very
good agreement of these calculated results is observed. In comparison with two
simpler exciton models, it is seen that a strong confinement in small QDs decreases
the polaron shift effect on exciton properties. The electron-hole interaction is re-
duced. The conclusion is made that the oscillator strength is less dependent on the
form of the effective interaction with reducing quantum dot size. The exciton for-
mation energy is defined for materials with a high ionization degree such as CdSe,
GaN, ZnO, and CuCl.

I. P. Ipatova et al [9] found electron and hole polaron energies in spherical
QDs considering the valence band degeneracy. The adiabatic approach is used.
However, the electron-phonon interaction Hamiltonian is chosen in the form simi-
lar to that of the bulk crystal.

Therefore, the general analysis shows that in spite of a rather wide study of
polaron effects and their influence on electron, hole and exciton states a significant
number of questions need to be solved. In particular, in ionic semiconductor QD
nanoheterosystems the question of partial contribution of different polarization
phonon modes in the hole and exciton energy renormalization is insufficiently
studied when a complex semiconductor band spectrum and different-type polariza-
tion phonon effects on exciton Stokes shift are considered. This work highlights
the above-mentioned problems.

In the paper the dielectric continuum approximation to the study of the effect
of polarization phonons on renormalizing of the energy of electron, hole and exci-
ton states in spherical quantum dots of cubic lattice structure is employed taking
into account degenerate valence bands. The role of interface and confined polariza-

40| tion phonons in formation of the electron-, hole-, and exciton-polaron energy for
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various quantum dots is defined. The proposed theoretical formalism was used to
analyse the energy spectra of Gads, CdSe, CdTe quantum dots. The resonant
Stokes shift both without and with account for polaron effects at different radii of
quantum dots 1s one of the theoretical results of this work. Qualitative agreement
between our results and the results obtained in [3] gives hope that our approach can
be accepted for further study of optical properties of such nanostructures.
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SYNTHESIS OF NANOCOMPOSITE POLYMER FILMS WITH THE EM-
BEDDED CIS NANOCRYSTALS AND THEIR OPTICAL PROPERTIES
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rev’, D. Korbutyakz), S.Budzulyakz), O.Kapushz), V.Ermarov?, S.Kalytchukz)
N.Vakhnyak”

" Lviv Polytechnic National University (Lviv, Ukraine)
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Due to the increasing demand for semiconductor nanocrystals (NCs) that a
last time found many applications, particularly in consumer electronic devices, in
medicine etc., the task of developing novel materials that does not contain toxic
compounds, first of all heavy metals, becomes crucial [1,2]. One of the possible
and promising alternative to semiconductors containing toxic elements (Cd, Pb,
Se) is less toxic copper indium disulfide CulnS, semiconductors (CIS), which is a
direct wide-band semiconductor. Recently a special attention has been paid to CIS
nanocrystals, since they are characterized by high absorption coefficients (extinc-
tions) over a wide range of wavelength within visible spectrum, high efficiency of
luminescence under different types of excitation, the ability to significantly change
the width of their bandgap, the values of the Stokes shift, and the radiation field.

In situ synthesis of CIS nanocrystals embedded in cross-linked polymer
films on a solid support and their optical properties are the main topics of this pres-
entation.

The cross-linked polymer films based on the reactive peroxide copolymers
(RC) and polyethyleneglycol (PEG-200) have been used as polymeric matrices for
in situ synthesis of CIS NCs. The mixtures of these two polymeric components
(RC and PEG-200) have several benefits as matrices for synthesis of mineral NCs,
the most important among which are the following: 1) these matrices can easily
form the cross-linked polymer films; i1) this process is accompanied by the forma-
tion of nanopores of controllable size, where synthesis of NCs takes a place; iii)
these matrices can tether the metal ions by forming ionic and coordination chemi-
cal bonds.

The AFM image, the roughness profile and the nano-porosity distribution of
the cross-linked polymer film, obtained at thermal treatment of the mixture of RC
with PEG-200 spin-cast on a glass slide, are shown in Figure 1 a-c.

No phase separation of the initial polymer components (RC and PEG-200) is
observed in the cross-linked polymer film (Figure 1 a); its roughness is rather
small, on average 2-4 nm (Figure 1 b); unimodal size distribution of nano-pores
with the average size of 7.7 nm has been found (Figure 1 c¢). These pores can serve
as nano-reactors for in situ synthesis of semiconductor NCs. By controlling the size
of pores, it is possible to control the size of NCs obtained [3].
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Figure 1. AFM image (a), the roughness profile along the line in the left image (b)
and distribution of nanopores determined by Small-Angle X-ray Scattering (c) in
the polymer film comprised RC and PEG-200, which was spin-cast and cross-
linked on a glass slide.

Copper acetate monohydrate Cu(CH;COO),"H,O and Indium acetate
In(CH5COO); have been used as precursors for synthesis of CIS NCs. These salts
at their various ratios have been initially mixed with the polymer components in a
join solvent before spin-casting on glass slides to form polymer films containing
metal ions. Afterwards these films have been heated at T=120°C for 1.5 h to cross-
link followed by exposure to gaseous H,S at T=60°C for 12 h to form CIS NCs di-
rectly in the polymer films. It should be noted that prior to exposure to H,S these
films were completely transparent and colorless. They become colored only after
exposure to gaseous H,S while remaining completely transparent, despite a high
enough content of CIS semiconductor particles (theoretically 20%). This is possi-
ble only if CIS particles formed are of nanometer size. In our case, the size of CIS
NCs is about 5 nm that is somewhat less than the size of nanopores in the polymer
matrix.

Absorption spectra in the visible region of the nanocomposite films with
embedded CIS NCs are shown in Figure 2 a.
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Figure 2. Absorption spectra (a) and photoluminescence spectra (b) of the nano-
composite films with embedded CIS NCs obtained at various initial ratios of Cu to
In ions in the cast solutions as it is indicated in the legend.

It is clearly seen that the shape of absorption spectrum (Figure 2 a) depends
strongly on the Cu:In ratio. An introduction of In ions (25%) brings about initially

a sharp decrease in absorption intensity in the region of = 1000 nm attributed to ab- 143
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sorption of CuS NCs, which almost completely disappears with a further increase
of In content (> 50%). For the film with NCs based on 100% In, no absorption is
observed in this region. That evidences rather in favour of formation of tertiary
semiconductor NCs with various composition Cuyln.4S, depending on the Cu:In
ratio taken.

Photoluminescence (PL) spectra of the nanocomposite films with embedded CIS
NCs have been recorded on an automated setup at excitation wavelength of 270
nm, at temperature 300K (Figure 2 b).

Broad bands are observed in the photoluminescence (PL) spectra of Cu,n(_,S,
NCs in the wavelength range 450-750 nm (Figure 2 b); these bands are structured
and composed of at least two closely spaced bands. Broad PL band with a large
Stokes shift is characteristic for the CIS semiconductor nanocrystals [4],while the
origin of this phenomenon remains unclear and is still not understood. The energy
position of the maxima of these bands (A = 550 nm) depends weakly on the ele-
mental composition of the Cu,In(;_S, NCs. This means that luminescence of the
nanocrystals synthesized is determined by their own structural defects inside the
NCs and by those located on the boundary between nanocrystal and polymeric ma-
trix. Characteristically, the integrated PL intensity of Cu,In .S, NCs dependents
on the elemental composition of the NC not monotonically, reaching a maximum
at x = 0.75. This can mean that at such a ratio of Cu / In in the CuyIn(; xS, NCs, the
concentration of radiating centers is maximal.
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Scientists dealing with optics always have a dream of having in hands easy
in operation and convenient tools for changing the frequency (wavelength) of ra-
diation. Since the times when Max Planck and Albert Einstein introduced the for-
mula for differences between j-th and i-th energy levels JE; = E-E; = hv;, with h
and v being the Plank’s constant and light frequency correspondingly, and it be-
came clear that light is emitted (absorbed) due to electron transitions between these
levels®, this problem has been transformed into a problem of changing the energy
difference between the energy levels®. That is particularly important for those who
work in the field of development of photodetectors and lasers. By the time of the
nanotechnology era, people have only dealt with the energy levels supplied by na-
ture and it was extremely difficult to change the original spacing between these
levels although they always wanted to do that. Development of nanotechnology
opened new possibilities for controlling the distance between energy levels pro-
vided by new objects such as quantum wells, quantum wires, quantum dots, quan-
tum rings and graphene-based layered structures of different shapes and dimen-
sions, which can potentially lead to the creation of new tunable devices on their
base. And one of the most important things in such devices is the fact that the
structure of their energy levels is controlled by their shapes and dimensions. It
gives the exiting possibility to plan desirable working frequency of the apparatus
on the early stage of designing the structure. And of course, different kinds of
nanostructures became to be studied on the subject of changing the operating fre-
quency in already having been fabricated devices. Among many others there is
such exotic suggestion [1] as to use microscopic heaters (!), and authors of the
works [2] for the same purpose use the external emission to change optical proper-
ties of the cladding layers, which leads to the tunability of the device. We give
these examples to underline the importance of the problem and that people are
seeking any possibility for tunability of the devices. But it is obviously that for the
ordinary user the most convenient way of tuning the working frequency of the de-
vice is using a small electric field. And similar works have always been and will be
in focus of researchers working in the field of various types of

3 We do not touch here the light emission mechanisms associated with accelerated or relativistic (Cherenkov effect)
movement of electrons. | 45
*We put aside the problem of selection rules and matrix elements for a while.
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Fig.1. Schematic representation of influence of the ionized delta layer potential
on the energy structure and impurity binding energy. Solid lines — energy profiles
of the QWs, dashed lines — energy levels of the original QW, dotted lines — ener-
gy levels created by the electrostatic (Hartree) potential, blue lines — wave func-
tions of the first energy level. Ec and Ee (short bold red lines) — ground impurity
states for center-, and edge-doped QWs accordingly. a) — original structure with
neutral impurities (at low temperatures), b) — structure with center-doped ionized
delta layer, c) — structure with edge-doped ionized delta layer.

optoelectronic devices. Therefore each such new idea about easy broadband tuning
of the wavelength deserves to be examined as it can find its own potential users.
And this article is devoted to review of our works [3 - 8] considering one of such
ideas about tuning of the frequency by a small electric field in such specific and
important now spectral range as a THz one, which got a tremendous development
during last two decades due to very important for human life application of THz
radiation. We can mention here only few of them, which are, in our opinion, the
most important. They are the medical application, including localization [9] and
even treatment of a cancer tissue [10]. Another important area of using THz radia-
tion 1s security [11] and antiterrorism activity, which became especially important
after terrorist attacks in the United States on September, 11, 2001. And very impor-
tant thing concerning THz radiation is that it is harmless to the staff and surround-
ing people due to a small energy of a THZ quantum. Therefore in many developed
countries the special programs on the THz science and its application were
adopted. And tunability of the THz devices one of the most important topics of re-
searches. Here, however we must say that we do not consider the time domain THz
generation and detection techniques in spite of the fact that most of the remarkable
applications of THz radiation were obtained by this technique in scientific labora-
tories around the world. We suppose that such complicated method is not intended
for the ordinary user and the modern trend in development of the THz science is
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creation of cheap, miniature, which means nanostructure-based, and easy in opera-
tion devices like that presented in the work [12]. And our proposal of using rectan-
gular delta doped with shallow impurities QW lies in the way of this trend. We
consider the idea using the example n-type delta-doped QW, although p-type QWs
can also be used. Important thing is that in this case impurity concentration must be
small enough in order one can speak about impurity levels rather then about impu-
rity bands. At low temperatures all the electrons are frozen out to impurities and
we have the ordinary rectangular QW — see Fig.la. Increased temperature is fol-
lowed by the ionization of impurities in the delta layer and additional potential
(Hartree potential) created by ionized donors and free electrons in the subbands of
spatial quantization appears. This situation is shown in Fig.1b and Fig.1c for cen-
ter-, and edge-doped QWs. Thus it is became possible to change the potential by
varying temperature or at fixed temperature — by a small electric field as we re-
member that impurities are shallow! Again, using a small electric field one has the
possibility to change the deep of the v-shaped QW and therefore the number of en-
ergy levels and separation between them.

In the report we discuss the various aspects of the above described picture on the
base of our works on the topic.

This work was partly supported by the ministry of education and science of
Ukraine.
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Semiconductor compounds of the A,B¢ group doped with transitional ele-
ments, are of considerable interest as effective phosphors in the near infrared
wavelength range. Nanocrystals of this compound can be used as luminescent
markers in medicine. The emission of such markers should be localized in the
range of maximum transparency of biological tissues (0.65-1.5 um). Investigation
of the semiconductor ZnS:Fe single crystals [1,2] indicates a photoluminescence
broad band of (0.5-0.8 um), which makes their use in medicine promising.

The goals of this stufy is to develop a synthesis technique for the preparation
of ZnS:Fe nanocrystals having a photoluminescence spectrum in the near infrared
region. In order to compare the obtained results, the optical properties of ZnS and
ZnS, ZnS:Fe single crystals are presented.

Preparation of nanocrystals. ZnS, ZnS: Fe nanocrystals were prepared by
chemical synthesis in a polyvinyl alcohol or gelatin medium. Pure zinc sulfide
nanocrystals were prepared by the reaction:

ZnCl,+Na,S—ZnS+2NaCl. (1)
Iron-doped ZnS nanocrystals were obtained by reaction:
ZnCl,+Na,S+Fe,Cl;—ZnS:Fe:Cl+2NaCIl+Cl,. (2)

After the synthesis reaction, the solution was dried on a glass substrate. As a result,
ZnS, ZnS: Fe nanocrystals were obtained in a transparent solid polymer matrix.
For comparison, in some cases liquid samples were obtained in an aqueous solu-
tion..

Optical absorption spectra. Optical absorption spectra of undoped single
and nanocrystals are shown in Fig.1. The band gap width of undoped single crys-
tals of zinc sulfide is 3.6 eV. The obtained nanocrystals are characterized by values
of the band gap of 5.2, 5.1 and 4.9 eV at concentrations of Na,S and ZnCl, equal to
5, 10, 20%, respectively.

Optical absorption spectra of ZnS:Fe nanocrystals indicate the absorption
edge shift toward smaller energies than undoped samples (Fig. 2). This shift is 0.44
eV, with an increase of 0.2 to 0.5% Fe,Cl;. The latter may be due to an increase in
iron concentration in the samples, or an increase in the nanocrystals size. Accord-
ing to studies of the absorption edge of ZnS:Fe single crystals with iron concentra-
tion of 2:10"® cm™, the band gap shift is reduced by 40 meV and is 3.2 eV. Thus,
an increase of nanocrystals size is the main reason for ZnS:Fe band gap width de-
creasing during iron doping.
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Fig.1. Optical absorption spectra of ZnS (1) Fig.2. Optical absorption spectra of (1) ZnS
single and (2-4) nanocrystals. and (2) nanocrystals.

Fig. 3 shows the optical absorption spectra of ZnS: Fe nano- and single crys-
tals at the range 1.6 - 3.0 eV. Comparison of these spectra allows us to estimate the
iron concentration in nanocrystals of order 10'-1 10'® cm™.

The calculation nanocrystals sizes was carried out on the magnitude of the
difference between their band gap width and bulk single crystals using a well-
known ratio [3]:

h
R=——, (3
e O
where /4 is the Planck constant, u=((m.)"'+(m;)")" — reduced mass, m.~0.27my,
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Fig.3. Optical density spectra of ZnS:Fe (a) bulk and (b) nanocrystals with different iron con-
centration: a) 1 —2-10"7,2 - 7-10"7, 3 - 9:10"® cm™, b) Fe,Cls 1 — 0.2%, 0.3%, 0.5%.

50| m;=0.58m,, are, respectively, the effective masses of the electron and hole in zinc
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sulfide, m, is the mass of the free electron; AE, 1s the difference between the width
of the band gap in the nanoparticle and the bulk crystal of ZnS (3.6 eV) or ZnS:Fe
(3.33 eV for iron concentration equal 10'*cm™). The results of nanocrystal sizes
calculations are presented in the table.

Table. The results of ZnS, ZnS:Fe nanocrystals sizes calculations under dif-
ferent preparation conditions of the samples.

Concentration, % E,eV AE, eV R, nm
5% CdClI,,Na,S 5.2 1.6 3.3
10% CdCI,,Na,S 5.1 1.5 3.4
20% CdClI,,Na,S 4.9 1.3 3.7
10% CdCl,,Na;S, 4.66 1.06 4.1
0.2%Fe,Cl;

10% CdCl,,Na;,S, 4.52 0.92 4.3
0.3%Fe,Cl;

10% CdCl,,Na,S, 4.4 0.8 4.7
0.5%Fe,Cl;

Photoluminescence spectra. In undoped ZnS single crystals, luminescence in
the 1.6-2.8 nm region was not observed. Doping ZnS single crystals with iron leads
to the formation of a broad structured photoluminescence band in the region of 1.6-
2.8 nm (Fig. 4, a). A narrower structured band of photoluminescence is observed in
ZnS:Fe nanocrystals (Fig. 4, b). With increased of iron concentrations, the lumi-
nescence spectrum shifts toward smaller energies. At the Fe,Cl; concentration
equal to 2%, the luminescence band maximum is 1.8 eV (690 nm).
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Fig.4. Photoluminescence spectra of ZnS:Fe (a) bulk and (b) nanocrystals with different iron
concentration: a) 1 —2-10"7, 2 = 7-10'" em™, b) Fe,Cls 1 — 0.2%, 2 - 0.3%, 3 - 0.5%, 4 — 1%, 5
—2%. E,=3.1¢eV.
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Conclusions. The nanocrystals of zinc sulfide doped with iron are obtained.
A comparative analysis of optical absorption and photoluminescence spectra of
pure and doped by iron zinc sulfide nano and single crystals is carried out.

ZnS:Fe nanocrystals have a photoluminescence spectrum, which corresponds
to the range of biological tissues transparency. This allows the use of ZnS:Fe
nanocrystals as fluorescent markers in medical diagnostics.
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Ultra-short temporal width and ultrahigh power, of femtosecond (fs) laser
pulses, make them an attractive instrument for micro-machining and micro-
modification of photonics materials, among which perhaps, crystal silicon (¢-Si) is
the most important. In this report we present the results of our experimental study
of transformation of femtosecond laser pulses at 1550 nm wavelength propagating
in crystal silicon (c-Si). Nonlinear temporal dynamics of the fs pulses have been
revealed in their spatio-temporal and spectral transformation.

To perform this study, we designed and built a pump-probe microscopy
setup, working both in polarographic and shadowgraphic modes at 1550 nm wave-
length (Fig. 1). Using this setup, we recorded instantaneous polarographic pictures
of spatio-temporal transformation of the laser pulse itself, propagating inside c-Si
plate at 1550 nm wavelength. In the shadowgraphy mode, the resulting picture is
formed by interplay of TPA and Kerr- and plasma-induced modifications of refrac-
tive index. Both polarographic and shadowgraphic microscopy reveals temporal
widening of the axial part of the propagating pump pulse, which at least partially,

can be caused by TPA.
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Fig. 1. Pump-probe microscopy setup. The inset shows autocorrelation trace
of the output laser pulses of 2 pJ energy at 250 kHz repetition rate.

The polarization microscopy pictures obtained with crossed polarizers P3
and P4, are shown in Fig. 2a. The axial intensity of the pump pulse is maximum at
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small zup to 0.95 ps, while at longer time delays it decreases, and starting from 7=
3.26 ps, transversal pulse splitting becomes perceptible.
a

F 0.24

0.61
0.95
1.31
1.80
2.23
3.26
5.56

6.32 4.24
= 100 um — 100 pm

Fig. 2. Laser pulses propagating in 0.5 mm-thick c-Si sample under the fs excita-
tion at the 1550 nm wavelength, /= 250 kHz repetition rate and single pulse energy
E,=1.14 pJ. The time delays 7 in picoseconds are indicated at the upper right cor-
ner of each panel. Polarization microscopy (a). Shadowgrapy (b).

The time-resolved shadowgraphic pictures are presented in Fig. 2b. Plasma
of free carriers generated by the pump beam through two-photon absorption
(TPA), forms the tail, which follows the propagating laser pulse in Fig 2b. Both in
polarization and transmission time-resolved microscopy broadening of the axial
component of the pulse is observed. So, temporal dynamics of the fs laser pulse at
1550 nm propagating in c-Si has been for the first time recorded using methods of
time-resolved microscopy. It is suggested that TPA is the main factor responsible
for the increase of on-axis time width of the laser pulse during the first 1.5 pico-
seconds of its propagation.

In frequency domain the temporal dynamics manifests itself as Kerr- and
plasma induced self-phase modulation (SPM), which non-symmetrically widens
the frequency band of the laser pulse (Fig. 3). The laser pulses of different energies
E,up to 1.3 pJ at 1.55 pm wavelength with repetition rate f = 250 kHz, and tempo-
ral width Az,= 450 fs were focused into a 0.5 mm-thick c-Si plate with aspherical
lens L of 35 mm focal distance, as is shown in Fig. 3a. The comparison of figures
3b and 3c reveals significant temporal dynamics of the fs laser pulse in nonlinear
propagation mode at £, = 1.3 pJ, which manifests itself as a widening of the output
IR spectrum in Fig. 3c.
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Fig. 3. IR spectra of the laser pulses, exiting the 0.5 mm-thick c-Si plate at the
pulse energies £,=8 nJ (b) and £,=1.3 pJ (c). Visible output spectrum at £,=1.3 pJ
(d).

Third harmonic generation (THG), visible by naked eye has also been ob-
served in c-Si, despite very small (~1 pm) absorption length at 516 nm in this
semiconductor (Fig.4). According to the spectral measurements (Fig. 3d), the green
emission wavelength is centered at Ary = 516 nm, suggesting its origin as third
harmonics of the pump laser band.

a c-Si White
plate paper

IR excitation Green ray
1550 nm i

Fig. 4. THG 1n c-Si. Experimental scheme (a). Picture and angular profile of the
TH beam generated in 0.5 mm thick c-Si plate at £,=500 nJ (b). Picture and angu-
lar profile of the TH beam generated in 8 mm thick c-Si plate at £,=1.3 pJ (c).
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Bimetallic nanocatalysts PtCu and PtNi for fuel cells.

Chernikova O.M.", Ogorodnik Y.V.

" Kryviy Rih National University,” Radiation Monitoring Devices, inc. USA

We review the physical mechanisms of heterogeneous catalytic oxidizing
reactions methanol oxidation with using bimetallic film layered mechanically
strained PtN1 and PtCu-based catalysts. The main research methods are theoretical
calculations based on the density functional theory and the "ab initio” pseudopoten-
tial method. The work illustrates that the mechanical stress and the presence of dis-
sociated oxygen have the greatest impact on increasing electron bimetallic catalyst
activity during the oxidation of methanol with using bimetallic layered mechani-
cally strained PtNi and PtCu-based catalysts. The compression of the platinum film
pushes the electron density outside the film and it gives the density an elongated
form and increases the chemical and absorption activity of the film.

Introdaction

Of particular interest are fuel cells (PEs), which are an integral part of en-
ergy devices. As a catalytic component in PE, as a rule, use platinum. Its main dis-
advantages include degradation during long-term work in the PE, as well as high
cost. The solution of these problems is associated with the development of multi-
component catalytic systems based on platinum with the inclusion of other metals.
The strategies of their development really depend on a detailed understanding of
the mechanisms of oxidation of fuel and the recovery of oxygen [1].

The direct relationship between activity on Pt-based RVC catalysts and Pt-M
catalysts from the distances between the immediate Pt-Pt layers has been described
in many papers. The smaller the distance, the stronger is the catalytic activity rela-
tive to the RVC [2].

Methods and objects of computing

The basic states of the alimentary-nuclear systems were manifested by a
self-consistent solution of the Konan-Shema equations, since only electronic
changes were determined with fixed atomic bases. Following Cona and Shema, the
electron density was recorded in terms of occupied orthonormal single-particle
wave functions:

n() =2y, (I Q)

The point on the surface of the potential energy in the Born-Oppenheimer
approximation was determined by a minimum in relation to the wave functions of
the energy functional:

Elw R e ]= Y [ary; (f){—f—mvz}w,. 7+ [ R ] ()

where {R;} - the coordinates of atomic shafts, {a,}- all possible external influences

on the system.
Due to the fact that the calculation algorithm implies translational symmetry
in the investigated atomic system, an artificial super-lattice of the tetragonal type |57
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was originally created. To obtain the film structure, the lattice parameters along the
axes OZ, OX, OY had a ratio of 2: 1: 1. The parameters of the super-lattice and
the atomic basis are determined by the object of the study.

The parameters of the platinum lattice are larger than those of nickel and
copper, which allows the process to create compressed layers Pt, either by the epi-
taxial build-up of the layers Pt on the substrate Ni or Cu or the cultivated (synthe-
sized) alloy of a given composition (Pt,Ni; 4 Pt,Cu, ).

10|

2757 068 ¢
a 315 12,24
d

83

354,73 b 9,09 423,63

) 1)

11,82

AN

I—
an
—

ANTAN
-315,03 AF (atun) -10,18 -380.17 AE (atun) -13.82
c

Fig. 1 Electronic spectra of the valence electrons for 4 layers film PtCu (a, b, ¢)
with lattice Cu (a = 3,615 A) and PtNi (d, e, f) with lattice Ni (a = 3,524 A) with
absorption atoms on the surface: a) 4 layers film PtCu; b) 4 layers film PtCu add-
ing atom O; c¢) 4 layers PtCu with atom O and molecule of methanol; d) 4 layers
film PtNi; e) 4 layers film PtCu adding atom O; f) 4 layers PtNi with atom O and
molecule of methanol.

To study the physical mechanisms of the methanol oxidation reaction on
platinum-containing catalysts for the comparative analysis, three groups of nano
objects with a thickness of 4 atomic layers containing 32 atoms in the base, which
in the first group are divided into objects: film Pt; film Cu; film Ni; film het-
erostructure consisting of two atomic layers of nickel or copper coated on two
sides on one platinum layer.

Next, the atomic systems described above, supplemented by two oxygen at-
oms, were located in the interstate positions of the surface layers Pt and alloys

38| Pt,Ni,, Pt,Cu,.,.
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The third model group was based on the second group of objects with addi-
tion on the surface of methanol molecules. In addition, for the possibility of evalu-
ating changes in atomic systems, an isolated methanol molecule and two-layer
platinum films were additionally calculated.

Results of calculation

According to the results of calculations using the author's software code [3],
the spectral characteristics of the developed model atomic systems, the spatial dis-
tributions of the density of valence electrons and their intersection were deter-
mined.

Fig. 2 Intersections of spatial density distributions of va-
lence electrons in planes (110) and (100) 32-atoms film
Cu atom of methanol on the surface (the center of the
molecule is located above void between atoms on sur-

a b c
' face layer of catalyst) and the oxygen atom of the mole-
i _

R
.
AAAETT | Cu with the addition of the atom O; (¢, f) Cu film with
FEs ‘ i ‘ atom O and molecule of methanol.
d e ¢

cule of O2 is dealt face up in the position between the
surface atoms of Cu catalysts: (a, d) film Cu; (b, e) film

Figure 1 shows the distributions of electrons in energy areas for the g point
super lattice BrillGiena zone above the described systems. In the analysis of distri-
butions that meet the 4 layers brief films PtCu and PtNi, with added oxygen atoms
and molecules of methanol, it is evident that there is a significant difference in
electronic properties of systems, analyzed above for adding the atomic the oxygen
in the system. The character of the distribution of the electrons as the energies and
space changing from uniform to the inherent systems with internal electric fields
and energy barriers: the emerging spatial area with locally higher charge in the
neighborhood of the oxygen atoms, and the distribution (sorting) of electrons to
energies on the distribution of the dominant maximum energy near the Fermi,
thereby increasing the catalytic activity of the films.

Conclusions
The methods of the functional of electron density and pseudopotential from
the first principles obtained distributions of the density of valence electrons and
electronic energy spectra of bimetallic catalysts on the basis of Pt to determine the
mechanisms of their increased catalytic activity. It was found that mechanical
stresses and the presence of dissociated oxygen play the greatest influence on the
increase of the electronic activity of the catalyst.
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LOW FREQUENCY RAMAN SPECTRA OF AsxSi00-x GLASSES AND
LOW FREQUENCY QUASI-LOCALIZED VIBRATIONS OF SOFT AND
RIGID AsxSy NANOCLUSTERS DEPENDING ON NUMBER OF FIXED

POINTS
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ABSTRACT

The effect of the structural interconnection of the clusters on their vibra-
tional mode frequencies was modeled by attaching different numbers of heavy
dummy terminated atoms to the dangling bonds of a branchy- As;.43Ss and 12-
membered ring-like AssSs+6,> nanoclusters. It was found that the vibrational mode
frequencies have a U-shaped dependence on the level of interconnection, which
correlates with experimental findings on compositional dependence of the Boson
peak position in As,Sigox glasses.

INTRODUCTION

One of the most important and intriguing fundamental phenomenon in the
physics of non-crystalline solids is the excess contribution to the low-frequency
(LF) vibrational states with respect to the predictions of the Debye squared-
frequency theory [1]. Inelastic (neutron, Raman) scattering studies reveal a broad
peak (usually referred to as the Boson peak (BP)) in the 2-10 meV energy range,
the intensity of which is being proportional to the density of states (g(®)) in scale
g(w)/w’ [2-6]. There are two different prevailing hypotheses in this field [7,8]. Ac-
cording to the first, the excess vibrational states are due to the localization of the
high energy vibrational modes induced by the static disorder in the non-crystalline
state. In this work the contribution of different (ring-, branchy- and cage-like)
As,S, nanoclusters' vibrations to the experimental LF Raman spectra of As,S;gox
glasses is investigated and discussed.

METHODS

The low-frequency Raman spectra of As-S glasses were measured using the
triple grating Dilor-XY800 spectrometer. The As,S,, nanocluster models consists
three different geometry topologies namely branchy-, ring- and cage-like .The DFT
method with the revised Becke hybrid B98 functional by was applied for geometry
optimizations and Raman spectra calculations similar as in [5,6]. The Pople's basis
set with the polarization functions on heavy atoms (6-311+G(3df)) was used for
the As, S and H atoms and heavy terminated.

RESULTS AND DISCUSSION
Fig. 1A shows that the spectrum of the sample with highest sulfur content
has well distinguishable peaks at 7, 33, 41 and 81 cm™ superposed onto the broad
band serving as their background. The modes at 33, 41 and 81 cm™ can be assigned [61
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to the vibrations of Sg rings of crystalline sulfur. The following four compositions
between As;S;s and AsysSss have very similar spectra consisting of a broad peak
with maximum between 20 and 30 cm™ and a shoulder at 7 cm™. The spectrum of
the sixth structure is dominated by the 7 cm™ peak and has some other narrow fea-
tures sitting on the background of the broad band in the 6-100 cm™ region.

7 — —

~7em’; (A) ]

£ il
=
=

g _
®

=2 i
@
3

£ 1+ 8 1

[ T T ]

04 1— 8...12cm™ (B).

0.0 b oo i 2

04 g

bl
1 10 100
Wavenumber / cm”

Fig. 1 (A) Depolarized LF Raman spectra of As,S;o.x glasses measured at 632.8 nm laser excita-
tion: AS6894 (1), AS2zs7g (2), ASzg_(,S71_4 (3), AS4oS60 (4), AS45S§5 (5) and AS(,()S40 (6), (B) Differ-
ential LF Raman spectra of AsssSss (1) and As)s6S71.4 (2) glasses relative to g-AssoSeo

It can be seen from Fig. 1A that the peak at 7 cm™ is characteristic for all the
investigated As-S samples. Another common feature is the broad band the maxi-
mum of which shows an inverted U-shape behavior with the increase of the As
content of the glass structure. The peak position increases from 22 cm’ (As2S7g
sample) to 26 cm™ (AssSe) and then decreases to 23 cm™ (AsysSss). Presumably
the structures with lowest and highest As content also fit well into this tendency,
however due to the overlapping narrow peaks it is hard to determine the maximum
of the broad band in their case.

Figure 1B shows the differential Raman spectra of AsysSss and Asyg6S714
glasses relative to the stoichiometric g-As;,Seo. It can be seen that in spite of the
fact that one composition (As,g6S714) has deficiency and the other (AsssSss) sur-
plus of As content compared to the stoichiometric composition, the two differential
spectra behave similarly. A relatively strong excess scattering contribution can be
observed between 7 and 20 cm™ in the spectrum of both compositions, having a
plato-like maximum between 8-12 cm™ in both cases.

The stoichiometric As4Seo structure is a distinguished one: it has the highest
BP position and the lowest Raman scattering contribution in the 7-20 cm™ region.
The position of LF Raman modes of soft branchy- and ring-like As-S nanoclusters

62 are in accordance with the position of BP in the experimental Raman spectra of
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As,S100x glasses . As we showed earlier [15,16] the branchy- or chain-like clusters
build of more than one AsS; units have LF vibrational modes that are mostly of
torsional type in nature and these vibrations are in the BP region of the Raman
spectra. It was found also that the increase of the cluster size causes a red shift of
the lowest frequency modes.

The calculated vibrational mode frequencies was performed on free-standing
nanoclusters, where the dangling As and S bonds were terminated first with hydro-
gen atoms. However, these vibrations are affected by the surrounding of the nano-
clusters and their interconnetion could have a crucial impact on the vibrational
mode frequencies. Additional calculations were performed on models containing
extra heavy (~10°%a.u.) terminal atoms in order to investigate the effect of the level
of interconnection of the structure and the spectral behavior of LF Raman modes of
nanoclusters fixed in space. The results show that the position of LF Raman modes
calculated for these models is red and/or blue shifted in comparison with those cal-
culated for the free-standing As-S nanoclusters. Also, it was established that the
frequency shift is depending on number of fixed points.

Numbers of fixed terminal H atoms

Frequency, cm”

Fig. 2 Distribution of calculated LF vibrational modes of 12-membered ring (cluster
AseSet62) depending on the number of fixed points

Calculations on the LF vibrational modes were performed on the AsgSg.¢2
nanocluster attached to different number of fixed points (heavy dummy atoms), the
number of which was ranging from 0 (free-standing cluster) and 6. The results of
the simulations are presented in Fig. 2. It can be seen that as the number of fixed
points increases, the LF vibrational mode frequencies shift to lower wave numbers
and its energy position correlate with position of “plato” in low-temperature ther-
mal conductivity of g-As,S; [9]. This behavior is in accordance with the expecta-
tions, since from two objects of the same structure the heavier (in this case that has
more fixed points) will have lower vibrational frequencies then the lighter one.
However, the tendency stops at the nanocluster with 3 fixed points, and then the
LF mode frequencies shift towards higher wavenumbers as the number of fixed
points increases from 3 to 6 and the nanocluster at 6 is arranged into a totally fixed
configuration as in fully connected glassy matrix. These observations point on a U-
shaped behavior in the dependence of the LF vibrational frequency on the number
of fixed points. The latter represents the interconnection of the cluster with the sur-
rounding matrix, and these results suggests, that this is an important factor affect-
ing the features of the Boson peak in As,Sg9.x glasses of different compositions.

163



64|

X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

CONCLUSIONS

The position of BP of glass-forming As-S composition show non-linear
composition dependence with the maxima for As,; S glass with mean coor-
dination number z=2.4. Deviation from stoichiometric composition lead to shift of
BP position to lower wavenumber .

The branchy- and ring-like As,S;, nanoclusters contribute to the formation of
super low frequency of quasi-elastic (relaxation) and the central parts of low fre-
quency peak. Calculations show that when the transition from the "soft" free to
partially rigid (partially fixed in space) As-S nanoclusters is taking place the
anomalous super low-frequency Raman active modes start to appear in the calcu-
lated vibrational spectra. These modes are localized below 10 cm™ and its frequen-
cies are strongly dependent from number and position of fixed points. For the to-
tally rigid structures the frequency position of calculated low frequency Raman
modes of As,S,, nanoclusters are in excellent accordance with the position of BP
(26 cm'l) in the experimental Raman spectra of g-As,S; (As4S¢) With the fully
connected structural network matrix.
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GENERATION OF ELECTRONIC EXCITATIONS IN SEMICONDUC-
TORS UNDER THE ACTION OF CHEMICAL REACTION ON THE SUR-
FACE

V.P. Grankin, D.V. Grankin

Pryazovskyi State Technical University, Mariupol

Energy dissipation processes in gas—surface interactions which are also re-
ferred to as accommodation processes are the essential part of the modern surface
chemistry and physics [1]. The exothermic chemical reaction, as well as the action
of photons on the surface, leads to electronic excitation of the crystal provided that
most of the chemical energy is converted during a short (femtoseconds) time inter-
val, before the adiabatic energy dissipation occurs as a result of the generation of
thermal lattice vibrations (picoseconds) [2]. The surface chemiluminescence, ob-
served in some cases, and the so called exoelectron emission are also unambiguous
evidences of chemical energy to semiconductor electrons transfer. Phenomena in-
dicated give the examples of nonadiabatic processes in gas—surface collisions.

At the same time, for semiconductors and dielectrics, as well as for metals,
there is no reliable data on the probability of accommodation of the reaction energy
via an electronic channel on the energy of the electronic transition in a solid. A
method for determining the rate constant for the accommodation of the reaction
energy via the electronic channel from the energy of the electronic transition in a
solid is proposed in [3]. It is based on the simultaneous measurement of thermolu-
minescence during linear heating of a sample irradiated with UV light, the intensity
of heterogeneous chemiluminescence upon exposure to a pulsed flow of atoms H
and the stored light sum on traps of different depths. It is established [3] that the
rate constant of electron excitation by atomic hydrogen of the investigated samples
ZnS; ZnS,CdS-Ag increases exponentially with decreasing energy of the electronic
transition in a solid in the wide range of electron transition energies £ = 0.2-3.7
eV. This provides a basis for calculating the effectiveness of nonadiabatic chemo-
electronic energy conversion in semiconductor heterostructures.

The goal of the work is to determine the probability of accommodation of
the energy of a chemical reaction via the electronic channel from the energy of the
electronic transition in a solid and the yield of nonadiabatic chemo-electronic en-
ergy conversion in semiconductor heterostructures.

Electronic excitation of the crystal arises when a large number of exothermic
chemical reactions occur on its surface (oxidation of hydrogen, natural gas, carbon
monoxide, recombination of hydrogen atoms, deuterium, oxygen, etc.). Recombi-
nation of hydrogen atoms on the surface leads to the appearance of a highly excited
reaction product, vibrationally excited hydrogen molecules, the relaxation of which
is accompanied by electronic excitation of the surface. With this in mind, the ki-
netic model that describes the excitation of e —p " pairs in the semiconductor as a
result of reaction interactions of atomic hydrogen with the surface, has the form:

H+L—1 SHL
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L)‘ei(El)
—H,+L+p" +~{¢>e‘(Ei)
H+HL—2>HL —
LU SH, +L+ph
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Here HL is adsorbed hydrogen atom, L is the surface of the catalyst which is free
of adsorbed particles, e (E;) is excited due to the reaction electron in the conduc-
tion band of a p-semiconductor with the energy E; relative to the top of the valence
band, ph is a phonon generated by reaction in a solid, p* is a hole in the valence
band, H)L is a vibrationally excited hydrogen molecule formed during the recom-
bination of H atoms, P; is the probability of an electron generation with the energy
E; 1n the act of recombination of H atoms on the surface. Above the arrows are in-
dicated: v, v, are the probabilities of adsorption and recombination of H atoms on
the catalyst, respectively, I'; is the probability of relaxation of H)L via the phonon

channel.
We introduce the notation: [HL] — Ny, [L] — N, [H5L] — N3, e (E)) — n;.
From the kinetic model:

n, = HAv,N,
n,=PFv,N, (D)
n=2ni =Pv,N,

where #n; 1s the number of electrons with energy E; that are generated to the con-
duction band due to the reaction on 1 cm? of the surface in a second, n is the total
number of high-energy electrons generated by the reaction on 1 cm® of the surface

in a second. In (1) it is taken into account that »*" P, = P. From (1), the value of P;

= n;/®, where ® = v,N; is the reaction rate on the surface. Due to the fact that the
energy levels in the conduction band are located quasi-continuously, the probabil-
ity dP of electron generation, which have energy in the range dE in the vicinity of
the energy value E is calculated by the formula dP = f{(E)dE, where f(E) is the
function of the energy distribution of electrons in the semiconductor that are gen-
erated in the conduction band in an exothermic chemical reaction on the surface. In
[3], for the first time, a dependence was found experimentally for the probability of
generation of high-energy electrons in a solid (systems H-ZnS,CdS-Ag; H-ZnS)
by the energy of an exothermic heterogeneous chemical reaction (of recombination
of hydrogen atoms), which has the form:

ﬂE) =4 CXp(— E/@char) (2)
and the value of 6, is found for these systems: O, = 0.173 3B. Here E is the
transition energy of an electron in a semiconductor, @, is the characteristic en-
ergy of the reaction, A4 is the pre-exponential factor. We find A from the normaliza-
tion condition and taking into account the experimental dependence (2):
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P(E, > 0)= j dP = T f(E)dE = TA -exp(- E/0,,, JdE =1, A=1/O.p,, .

Then the probability of relaxation H5L via the electronic channel is:

P(EZE,)= ]gf(E)dE =exp(—£,/0,,) - 3)

E,

From the kinetic model and taking into account expression (3), the yield of elec-
trons with £ > Eg is equal to:

a=PI(P+T)) = exp(- £g/0 ¢4, ) . (4)
exp(- £g/0 cpgr ) + 1y

Consider two limiting cases. Suppose that I'; 2>P. Then, taking into account
the fact that P+ I'; = 1, the value of a=exp(-£, /6,,, ) is described by an exponen-

tial dependence and decreases rapidly with increasing E,. The value of a is as
greater as greater the value of @g,. For example, at E,=1.0 eV and
O =0.25 eV the value of ¢ = 1.8-107> , and at the same value of E, = 1.0 eV, but
at @, = 0.15 eV the value of o = 1.3-10°° , 1.€. an order of magnitude smaller.

In case if ['1<< P, i.e. when there is no phonon channel of the accommoda-
tion of the energy of the reaction, then from (4) a # 1 and each act of reaction in-
teraction should result in the generation of an e —p " pair, regardless of the width of

the forbidden band, since in this case the relaxation of H5L is possible only via the
electronic channel.

Until recently, there was a gap in the knowledge of the laws and mechanisms
of energy exchange (the accommodation of the energy of a chemical reaction) in
gas-surface reaction collisions involving the electronic subsystem of a crystal. The
transfer of vibrational energy found in direct experiments using the molecular
beam method in the collisions of gas-phase vibrationally excited molecules with a
surface to electronic states in a dielectric, semiconductor, or metal shows that the
electronic subsystem in a crystal is a full participant in relaxation processes in the
gas-surface system [4]. The obtained results indicate the possibility of using semi-
conductor heterostructures for constructing devices for direct conversion of the en-
ergy of the chemical reaction to the electric energy and show the direction of work
on the creation of efficient current generators for hydrogen power engineering
based on the chemo-electronic conversion of energy in them.

1. B. I. Lundqvist, A. Hellman, 1. Zoric, in: E. Hasselbrink, B. I. Lundqvist (Eds.),
Hand-book of Surface Science, vol. 3, Elsevier, Amsterdam, 2008.

2.J. C. Tully, Annu. Rev. Phys. Chem. 51 (2000) 153.

3. B. II. I'pankumn, J1. B. I'pankun, XKOX 90, 950 (2016).

4.J. D. White, J. Chen, D. Matsiev et al., Nature 433, 503 (2005).
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Ion implantation is a powerful tool for structural modification of polymers
and changes of their physico-chemical properties. Investigation of depth profiles of
light and heavy ions implanted into organic polymers [1] has stimulated a progres-
sive interest to newly attained functionality of modified surface layer with abso-
lutely new properties. One of the significant changes observed in physical proper-
ties of ion-implanted polymers is increasing absorbance in the course of ion im-
plantation to be interpreted as the signature on the formation of carbonaceous clus-
ters [2]. Recently, dose dependences of the optical band gap energy of boron-ion-
implanted layer Eg(’pt’B and a number of carbon atoms in carbonaceous clusters N in
PMMA nanocomposite films formed by ion implantation of boron have been sys-
tematically studied [3]. It has been found the existence of three regions of ion
doses (1) 6.25x10™ = 3.13x10" B'/cm?, (2) 3.75x10" = 6.25x10" B/cm?, and (3)
1.25x10" + 2.5x10'° B'/em’, showing thresholds in the estimated E,**" and N
values as a function of ion dose and, consequently, ion-induced structural evolution
towards formation of carbon nanostructures within these thresholds has been sug-
gested [3].

In the present work, the optical band gap and carbon clusters behaviors as a
function of ion dose are examined for the 40 keV light (B" and He") and heavy
(Xe") ion-implanted PMMA at the same ion doses of 3.13x10", 6.25x10",
1.25x10'°, and 2.5x10'® jons/cm’®. The thickness d of the implanted layer was esti-
mated by SRIM code, not exceeding a maximum penetration depth Rmaxl"n (Table 1
[4]).

Figure 1 shows UV-visible absorption spectra and the optical absorption coef-
ficient a(hv) of implanted samples at different doses and thicknesses d of the im-
planted layer [5]. The values of E,°® and N'** were compared and analyzed. The
effect of ion mass on the carbonization processes in PMMA nanocomposite films
formed by ion implantation of boron, helium, and xenon as revealed from optical
absorption measurements was considered. It was established that He" implantation
into PMMA leads to dramatic changes of the optical band gap and the number of
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. . . . + . .
carbon atoms in carbonaceous clusters N'® in comparison with B implantation,

while the effect of Xe" implantation is negligible.

Table 1. SRIM simulation results for ion implantation into PMMA at energy of 40 keV (“data
from the work [2]; “data from www.webelements.com; “data are estimated with error + 5 nm)

[4].

Fig. 1. UV-visible absorption spectra (left) and optical absorption coefficient (4 v) of implanted
layers (right) for B.PMMA, He:PMMA, and Xe:PMMA samples at different ion doses and
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thicknesses d of the implanted layer as revealed by SRIM simulations [4,5].
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Recently, a fabrication of submicron chalcogenide glass (AssoSesoTer)
photonic crystal using resist-free nanoimprint lithography has been reported in [1].
Namely, the period of the prepared photonic crystal structure was 600 nm and the
height of the rods in the imprinted structure was about 150 nm.

The present work shows a possible fabrication of a chalcogenide photonic
crystal by 30 keV Ag ion implantation through a nickel grid mask with square
holes in a (GeSes)goByo chalcogenide film (thickness 500 nm) [2]. The results ob-
tained (the period of grating is about 25 um, the step height about 170-200 nm as
shown in Figure 1) were similar with the above mentioned literature results using
thermal nanoimprint lithography. The observed difference in the period of fabri-
cated photonic crystal structures is due to the difference in the sizes of the stamp in
the case of the nanoimprint lithography and the square holes in the case of the ion
implantation technique.

Therefore, the low-energy ion implantation technique, progressively used for
the surface modification of materials and the formation of PMMA nanocomposite
thin films with carbon nanostructures and metal nanoparticles [3-8], oxide materi-
als with metal nanoparticles [9-11], porous silicon [12,13] and porous germanium
[14], periodic diffractive structure in silica glass [15], PMMA [16] and diamond
[17], could be also used as alternative approach instead of nanoimprint lithography
in the fabrication of photonic crystal structures with certain grating parameters in
the case of chalcogenide glasses. From a practical point of view, such diffraction
gratings could be utilized in elements of optical communication, for the improve-
ment of solar cells as well as in biomedical research as active substrates for the
registration of biomolecules through a heterogeneous method in surface-enhanced
Raman scattering and surface plasmon resonance of metal nanoparticles. |71
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Fig. 1. (a) and (b) SEM images of the chalcogenide film implanted by 30 keV Ag ions through a
nickel grid mask; (c) and (d) AFM cross-sections along the lines 1 and 2 shown in (b) [2].
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Experimental confirmation of the possible existence of isolated or deposited
on the substrate of graphene planes allowed to consider the properties of many car-
bon materials from an uniform position, i.e., starting from the properties of a two-
dimensional neth of hexagons of carbon atoms. These materials reveal many un-
usual and unexpected properties, among them the most important in the applied as-
pect is the adsorption of atomic and molecular hydrogen.

The paper presents the results of calculations, using the density functional
theory with the exchange-correlation potential B3LYP and the basis set 6-31G**
on the properties of carbon nanodots (CND) of a hexagonal form bounded by six
zigzag-shaped edges, that is, boundaries of the same type.

The optimization of the spatial structure of CND C¢—C,6 with predefined
multiplicity (M) showed the ground electronic state (GES) of the clusters Cq and
Cy4 to be singlet, while for others the lowest-energy ones were high-spin states —
triplet and quintet.

From Fig. 1, which shows the dependence of atomization energy (E,') re-
lated to a single carbon-carbon bond, calculated for the GES of CND C—C,ys, it is
clear that for the first representatives of this series (Cy-Csy4) it is almost exponen-
tially decreasing with an increase in the number of carbon atoms. For others, start-
ing from Cyg, this value changes almost linearly with the size of the cluster. The
choice of the E," parameter for the characteristic that determines the size of the
cluster, sufficient to reproduce adequately the properties of all representatives of
the series C¢—C,6, allowed to select the CND Coyg; its spin state energies are shown
in Table. 1.

485
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Table 1. Energy values (eV) of some selected nanoclusters of varying size
(C¢—Cs16) and different spin states

Electronic state Carbon nanodots
multiplicity Cs Co4 Csq Cos Ciso Cais
1 0 0 5.60 7.66 12.18 13.56
3 1.17 2.74 0 1.65 0 0.39
5 2.14 2.96 0.70 0 1.57 0
7 | - 7.64 2.12 1.05 2.81 0.80

From Fig. 2 it is seen that all bond lengths C—C of the central hexagon of
CND Cos (M=5) are 1.433—1.434 A (in the benzene molecule 1.399 A). The equal-
ity of the lengths of the central hexagon is also typical for all representatives of the
considered series of CND, which for GES’s are: C,y (M = 1)—1.451; Cs4
(M=3) — 1.432; C50 (M=3) — 1.429; Cs;6 (M=5)—1.427 A. There is a clear ten-
dency to shorten the bonds for the GES’s considered by the CND with the increase
in the number of atoms in them. The central hexagon in CND Cy is framed by the
first cyclic chain of carbon atoms, where it is noticeable that the bond lengths vary
from 1.424 to 1.434 A, which fall into the interval between the bond lengths C—C
in ethane (1.534 A) and ethylene (1.337 A).

edge cyclic chain  second cyclic chain

first cyclic chain

12371417 1.360%1:391 1.392°1:360 1.418%1:236

Fig. 2. C—C bond lengths of
the equilibrium structure of
the Cos (M=5) carbon nano-
cluster in the ground elec-
tron state

40 1.42477.435 143971424 1.2%3

1434 1.428 1434

1237 1418%1.360 1.392%1.392 1.360%1.418 1.236

Each of the six identical edges of CND contains seven carbon atoms, two of
them at junctions with similar edges participate in the formation of almost triple
carbon-carbon bonds, their lengths are 1.236 A (in acetylene 1.212 A). Quite sub-
stantially is that the atoms of the boundary chain are bound to atoms of the cyclic
chain II with sufficiently long bonds (from 1.452 to 1.484 A), which significantly
exceed the bond length in benzene (1.399 A). Therefore, we can assume that the
2p.-atomic orbitals of the boundary carbon atoms are rather poorly involved in
conjugation with the 2p.-orbitals of the other part of the CND Cy4 and the n-system
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of edge-chain should be regarded as relatively isolated from the m-system of the
central part of the cluster.

Fig. 3 shows the spectrum of the one-electron energy levels (g;) of the GES
CND Cy, which has a somewhat non-typical view of molecular systems with a
singlet ground electron state, which consists in the fact that the energies of several
lower vacant MO’s fall into the energy intervals of the upper occupied MQO’s. For
a-subsystems there are four (0291—0294) such MO’s are, and for B-subsystems
(B287—P293) — seven. The implementation of such a filling scheme is determined,
in our opinion, by the need to meet two very contradictory requirements. The first
one is obvious — first of all, those MO’s that provide the minimum energy of the
entire system are filled. The second requirement is due to the specifics of the object
under consideration, namely, the presence of twice-coordinated boundary carbon
atoms with uncompensated bonds, each of them is related to a one-electron state.
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To find out the effects of various kinds of vacancies on the multiplicity of
the GEC, on the spectrum of the single-electron energy levels, and on the structural
properties of the carbon nanoclusters of hexagonal form, the equilibrium configu-
rations and the corresponding total energies of carbon clusters obtained by remov-
ing single (Cos.1(1y) or two non-adjacent (Coe.5(1)) carbon atoms from the CND Cag.
The results of calculations are shown in Table 2, from which it can be seen that the
GES of CND, which contains vacancies of various types, is not singlet.

Table 2. Energy (eV) of the considered systems for various spin states

Electronic state System
multiplicity (M) Cos Co-1(1) Cos-2(1)
1 7.66 8.01 8.95
3 1.65 0 0
5 0 0.63 0.93
7 1.05 -- --

The calculations have shown that the removal of one atom from the
CND Coyg is related to an energy consumption of 1572.4 kJ/mol, which is calculated
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as referred to one of the three broken bonds of 524.1 kJ/mol. Formation of the Coq4.
2y M=3) from the cluster Cog. 1y (M=3) occurs with an energy effect of
1342.6 kJ/mol, which, when referred to a single broken bond, gives a value of
320.9 kJ/mole.

In CND Cyg, the carbon atoms occupy several non-equivalent positions, their
substitution with a nitrogen atom leads to the obtaining of different CND-N iso-
mers. In the literature devoted to the calculations of the shifts of the core energy
levels of the atoms, depending on their chemical environment, when comparing the
theoretically obtained values with the experimentally measured ones, usually scal-
ing factors for each type of atoms and orbitals are usually introduced separately to
compensate various types of errors in quantum-chemical methods. In our case, a
factor of 1.026 was used to reproduce the state density in the energy region of the
level Nls, which is obtained by dividing the empirical value for methylamine
(399 eV) by 389.01 eV, calculated theoretically for this compound. Similarly, the
conversion factor of the energy scale in the vicinity of the core level Cls was cal-
culated. This ratio is 1.024.

The plot with a maximum of -400.8 eV corresponds to the distribution of
energy of the core level Nls, and in the range from -286.7 to -284.5 eV that of the
energy distribution of the core level Cls. The complicated structure of the spec-
trum at this site is due to the different chemical environments of carbon atoms in
the CysN CND. The third section relates to the one-electron energy levels of mo-
lecular orbitals.

Thus, the results obtained suggest that:

- the GES of CND Cs4—C, 4 of ideal hexagonal form, despite the even number of
electrons in them, is not singlet. Their spatial structure is such that the orbitals of
boundary cyclic chain forms a conjugate system, weakly connected with that of the
central part of the cluster, which allows it to be regarded as relatively independent;
- the magnetic moment of clusters with only zigzag-shaped edges is determined by
the presence of two-fold coordinated carbon atoms with highly localized on them
electronic states.

- the maximum of the line of core level N1s in clusters CysN is characterized by a
positive chemical shift relative to the position of this line in the reference molecule
for nitrogen-containing compounds — methylamine;

- the value of the chemical shift of the core level Nls is the smallest for the pyri-
dine-like arrangement of the nitrogen atom and increases with the distance of the
graphite-like nitrogen atom from the zigzag edge, at corresponds to the experimen-
tally elucidated regularity of its connection with the effective charge on the nitro-
gen atom.
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79005 Lviv, Ukraine

Introduction: For a long time the attention of scientists is being focused on
the searching new materials with the controlled changes of physical properties. In
particular, these properties can be obtained by introducing impurities into the al-
ready known crystals or by creating solid solutions based on them. Also, the stabil-
ity of materials and their production costs are of importance.

Among the recently synthesized new mixed semiconductors of the A
group the three-component crystals In,T1, I represent a continuous series of solid
solutions of substitution (SSS). Their band gap E, vary within the range
2.01-2.84 eV [1 -2]. These crystals possess a layered structure and in contrast to
typical layered crystals of the A"V¥" and A"V"! (Pbl,, Cdl,, Hgl,, GaSe, InSe)
groups [3, 4], in which the van der Waals interlayer gaps are formed by the corre-
sponding anions, in these SSS In, TI, I, this region of the weakest chemical bond-
ing is created by the nearest cations of indium and thallium.

Investigations of the crystals In,T1; I is of the interest due to the possibility
of samples creation that combine the properties of Inl and TII ones. The prospect
of these compounds is associated with their practical application as working ele-
ments in the ionizing radiation detectors and optical modulators of CO, laser. Thal-
lium iodide crystallizes in a rhombic structure at the temperatures up to 178 °C, but
at higher temperatures, it transforms into the CsCl structure of the cubic symmetry.
Information on the corresponding structural phase transition is presented in
Ref. [5]. In halides of indium, no phase transitions occur except in InCl. In
Ref. [6], a possibility of forming the Inl structure as a matrix for the TII quantum
dots inclusion is discussed. The crystals Inl and TII cleave perpendicularly to the
crystallographic b-axis [2]. Smooth controlled changes of the energy parameters
(e.g. band gap E,), mechanical and photovoltaic characteristics and spectral range
of the recombination radiation may be realized in them. Results of investigation of
the band structure (BS) and photoconductivity with change of the in-
dium vs thallium content of the crystals In, Tl I are presented in the recent study

12].

Iy VI
\"%

The presents study is based on the first principles calculations of the band
structure and conductivity spectra of the nominally pure In, Tl I crystal for
x=10.125,0.25, 0.375, 0.5, 0.625.

Method of calculations: In order to determine the band structure of In, T1;_I
SSS we used the density functional theory (DFT) first principles method based on
the nonlocal pseudopotentials. The calculation method used is described in details
in Refs. [7].

Results and discussion: The band structure calculations were carried out at

78| the points of Brillouin zone (BZ) along the line containing the high symmetry
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points I', F, Q, and Z (Fig. 1). The band structures of In,T1, I SSS without any va-
cancies or interstitials were obtained and studied in [2] (Fig. 2).

92
F

=SS
f——n
/ 0 S D—
/ P e
Q 9y n =
J/
Js

Fig. 1. BZ for orthorhombic Fig. 2. Band structures of
In, Tl;,I SSS and high symmetry IngsTlysI crystal
points I', F, Q and Z

It 1s seen from Fig. 2 that substantial nonzero energy gap (£, =~ 1.5 eV) takes
place between the Fermi level and lowest conduction bands. As a result, no metal-
like conductivity is expected in this case.

According to our results, the direct band gap E, of Ing 5Tl sl 1s not localized
at the T-point of BZ (Fig. 2). This is true for all compounds of the A"V'" class,
both cubic and orthorhombic, and it follows, mainly, from the electronic configura-
tion of these ten-electrons compounds with an excess of the s electron pairs of
metal.

The effective electron mass m" is usually defined by the following relation
from the band structure calculations [8, 9],

1 4z’ d’E(k)

W e ()

where 7 1s the Planck constant, E(k) is the dependence of the band energy E on the

electron wave vector k. For the case of In, T1;_,I SSS, the effective electron mass m

was calculated at the minimum of the conduction band energy located between the

high symmetry Z and I" points of BZ. At this k-point, the smallest energy gap be-

tween the valence and conduction bands (E,) of In, Tl I SSS also takes place. We

have found that the higher the doping concentration of thallium (1-x) in the non-

defective In,Tl,,I SSS, the larger the corresponding effective electron mass m
(Fig. 3).

The choice of the k-point for the theoretical determination of the effective
electron mass is caused by the fact that experimental determination of m" using the
edge luminescence is possible only from the minimum of conduction band as an
initial energy state at this k-point. Similar experimental studies of the effective
electron mass on the basis of other minima of the band energy dependences E(k)
are not known.
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Fig. 3. Dependence of the effec-
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In, T1,_,I SSS, calculated at the mini-
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cated between the high symmetry Z and
I’ points of BZ, on the indi-
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- ficient of determination for the linear fit
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According to the semiconductor theory [8, 9] the specific conductivity o of a
material is dependent on the charged particles mobility z,
o=n-q-u. (2)
Here g is the particle's charge and 7 is the charged particles concentration.
That is why the dependence of the electron mobility & on the indium vs. thallium
content x of In, Tl;_.I SSS is of interest also for the probable practical applications
of the material. It is known also that for the case of the high doped semiconductors,
the heating effects might be neglected in the conductivity process in comparison to
the electron scattering by the ionized impurities, which becomes a dominating fac-
tor [9].
The electron mobility p; associated with an impurity of the i-type may be
presented by the following relation [9],
H; = qii . (3 )
m
where 7; is the relaxation time, which is inversely proportional to the ionized impu-

rity concentration #;,

T, ~n T, (4)
Here T is the thermodynamic temperature. Then, for two different impurity
concentrations of thallium, n, and n, (n, > n;), one can obtain the following rela-
tion,
&:L”f:”l_”{zo.m. (5)
K Tgmy  nym,
The ratio /gy =0.16 corresponds to the electron mobilities wu, in
Ing 375 Tlo.6251 and g1 in Ingg75Tlo. 1251 SSS.
According to the relation (2), the ratio of conductivities corresponding to
two different doping concentrations 7, and n; of thallium may be estimated as,

0, _ K, _

o, myoom,

™ 2082, (6)
Here, o, is the specific electron conductivity for Ingg75Tlg 1251 SSS, and o, for

Ing 375Tlo 6251
One however should remember that the above estimations of the values
L/ and o»/ oy have been obtained at two simplifications: (1) the charge concen-
trations n; and n, for the impurity electrons (see Eq. 2) are identified as the corre-
sponding impurity concentrations of thallium atoms; (2) the value of m, /m," corre-
80| sponds to the non-defective In,T1; I SSSs, where the electric charges associated
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with interstitials of thallium atoms are absent. In the real case, two kinds of thal-
lium atoms may exist in In,Tl;I: (1) thallium substituting indium in its crystal
symmetry positions and (2) interstitial thallium. The above mentioned simplifica-
tions may cause the values /1 and o»/07 to be a bit larger but they can’t change
the final conclusion that the electron conductivity of In,Tl;.,I SSS is decreasing
with increase of the doping concentration of thallium.
Conclusions: First principles calculations of the band electronic structure
and optical conductivity spectra, based on the density functional theory, have been
performed for the non-defective and defective (with anion vacancies and cation in-
terstitials) solid state solutions of In, T1..I (x =0.125, 0.25, 0.375, 0.5, 0.625). On
the basis of the band structures obtained the effective electron mass and conse-
quently the electron mobility and conductivity have been calculated. It was found
out that the static (total) electrical conductivity of the non-defective In,T1;, I SSS
decreases with increasing the thallium content.
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POLYATOMIC CRYSTALS
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It is known that mechanisms of formation of radiation defects depend sig-
nificantly on the energy of incident particles. The particles penetrate into material
with initial energy, E,, which is dissipated throughout the particle trajectory to
zero. In the conditions of the long-term irradiation as a rule a stationary energy dis-
tribution of incident particles is set. In each interval of energy spectrum specific
mechanisms of defect formation are realized. The final radiation effect is deter-
mined by the superposition of radiation effects caused by incident particles at dif-
ferent intervals of the energy spectrum. Therefore to decrypt the mechanisms of
radiation defect formation it is important to clarify the nature of radiation-
stimulated processes in different intervals of the energy spectrum of incident parti-
cles.

We developed a new approach for molecular dynamics (MD) method that
allows studying radiation stimulated processes in the selected range of energy
spectrum of incident particles. To simulate the effect of particles collisions in the
selected interval of the energy spectrum the striking forces (F;) acting on the lattice
atoms are introduced [1].

The standard expression for the total force in the Verlet algorithm is written as:

_ U (7,)

E==> . +Fs (1)
The second term in (1) is the introduced striking force, U is the interatomic poten-
tial.
To choose the lattice atom and parameters of F the random functions [2] are used.

X, =(x,+ xnfk)|m| 5 (2)
where & and module m are positive integers, x;... x, are arbitrary numbers. Each
n+1 member depends on the previous one n. The function (2) provides: selection
of an atom to kick, choice of the energy value in a given energy interval, choice of
the direction of kick.

The developed approach is particularly useful in the case when the com-
pound under irradiation consists of atoms with significantly different masses. By
irradiation of such compounds with mono-energy ion beam and changing the en-
ergy of ions it is possible to obtain specific defect structures that can be used in
electronics.

Let's say we want to study the effect of the particles in the energy range (£, E>).
In the case of the irradiation with ions of mass m;,, the energy transferred in elastic
collisions to the lattice atom of mass M is:

mian

82| En= M E, o, (3)
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It means that the random function chooses the energy value in the interval (g, &).
Now the scaling of the force F| is necessary in order to determine the kinetic en-
ergy, transferred to atom.

As a reference point we can use the energy (E,) that is necessary for the elastic
displacement of lattice atom to interstitial position.

E g, @

In (4) t 1s duration of the action of the force pulse in one kick. In computer experi-
ment we gradually increase the value of the force F; to the point where the atoms
begin to move irreversibly to interstitial positions. This value of the force F; corre-
sponds to £, = 25 - 30 eV. Thus we can define the interval F; that corresponds to
interval (g1, &) and respectively to (£, E>).

The approach was applied to study the cluster defects formation in PbS crys-
tals under ion irradiation. PbS is a material with significantly different masses of
atoms. The mass of S is ~ 6.5 times less in comparison with the mass of Pb. The
model crystal was constructed according to the usual method [1].

In a certain interval (£, E,) of radiation energies one may expect an inten-
sive displacement of S atoms from their lattice sites accompanied by formation of
vacancies. Proceeding from the mean value of E; = 30 eV for S and Pb and using
(3) we obtain for the case of bombardment of the target by nitrogen ions: E; > 67
eV and E, <443 eV. In this energy interval the radiation-induced displacements of
Pb atoms do not occur.

Computer program allows fixing the time from the onset of exposure to the
moment of the first Pb cluster formation (7). It is clear that 1/t is proportional to
the probability of cluster formation. The result shown in Figure 1 leads to conclu-
sion that a simultaneous disordering of two sublattices does not lead to the forma-
tion of clusters of atoms of the same type. To get such clusters we should use the
ion beams with energy We note also the role of the radiation stimulated diffusion
of Pb atoms under the bombardment of particles with energy less than the thresh-
old energy of the atoms displacement.

Figure 2 illustrates the kinetics of formation of clusters of Pb atoms. This
Figure clearly demonstrates the transition region from clusters with two atoms to
clusters with three atoms.
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SYNTHESIS BY AEROSOL SPRAY PYROLYSIS METHOD

A.V. Kovalenko, V.Yu. Vorovsky, M.F. Bulaniy, O.V. Khmelenko

Dnepropetrovsk National University named after Oles Honchar,
Gagarin Avenue, 72, 49010, the city of Dnepr, Ukraine.

In recent years, diluted magnetic semiconductors (DMS) draw particular at-
tention of researchers due to their potential for use in spintronics [1]. A great num-
ber of studies were concerned with research of DMS prepared by ZnO doping with
the transition metals. This is due to the fact that the study [2] theoretically predicts
ferromagnetic properties of nanocrystals (NC) of Mn-doped ZnO at the room tem-
perature. The experimental validation of this prediction was presented in the study
[3]. Results obtained by us [4] show as well that sample ZnO:Mn NCs synthesized
by the aerosol spray pyrolysis (AP) method have ferromagnetic properties at the
room temperature. These properties disappeared after the sample annealing in air at
T =800°C and varied depending on the synthesis process conditions.

The AP method has an obvious advantage over all other DMS preparation
methods in that it is simple and allows nanomaterial preparation in form of both
powder and film. This method is based on the thermal decomposition of initial so-
lution aerosol droplets when these pass through the thermal zone. Feature of NC
synthesis by the AP method is that NCs are formed during the short period of time
within the micro-droplet volume under the nonequilibrium conditions. This results
in occurrence of great number of defects in the NC, which materially affect physi-
cal properties of the synthesis product. Thus, important is investigation of NC dop-
ing capability with admixtures for the short time under the nonequilibrium crystal-
lization conditions during the synthesis.

This paper presents results of research of properties of ZnO:Mn NCs pre-
pared by the AP method in as-synthesized and as-annealed state.

Sample ZnO:Mn NCs were prepared by the AP method from solutions of
zinc and manganese nitrates in accordance with the technique described in the
work [5]. Prepared samples had Mn concentration of 2 and 4at.%. These also were
subject to annealing in air at temperature T; = 550°C and T, = 850°C for 1 hour.
Samples were investigated by the X-ray diffraction (XRD) analysis and electronic
paramagnetic resonance (EPR) methods.

Investigation of sample ZnO:Mn NC with manganese concentration of 4at.%
by XRD method (fig. 1a) showed that its crystalline structure was of wurtzite type.
The synthesized sample has homogeneous composition, but after annealing at T, =
550°C, Mn,0; admixture phase occurs therein. Conclusion is made that this phase
was in the amorphous state before the sample annealing and its identification XRD
by method was infeasible. After the annealing at temperature T, = 850°C, admix-
ture phase disappears because Mn forms solid solution with ZnO at this tempera-
ture and dissolves in it. This fact is supported by the research results presented in
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the Table 1, which demonstrate that values of crystalline lattice parameters (a,c)
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Fig. 1 X-ray diffraction patterns of sample ZnO:Mn NC (4at%) (a) and its
EPR spectra (b): 1 — before annealing, 2 — after annealing at T, = 550°C, 3 — after

annealing in air at T, = 850°C for 1 hour. Symbol "*' — Mn,0O; phase.

cell volume (V) of samples before and after annealing at T; = 550°C are scarcely
different from such values of non-doped ZnO NC [5]. Increase in these parameters
after the high-temperature sample annealing at T, = 850°C shows that under these
conditions, process of volumetric ZnO NC doping occurs by substitution of zinc
ions Zn*" with manganese ions Mn”>" having larger ionic radius (in wurtzite struc-
ture, ionic radius of Mn®" makes 0.83A, and that of Zn®" makes 0.74A).

Table 1 — ZnO and ZnO:Mn NCs crystalline lattice parameters (a,c), average
crystal size (d), elementary cell volume (V).

Mn concentration 2.0at%

Mn concentration 4.0at%

Sample d, a, A° |c,A° |V, d, a,A° |[c,A° |V,
nm A’ nm A’

ZnO, pyrolysis a=3.2389,¢c=5.1932, V=47.12
[5]
before annealing | 35.8 |3.2352|5.1951|47.08 | 33.6 |3.2395|5.1873 |47.14
annealing at 38.6 [3.2389(5.2014 | 47.19 | 349 |3.2396 | 5.1876 | 47.15
550°C
annealing at 93.7 [3.252515.2105|47.73 | 104.2 | 3.2403 | 5.1917 | 47.21
850°C

Investigation of sample ZnO:Mn NC with manganese concentration of 4at.%
86| by EPR method (Fig. 1b) also confirmed that high-temperature sample annealing is
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required for its doping with Mn. Amplitude of EPR spectrum hyperfine structure
(HFS) lines after annealing at temperature T, = 850°C is considerably increased,
which is due to the considerable increase in Mn”" ion concentration in ZnO NC
volume. These studies also showed that EPR spectrum after the sample annealing
at T; = 550°S had additional peaks (Fig.1.b). Assumption is made that existence of
these peaks is caused by the existence in the sample of Mn®" ions in other local en-
vironment. Supposedly, the Mn,O; admixture phase formation contributes in it
(Fig. 1a). In addition, increase in amplitude of EPR spectrum HFS lines after the
sample annealing at T, = 550°C is found. Most probably, some portion of Mn ad-
mixture being in the amorphous state diffuses in the ZnO NC surface layer during
the sample annealing thus increasing the Mn>" ions concentration, while other por-
tion of this admixture crystallizes forming Mn,0O; phase.

SII AH,

EPR intensity (a.u.)

Lo AH,
300 320 340 360
Magnetic field (mT)

Fig. 2 EPR spectra of the sample ZnO:Mn NC with manganese concentration
of 4at%: 1 — before annealing, 2 — after annealing at T, = 550°C

Performed analysis of EPR spectra of sample ZnO:Mn NC with Mn concen-
tration of 4at% (Fig. 2) shows that peaks of basic sample spectrum HFS lines be-
fore (1) and after annealing (2) coincide (line group SI). Peaks of supplemental
HFS lines (line group SII) in sample after annealing at temperature T; = 550°C (2)
are shifted in relation to the basic HFS line peaks by AH = 3.9mT. SI and SII line
groups width values for all EPR spectra are the same and equal to H; = H, =
39.5Mt. Calculation of mean values of the EPR spectrum hyperfine structure con-
stants shows that these are approximately the same and equal to Aj =A, = A3 ~7.9
mT]I. This value is close to the value A = 7.6 mT corresponding to the tetrahedral
envelope of Mn®" ion in the ZnO NC. It is also found that g-factor of sample EPR
spectra (1), (2), (3) is invariable and equals to g; = g, = g3 = 2.019. For the EPR
spectrum of supplemental peaks corresponding to the SII line group, g-factor
equals to g;; = 1.998. Such value of g-factor can be indicative of that after the sam-
ple annealing at temperature T; = 550°C, Mn"" ions are located in the imperfect
environment on the ZnO NC surface. These conclusions agree with the results in
[6]. In this study, authors show that after the ZnO:Mn NCs annealing at tempera- |87
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ture T~500°C, supplemental line group SII occurs in their EPR spectrum, which is
caused by Mn®" ions located in the thin layer of zinc hydroxide Zn(OH), covering
the ZnO NC surface.

Thus, the study shows that the key feature of ZnO NC doping with manganese

during the synthesis by the AP method is that under short-term nonequilibrium
conditions of the NC forming, the Mn admixture is not disseminated over the
whole ZnO NC volume, but is concentrated within its near-surface layer. Anneal-
ing in air at temperature T = 850°C for 1 hour only results in Mn admixture diffu-
sion into the NC volume.
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INVESTIGATION OF EPR SPECTRA IN
ZnS,Se; s NANOCRYSTALS.

A. V. Kovalenko, E. G. Plakhtiy, O. V. Khmelenko

Oles Honchar Dnipro National University
Ukraine, Dnipro, Gagarina av., 72, 49010

ZnS,Se;x nanocrystals (NC) of all compounds were obtained by self-
propagating high-temperature synthesis. The NC synthesis of ZnS,Se;, and
ZnS,Se|x:Mn solid solutions were produced in a quartz vessel placed in a sealed
steel reactor. The vessel was loaded with mechanically blended powders of Zn, S
and Se with appropriate ratios. It was found that the obtained samples had dimen-
sions of 55 £ 5 nm and were characterized by a mixed crystalline framework. The
minimum dimensions of the ZnS,Se,.x NC were specific to the value x = 0.2, and
the maximum for the compound x = 1. The fraction of the hexagonal phase in the
ZnS NC was ~ (65 £ 5)%, the cubic phase ~ (35 + 5)%, in the ZnS;gSe;, NC — (60
+ 5)% and (40 = 5)%, in the ZnS,gSey, NC — (50 £ 5)% and (50 £+ 5)%, and in the
ZnSe NC — (30 = 5)% and (70 = 5)%, respectively. Thus, when the x parameter de-
creases, the fraction of the cubic phase in the ZnS,Se,, NC increased.

An investigation of the EPR spectrum of the ZnS,Se;x NC of solid solutions
showed that, even in the NC undoped by manganese, all compounds contain a hy-
perfine structure consisting of six equidistant lines specific to the Mn>" paramag-
netic centers (Fig. 1a). In the compound with x = 1, these lines turned out to be
doubled that testify to overlapping of two EPR spectra. One of them, with the hy-
perfine structure constant A = 7.15 mT, belongs to the Mn*" ions located in a hex-
agonal local environment. Another spectrum, with a hyperfine structure constant A
= 6.88 mT, is associated with Mn*" ions that are located in a cubic environment.
The obtained result correlates with the X-ray diffraction analysis (XRD) data that
established the presence of a mixed crystal framework of the ZnS,Se, . NC. The
weak lines are observed in the compounds with x = 1 and x = 0.9 (they are marked
by dashed arrows in Fig. 1), that can be associated with forbidden transitions. For
them, the change in the electron spin, as for the allowed transitions, is AM==1, and
the change of nuclear spin Am=+1, while for permissible transitions Am=0. The
forbidden transitions were observed in the ZnS NC and by other authors [1]. Their
occurring is stipulated by severe lattice strain, as well as numerous disrupted bind-
ings on the surface specific to NC. A single EPR line with g = 1.9998 associated
with Cr' ions was recorded in the same NC. Such line is also observed in ZnS bulk
crystals [2]. It should be highlighted that usually the EPR signal stipulated by Cr"
ions is detected in zinc sulphide crystals under UV excitation. The occurrence of
such signal in unilluminated NC may indirectly indicate that the ZnS and
ZnS(9Sey; NC have the n-type of conductivity.

It is the electron capture at local levels of chromium that isovalent substitute
the zinc in the zinc sulphide lattice (Cr*" + e =Cr"), leads to the occurrence of a line
associated with Cr' ions in the EPR spectra. At the room temperature, the EPR |89
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signal of Cr’ ions in zinc selenide crystals is not observed due to the decrease in
the spin-lattice relaxation time. In compounds with 0.2 < x <0.9, the EPR line
with

Mn** Mn**
A2 A 2NN A 2NN 2 2 2 2 2 /

3
x 20 4
f 4
[ l L l L l L l’ L l L l L l I | l I | l | l l I
310 320 330 340 H, mT 310 320 330 340 H, mT
a) b)

Fig. 1. EPR spectrum of self-activated (a) NC: ZnS (1), ZnSyo Seo1 (2), ZnSo, Seos
(3), ZnSe (4); EPR spectrum of doped (b) NC: ZnS:Mn (1), ZnSy9 Seo:Mn (2),
ZnS, Seps:Mn (3), ZnSe:Mn (4), dashed lines indicate forbidden transitions.

ions changes abruptly, now they are surrounded by selenium ions. The ultrafine
splitting constant decreases abruptly to a value A = 6.55 mT. A similar result was
observed in ZnS,Se,_, bulk crystals [3].

2=1.9998 was also not observed. The intensity of forbidden transitions was found
to be at the noise level, and one group of six hyperfine structure lines specific to
cubic local symmetry in ZnS crystals dominated the EPR spectrum of Mn*" ions.
For these compounds, the EPR ultrafine splitting constant of Mn*" ions varies in-
significantly and is within the range of A=6.88 +~ 6.91 mT. Thus, it can be stated
that in the NC of these compounds, the Mn®" ions are not in a mixed environment
but in the environment of sulfur ions, although the XRD data indicate the presence
90| of triple compounds in this range of x. In compounds where x<0.2, the crystal
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framework of ZnS,Se;x NC, as noted by the XRD data, is characterized by the
maximum degree of microdeformations and the density of dislocations. According
to the EPR data, exactly in these compounds where the local environment of Mn**

The EPR spectrum of ZnS,Se;, NC doped by manganese are characterized
by strong and wide lines of the hyperfine structure of Mn*" ions. Only in the com-
pound with x = 1 this line structure is doubled (Fig. 1b), that confirms the presence
of mixed crystal framework of ZnS NC. A single EPR line is observed in these
crystals stipulated by Cr'. In the compounds 0.9 < x < 1, it is also possible to ob-
serve forbidden transitions with weak intensity. As in self-activated NC, despite
the formation of mixed compounds according to XRD data, in ZnS,Se;x NC with
0.2 <x < 1, the Mn”" ions are not in a mixed environment but surrounded by sulfur
ions. In compounds with x < 0.2, simultaneously with the jump of the hyperfine
structure constant, that was mentioned above, the local environment of Mn”" ions
changes. In these NC, the Mn®" ions are surrounded by selenium ions.

Thus, the obtained results testify that it is possible to obtain NC of ZnS,Se; 4
mixed compounds by SHS method, as well as to dope them during the synthesis
with a manganese admixture. A mixed crystal framework characterizes NC in all
compounds. In the compounds with 0.2 < x < 1 according to the EPR data, the lo-
cal environment of the Mn”" ions is not mixed. The Mn”" ions in these NC are sur-
rounded by sulfur ions. In compounds with x < 0.2, the Mn*" ions are surrounded
by selenium ions. Simultaneously with the change in the local environment of
Mn®" ions, the hyperfine structure constant of the EPR of Mn** ions changes
abruptly from a value A=6.88 + 6.91 mT to A=6.55 mT. The presence of a single
EPR line of Cr' ions in unilluminated ZnS,Se;x NC with 0.9 < x < I can indirectly
testify the n-type of the conductivity of the obtained samples.
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THE OPTICAL PHONONS MANIFESTATIONS IN DYNAMICS
OF THE OPTICAL ABSORPTION SPECTRA OF THE FLAT
HETEROSTRUCTURES Al,Ga; . N/GaN/Al,Ga;.N
WITH QUANTUM WELLS OF DIFFERENT WIDTH

V.M. Kramar, D.V. Kondryuk, A.V. Derevyanchuk

Yuriy Fed’kovych Chernivtsi National University,
2, Kotsiubynskogo Str., 58012 Chernivtsi, Ukraine

Compounds AIN and GaN, as well as their alloys are strategic semiconductor
materials for technologies of fabrication a various electronic, photo- and optoelec-
tronic devices [1, 2]. Because of large direct bandgaps of these materials, which
cover the range from ~3.4 (GaN) to ~6.2 (AIN) eV, such devices can be operates in
the green, blue and UV spectral range. The essential cause of persistent attention to
these materials is also their higher thermal and chemical stability.

Heterostructures (HS) GaN/AIN or GaN/AlGaN with ultra-thin GaN quantum
wells (QWs) are alternatives to AlGaN alloys for deep-UV emission. This is due to
the strong quantum confinement effect in such systems. For example, extreme
quantum confinement in QWs thick only a few atomic monolayers of GaN in het-
erostuctures GaN/AlGaN increases the electronic gap of GaN by several electron
volts what providing a light emission in the deep-UV [3].

Ability to change the spectral range of light absorption or emission by chang-
ing the width of a QW stimulated the construction a lot of devices, based on such
HS. During the two last decades the higher efficient deep ultraviolet light emitting
diodes (LEDs) and lasers [2], solar blind ultraviolet photodetectors [4] and other
devices of great technological importance have been created on GaN/AIN-
heterojunctions-based technologies. They can be uses for optical imaging, spec-
troscopy, higher density storage systems, early missile-plume detection, flame
sensing, communication, solar-UV monitoring, as well as for optical sterilization
and germicidal safety of medical procedures [5]. This HS also attracts attention for
nitride high-electron-mobility transistor applications [6].

Such progress of optoelectronic devices fabrication is determined by the suc-
cess in the processes of improvements of material quality. It is possible if there are
instruments and methods of trusty control of the material quality. Among the
methods of this kind of control is an exciton spectroscopy. The large binding en-
ergy of excitons in them makes it possible the exciton mechanism of light absorp-
tion even at room temperatures. Structure of exciton absorption spectra is a sensi-
tive indicator of material quality.

Accordingly, the study of optical properties of GaN/AlGaN-based HS as a
function of the QW thickness and atomic composition of barrier material, are very
important problem. There are number reports of experimental and theoretical stud-
ies of band gap variation of Al,Ga, N alloys with different values of x. In particu-
lar, theoretical and experimental results for the electronic and optical properties of
atomically thin GaN QW with AIN barriers are reported in [3], but authors of these
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article have limited themselves to considering atomically thin (1 and 2 monolayers
GaN) quantum wells with AIN barriers.

Here we present the results of theoretical investigation of electronic and opti-
cal properties of HS with single QW GaN/Al,Ga;_N. The energy of ground state of
electron, hole and exiton in quasi-two-dimensional semiconductor nano-HS with
single quantum well are calculated by using the dielectric continuum model, ap-
proximation of effective masses and Green’s function method. Dependence of
these energies on the well width and barrier material composition have been stud-
ied taken into account effects of quantum confinement, self-polarization of the het-
erojunction planes and interaction with various branches of optical phonons in such
nano-HS. Specific calculation was made for GaN embedded in barrier material
Al.Ga,,N, both of him has wurtzite-type structure. It has been studied on this base
the influence of changes of well material thickness and barrier material composi-
tion on the spectral location the electron absorption edge and exciton peaks in such
nano-HS. The results of this study may be of practical interest, since excitons pro-
vide a sensitive indicator of material quality.

We used the model of rectangular QW for which its width assumed equal to
the thickness of well material a. Depth of QW is determined by the height of the
bounded potential for the corresponding quasi particle (electron or hole) whose
magnitude, in turn, is determined by the magnitudes of discrepancy of energy
bands of the well and the barrier materials of HS, magnitude of the self-
polarization potential of the plane of heterojunction and deformation potential
characterizing differences of the parameters of crystalline lattices from both sides
of this plane. All components of the bounded potential of quasi-particle at QW are
determined by the parameters of the well and the barrier materials. Heterojunction
GaN/Al,Ga;-,N is considered to be unstrained, because the GaN and AIN compounds
have close values of lattice parameters.

By use the techniques for determination of energy spectrum of carriers at rec-
tangular QW accounting the effects of spatial confinement and interaction with all
branches of longitudinal optics phonons in NF, as well as self-polarization of the
heterojunction planes [7], we calculated the energies E.; and £, of ground states of
electrons and holes in own QWs. These do it possible to determine the absorption
coefficient magnitude at the long-wavelength wing of interband absorption

2 * £
Telr B |, 1¢,) Y(ho - E), (1)

Uint ((()) =

* *

ncmyw In? m, +m,,

% * .
where my — mass of free electron, m, and m;, — effective masses of electron and

hole at the well material with refraction index » and width of the forbidden zone
Eg; 9. and ¢, — functions of the ground states of them at corresponding QWs; Y(x)
— the Heaviside function; @ — frequency; E = E, + E,; + Ej; — energy of transition
hl — el; [ — characteristic length determining extension of a wave function of a
carrier into nano-HS, and ¢p = 23 eB — the Kane matrix element.

Interaction of electron with polar longitudinal optical phonons (LO-phonons)
results in decreasing energy of its ground state. This circumstance can be taken
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into account by substituting in Eq (1) the specified expression for the energy of
transition
E=E, +E, +E; —A, - Ay, (2)

where A, (A;,) — values of displacement the bottom of ground mini-band of electron
(hole) energy at the corresponding QW. Magnitude of displacement is determined
by interaction with constrained, semi-constrained and interface phonons, the con-
tribution of the each of them being determined by the thickness of well material
(a), concentration of aluminum atoms at the barrier material (x) and temperature
(D).

Vertical photo-transition from the ground state E,; in QW of holes into the
ground state E,; in QW of electrons is accompanied by forming of exciton, as a
consequence of Coulomb interaction. Assuming that interaction of an exciton with
phonons is realized through individual interaction of electron and hole with them,
one can represent the energy of transition into the ground exciton state as a sum

Eex:Eg+Eel+Ehl_Eb_Ae_Ah:Egc))_A’ (3)

where E, — bonding energy of quasi-2D exciton in QW, A=A, + A, — value of
shift the bottom of exciton energy band caused by interaction with phonons, the
technique of calculation of which is described in Ref [7].

In accordance with Eq (3), interaction of an exciton with optical phonons re-
normalizes the magnitude of energy of exciton transition, E,,, determining position
of the corresponding exciton peak at long-wavelength wing of the interband ab-
sorption at NF. As the energy of exciton transition, as well as the energies of the
ground states of electron and hole, are depend on thickness of NF, temperature and
concentration x, then the long-wave edge of fundamental absorption band as well
as exciton absorption pick must be dependent on these values as parameters.

Calculations have been performed for HS Al,Ga,,N/GaN/Al,Ga,, N whit
concentration x = 0.3, 0.5, and 0.7 at low (near 7=0) temperature as example.
Used values of parameters are: m, = 0.2 mgy, m, = 1.1 my, E, = 3.47 ¢V, LO-phonon
energy 91.2 meV for GaN and m, = 0.4 my, m;, = 3.531 m,, E, = 6.128 eV, LO-
phonon energy 99 meV for GaN; band discontinuities at heterointerfaces AE,. = 2.0
eV and AE, = 0.7 eV.

The results of calculations carried out by us for HS Al,Ga, .N/GaN/Al,Ga, N
for x = 0.3, 0.5, 0.7 are the following. Interaction of electrons and holes with con-
fined, semi-confined and interface branches of optical phonons spectra in QW re-
sults in shifting the bottom of the ground energy of electron and hole in own QW
(Fig.1). Accordingly to (1) and (2), this will cause a shift of the edge of electron
absorption band towards the long-wave range. Value of the shift depends on the
NF thickness in a complex manner — it is rapidly increasing with its decrease from
the value of ~110 meV for a = 10 nm to ~130 meV for a = 2 nm. For a > 20 nm
the magnitude of such shift practically no depends on the film thickness and is
about 100 meV.
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Fig. 1. Magnitudes of shifts of the electron (A.) and hole (A;) ground states
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Fig. 2. Energy of transition to the underlying exciton state
The results of calculations of the changes position of the edge of fundamental
absorption band in the studied QW with changes in their widths are depicted in
Fig. 2. It can be seen, that with decreasing of QW widths from 20 nm, the energy
of the interband transition increases. At a <4 nm the quickness of this growth in-
creases significantly. In ultrathin layers of GaN, the quickness of this growth is the
greater, where concentration is higher.
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INTRODUCTION

At the present time, large crystals of ZnSe of good quality, which are non
doped and doped with various elements, are obtained by the Bridgman-Stockbarger
method [1]. Unfortunately, they usually contain a sufficiently large number of own
and uncontrolled point defects, and therefore their physical and technical parame-
ters do not always match the desired ones. This, in particular, concerns the combi-
nation of high electrical conductivity and the efficiency of edge radiation, one of
the basic requirements for this compound when used in short-wave optoelectronics
[2]. To fulfill these conditions, additional technological operations are used, which
usually consist of high-temperature annealing in the melt or vapors of intrinsic
components or other alloying elements [3-6]. An alternative to the above principles
may be a concept based on methods for changing the physical properties of thin
surface layers (surface modification) of a semiconductor substrate that do not sub-
stantially affect the key volume parameters of the latter.

On the other hand, it is the surface layers that are the active regions of many
semiconductor devices and in fact determine their physical and technical parame-
ters. The present work is devoted to the investigation of the effect of modification
of the surface of ZnSe <AI> substrates on their certain optical properties.

SAMPLES AND INVESTIGATION TECHNIQUES

The bulk crystals of ZnSe <Al> were grown by the Bridgman-Stockbarger
method and doped in the growth process, often used, by a donor Al impurity [3].
The objects of the research were cut from a crystal plate with the size 4x4x1mm’
and passed various methods of processing. In this case, after etching in the solution
of the CrO;:HCI = 2:3 composition, the surface of the samples was visually per-
ceived as a mirror image (type 1), and in the solution H,SO4:H,O, =3:1- matte
(type 2). Removal of the etching products was carried out for a long time (5-10
minutes) by washing in boiling distilled water and briefly rinsing the samples in
concentrated acetic acid.

The optical transmission 7, and luminescence N, spectra were measured in

a universal installation that contained a diffractive monochromator of the MDR-23
type and a standard synchronous detection scheme. Luminescence was excited by
an N,-laser with a wavelength, and a halogen lamp with a "smooth" spectrum was
used to study the transmission. The surface morphology of the samples was studied
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by atomic force microscopy using the NanoScope Illa Dimension 300™ micro-
scope in the regime of periodic contact.
RESULTS AND DISCUSSIONS
As can be seen from Fig. 1, the photoluminescence spectrum (PL) of type 1
substrates at room temperature in the visible spectrum is represented by one wide
yellow-green G-band. According to [3], it is due to associates (V, V) and

(V,, AL,), the contribution of each of which is determined by a number of factors -
Al concentration, crystal growth and cooling regimes, excitation level, etc. Atten-

tion is drawn to the complete absence of a band of edge radiation in these samples,
which is not observed at 300 K, even at the maximum excitation level (L=10"* kV /

s).
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Fig. 1 Luminescence spectra of
ZnSe<Al> substrates
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At the same time, this radiation appears in samples of type 2 with a matte
surface, and even at moderate values of L, the B band in Fig. 2. The position of its
maximum correlates with the width of the band gap of zinc selenide (E, = 2.7 eV at
300K) [3], and the large half-width indicates a complex B-band structure. This re-
quires additional studies using modulation techniques or low temperatures, which
goes beyond of this work.

The most interesting feature of the photoluminescence spectra of type 2 sub-
strates is the presence of photons in it with an energy 7o substantially exceeding
the E, of the material, the band A in Fig. 1. Note that it can not be caused by the
formation of another chemical compound formed as a result of etching. This is
confirmed by the similarity of differential spectra of optical reflection of samples
of both types.

In this connection, we can assume that the most probable reason for the ap-
pearance in the PL spectra of the A-band is the surface nanostructure (PNS), which
was formed as a result of chemical etching. This is confirmed experimentally by
AFM-topograms, which for the samples under study are shown in Fig. 2. We draw
attention to the fact that the picture of the surface of the substrates of type 2 agrees
qualitatively with the AFM-topogram of the surface of CdTe substrates with a
quantum-dimensional surface structure [7]. A detailed study of the latter shows
that the surface consists of small (30-300nm) pyramids, which are combined into
large pyramids with lateral dimensions (1-2 microns). In this case, the A-band is
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formed by the vertices of small pyramids, and the absence of structural bands in it
is due to the variance in the dimensions of these pyramids.

_0 kortulyai_2nse 2

L) Zom)
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Fig 2. APM-topograms ZnSe<Al> substrates: type. 1(a), type.2(b)

Note that large pyramids, practically not taking part in the formation of the
A-band, significantly change the transmission spectrum due to the increasing role
of scattering processes and multiple reflection. This leads not only to a decrease in
the absolute values, but also to a shift of the short-wavelength edge of the trans-
mission spectrum to the low-energy side. Since these effects are associated with
structural changes in the surface, they must also be accompanied by a deformation
of the so-called Urbach's "tail" described by the known expression
a,=a,expla (E —ho)]. Here «,is the absorption coefficient, which in the first ap-

proximation is equal to «,=1-T ;, and E" are the coordinates of the focal point,
and « is the parameter characterizing the degree of structural perfection.

23 24 25 eV
0 B
0.05F Fig. 3 Optical absorption spectra of of
e ZnSe <Al> substrates
-0.01]
Ina

As can be seen from Fig. 3 sections of the spectra of the samples under study
near the edge of the fundamental absorption are indeed repaired by the Urbach
rule, and the violation of structural homogeneity (the transition from a mirror to a
matte surface) causes a decrease in the slopes of the "tails" and their displacement
into the low-energy region.

98|



X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

CONCLUSIONS
Thus, the observed features of the optical properties of ZnSe <AI> substrates
are adequately explained by the formation of a surface nanostructure due to chemi-
cal etching in a H,SO4:H,0,=3:1 solution.
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PHASE TRASITION

A. Medvid’, P. Onufrijevs

Institute of Technical Physics, Riga Technical University, 3/7 Paula Valdena Str.,
Riga, LV-1048, Latvia

Abstract
The effect of UV Nd:YAG laser intensity on the conductivity and optical properties, such as:
photoluminescence, Raman, transmittance spectra of hydrothermal ZnO crystal was studied. As a
result, three laser intensities characterizing interactions with the crystal have been revealed. The
improvement of ZnO crystal quality up to 3.2MW/cm” was observed. There are the increase of free
exciton band intensity and decrease of deep level emission band intensity in photoluminescence
spectra. The intensity [=290.0MW/cm? leads to the formation of “black ZnO”. It is caused by the
emergence of Zn nanoparticles with size around 20 nm. XPS analysis and Raman spectra proved the
presence of Zn in metallic form. At the same time conductivity of ZnO crystal continues to increase
in the whole range of used laser intensities and exceeds the initial value by 300 times. The change
of ZnO crystal optical and electrical properties by laser radiation is explained by generation, redis-
tribution and agglomeration of Zn interstitials. Further irradiation of the structure leads to formation

ZnO nanoparticles due to oxidation of Zn nanoparticles.

1 Introduction.

Zinc oxide (ZnO) has attracted quite much attention due to its unique optical
and electrical properties for applications in optoelectronic devices [1], such as: LED,
UV laser diodes, solar cells, etc. Moreover, ZnO crystal can be both highly transpar-
ent and highly conductive material. Therefore, it is a suitable candidate for the Trans-
parent Conducting Oxide (TCO). ZnO crystals can be grown by various methods: va-
por transport growth [2], pressurized melt growth — modified Bridgman process [3],
pulsed laser deposition [4], hydrothermal growth [5], etc. Among them, the hydro-
thermal method is one of the most suitable for industrial use [6]. The advantage of
this method is the possibility to grow much bigger crystals than with other methods
[7]. The second advantage of this method is the possibility to achieve very high qual-
ity ZnO crystal, without block marks, twins and dislocations [8]. However, the main
drawback of the hydrothermal method is a relatively slow growth rate and incorpora-
tion of Li and K impurities from the solvent, which causes low electron concentration
and high resistivity [5]. It is known, that Li atoms substitute Zn forming a deep ac-
ceptor [9] that partially compensates n-type conductivity of ZnO, which is due to zinc
interstitials (Zn;) [10]. One of the ways to increase conductivity of ZnO is doping it
by metal atoms, for ex-ample: Al, Ga, In, B [11] etc. However, doping leads to the
deformation of the crystal lattice and at high concentration of doping formation of
metallic inclusions takes place [12]. In this paper, we propose alternative approach to
increase conductivity of hydrothermal ZnO crystal — generation and redistribution of
Zn; by strongly absorbed laser radiation (hv>E,, where hv - photons energy of laser
radiation and E, - the band gap of ZnO). Therefore, the aim of the present work is to
study the possibility to control the conductivity and optical properties of hydrother-

100| mal ZnO crystal by pulsed Nd:YAG laser radiation.
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2 Experimental.

In the experiments commercial ZnO single crystals (from Crystal Base
Co.,Ltd.) grown by hydrothermal method with the size of 10.0x10.0x0.5 mm® were
studied. The samples were irradiated by pulsed Nd:YAG (Ekspla NL301G) laser with
following parameters: wavelength 266 nm, pulse duration 3 ns, intensities range
from 1.0 to 290.0 MW/cm” (at lower laser intensity, than 1.0 MW/cm” no changes of
electrical and optical proper6ties were observed), repetition rate of 10 Hz, beam di-
ameter 5 mm. Scanning of the laser beam was performed normally to the ZnO crystal
surface with the speed of 10 mm/s. The irradiation of the samples was carried out at
room temperature in ambient pressure. Measurements of photoluminescence (PL)
spectra were performed using UV laser (DT-389QT) with excitation wavelength 265
nm. Morphological investigation of the samples was performed with a field emission
scanning electron microscope (SEM) FEI Nova NanoSEM 650 using low vacuum
mode and 15 kV electron beam. T

he crystal conductivity were performed by AFM in current measurement
method. Optical transmittance spectra were obtained by Shimadzu - SolidSpec —
3700 spectrometers in the spectral range from 350 nm to 1500 nm. Raman spectra
were studied at RT in back scattering geometry using “Renishaw inVia” spectrome-
ter. As an excitation source the Ar' laser (z=514 nm) was used.

3 Results and Discussion

It was found that the formation of Zn nanoparticles is initiated at two threshold
intensities: the first threshold intensity at I, = 3.5 MW/cm? causes a 10-fold increase
in conductivity till the second laser exposure at an intensity of Iy,,= 290.0 MW/cm?
that causes a 1000-fold increase in conductivity, Fig.1 [6]. The map of topography
and spreading resistance at the outer edge of the laser irradiated spot do not overlap
suggesting that the electrical current is not related to the topography. Parallel bands
as shown in the topography and electrical conductivity (Fig 2) is explained by the la-
ser induced periodic structure [16,17]. However, a band at 30 microns (white dashed
lines) does not show any change in morphology, but a 4-fold increase in conductivity
is detected, Fig 2b. It is proposed that an increase in conductivity at the outer perime-
ter arises from an increase in Zn; concentration.
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Figure 1. The dependence of the conductivity of the ZnO crystal on the laser intensity. Inset: point-
to-point laser irradiated spots on a ZnO crystal after an increasing number of laser pulses: 1, 2, 5, 10
and 30.

Figure 2. AFM images: surface topography (a) and surface electrical current mapping (b). The non-
irradiated area is on the right side of each image and the irradiated area is on the left side.
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The process of Zn nanoparticles formation by Nd:YAG laser radiation is character-
ized by two stages. The first stage is an intensive generation and concentration of Zn;
at the irradiated surface of the ZnO crystal according to the thermogradient effect
[18]. The second stage is an agglomeration of Zn; into nanoparticles with the size de-
pending on number of laser pulses, as shown in Fig.3 (b, ¢, d, e and f). As a result of
Zn; agglomeration, “black ZnO” is observed on the irradiated surface of ZnO crystal

at intensity 315.0 MW/cm’, as shown in Fig.4.
, ‘ _ %)

& —400 nm—

Figue 3. FESEM images of the irradiated surface of ZnO crystal at laser intensity 315.0 MW/cm®
for increasing number of pulses: a. — 0; b. —1; c. - 2; d. -5; f. — 10; and g. — 30.
Figure 4. Optical microscope image of “black ZnO”.

The Raman spectra of the non-irradiated and irradiated surface of ZnO crystal
at 300 K are presented in Fig.5. The non-irradiated sample has typical Raman spectra
for ZnO crystal. It consists of E2(high) mode associated with oxygen atom vibration,
which appears at 437 cm ™' with appreciable intensity, and E2(low) mode at 99 cm™'
associated with the heavy Zn sublattice [19, 20]. The peaks at 201 cm ' and 332 cm '
are attributed to the second-order Raman spectra, arising from the zone boundary
phonons. After irradiation by the laser with intensity I=315 MW/cm®, the new band
appeared at 70 cm . According to G.A. Bolotin, et al [21], the frequency 70.5 cm'
corresponds to E2g phonons of crystalline Zn. The appearance of 70 cm” band in
Raman spectra after the irradiation by 1 and 2 laser pulses, shown in Fig.5, is an evi-
dence of Zn phase formation in ZnO crystal. Dissipation of this band in Raman spec-
trum is observed after irradiation by 5, 10 and 30 pulses and is explained by the oxi-
dation process of Zn nanoparticles. The evidence of this suggestion is appearance of
a new broad band at 561 cm™ in Raman spectra, the intensity of which increases with
the number of laser pulses up to 5 pulses. The nature of this band relates to the sur-
face optical phonon mode in ZnO nanocrystals with the size of 13 nm [22]. The Ra-
man spectra has the highest intensity after 5 laser pulses due to Relay scattering on
nanoparticles formed by laser radiation [23]. Investigation of both Raman and trans-
mittance spectra allows us to find interesting peculiarities of the effect of nanoparti-
cles formation. The intensities of both Raman bands, i.e., 70 cm™ and 561 ¢cm™, are
non-monotonous functions of the number of laser pulses with maximums located at
different number of the pulses — 2 and 5, correspondingly. Exactly, the maximum in-
tensity band of 561 cm™ corresponds to the minimal intensity band of 70 cm™. There-
fore, we suppose that such peculiarity in Raman spectra is connected with oxidation
of Zn nanoparticles in the air because some part of Zn nanoparticles are located on
the irradiated surface.



X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

99

s Aex= 785 nm 4?7 —e— Intensity at 561 cm”
5000 _\ —a— Intensity at 70 cm™ 70
70 . — —a—) =600 nm
201 5 .
a1 } 332 561 - 160
dp v 30 pulses = 4000'__ N
2 2 T 150 ¢
10 pulses £ 30004 - 5
J = 140 £
5 pulses g;_ g
430 ¢
S o
2 pulses % 420 [
j S i
1 pulse 410
70 cm”
Non-irradiated T T * T T T 0
T T T T T Y 0 5 10 15 20 25 30
100 200 300 400 500 600

Raman Shift, em”! Number of Laser Pulses

Figure 5. Raman spectra of ZnO crystal, irradiated by the laser with intensity I= 315 MW/cm?, for
different numbers pulses.

Figure 6. The intensity of Raman bands of 70 cm™ and 561 cm™ and the sample transmittance at
A=600 nm depending on the number of laser pulses at [=315.6 MW/cm®.

Moreover, the transmittance of the ZnO crystal decreases non-monotonously
after the irradiation depending on the number of laser pulses with minimum at 2
pulses. The further increase transmittance till 5 pulses it means, decrease absorption
is explained by oxidation Zn nanoparticles, as shown in Fig.6.
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Electrical, structural and photoelectric features of thin ZnO:Al
films on Si wafers
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Lashkarev Institute of Semiconductor Physics NAS of Ukraine. 41Prospect Nauky,
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Zn0 is a wide bandgap semiconductor (E;= 3.37 V) with high transparency
in the visible to near-infrared region and high exciton binding energy (60 meV) at
room temperature [1]. In this connection ZnO based heterojunctions [2] are at-
tracted considerable attention for solar cell, ultraviolet (UV) detector and light
emitting diode creations. Naturally, ZnO is an n-type semiconductor because of a
deviation from stoichiometry due to the presence of intrinsic defects such as oxy-
gen vacancies and zinc interstitials that obviously form donor levels [3]. ZnO with
silicon can form heterojunction. The presence of SiOy native oxide and defects at
the interface affects on the charge carrier generation and recombination and drasti-
cally change the electrical properties of the heterojunction.

As a rule, ZnO is doped by the IITA group elements to obtain a layer with
modified properties. Aluminum is the most suitable for this purpose because Al
dopant atoms can replace a Zn atom in the structure and release a free electron that
increases the free carrier concentration [4]. Besides, the optical band gap of ZnO
films is changed as a function of aluminum content. ZnO:Al/Si heterojunctions
have a higher switching speed and lower temperature budget in comparison with
typical silicon p-n or p-i-n junctions. The heterojunction quality depends on the
number and type of defects on the interface and in the thin film. Ion implantation
with the next temperature treatments allow to change the point defect concentration
in ZnO film and obtain the ZnO/Si structures with desired properties.

The purpose of this work was investigation of the structural, electrical and
photoelectric properties of the ZnO:Al /Si heterojunctions.

Al-doped ZnO (ZnO:Al) thin films with thicknesses of 10-140 nm were de-
posited on Si substrate by DC reactive magnetron sputtering of the target with Al
content of 2%. The film modification was carried out by Ar' ion implantation (50
and 100 keV). The prepared films were annealed at temperature range from 450 to
750 °C by rapid thermal and furnace annealing.

The modified films were studied using X-ray diffraction (XRD), Secondary
Ion Mass Spectrometry (SIMS) and Transmission electron microscopy (TEM). The
diode structures were manufactured for investigation of initial and modified het-
erojunctions. I-V and C-V characteristics were measured in the fabricated struc-
tures.
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From XRD studies, thickness, density and roughness of deposited films were
determined (Table 1). It was found that the roughness of the Si/ZnO interface de-
creases with increasing thickness.

Table 1.
Sample Film Film den- | Root mean Root mean squared
No. thick- sity squared rough- roughness of the
ness nm g/em’ ness of the Si/Zn0O | ZnO surface,
interface, nm nm
1 10.2 59 0.4 0.54
2 20.8 5.62 0.34 0.52
3 41.6 5.59 0.02 0.51
4 65.8 5.60 0.05 0.6

In addition, in the films less than 50 nm, the films are textured, and at larger
thicknesses, a polycrystalline structure of hexagonal modification is formed
(Fig.1). This may be due to the large difference in the parameters of the silicon and
zinc oxide lattices, which leads to an inhomogeneous growth of the ZnO film at
small thicknesses. Mass spectrometric studies have shown that a tunnel-thin (2 nm)
Si0; layer is formed on the boundary of the phase separation; the aluminum impu-
rity 1s homogeneously distributed over the thickness of the film. It should be noted
some features of the distribution of SiO, ions, namely, the presence of two
maxima near the boundary of phase separation, which are due to the peculiarities
of the origin and growth of the ZnO film at the initial stages of magnetron sputter-
ing. Studies were carried out on the processes of recrystallization of films after
their amorphisation with argon ions and annealings. The sizes of crystallites and
their change under the influence of ion irradiation are determined. It was estab-
lished that ion implantation of structures leads to a change in their deformation
state (compression in the direction of film growth - the crystallographic direction
¢). Moreover, with an increase in the implantation dose and ion energy, deforma-
tion increases. Also, the thickness of the films decreases somewhat and their poros-
ity increases.
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Fig.1. XRD spectra of a deposited ZnO film with a thickness of 65.8 nm (a),
(b) 1s the distribution of impurities along the depth of the ZnO/Si structure
The study of I-V characteristics shows (Fig.2) that the diode structure is
formed at film thickness greater than 60 nm. Reducing of the film thickness leads 1105
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to a significant increase in reverse currents and shortened diode. ZnO/Si het-
erostructures have photosensitivity in a wide spectral region, as shown in Fig.2.
Voltage-capacitance characteristics were measured at frequencies of 1, 10, 100,
and 1000 kHz. Fig.3a shows typical C(V) characteristics of ZnO:Al/Si structures
with a thickness of ZnO layer 65.8 nm. A barrier value of 0.66 eV was determined.

light

Fig.2. Current-voltage characteristics of ZnO:Al/Si structures for different thick-
nesses of ZnO film: 1 - 65.8 nm, 2 - 41.6 nm (a); b - characteristics of ITO/ZnO/Si
structures before and after illumination with white light
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Fig.3. Voltage-capacitance characteristics of the ZnO:Al/Si structures (a) and de-
termination of the potential barrier value (b)

Thus, the paper presents the results of investigations of structural and elec-
tro-physical characteristics of ZnO/Si heterostructures at magnetron film deposi-
tion from aluminum-doped ZnO target. The processes of film recrystallization are
investigated and characteristic temperatures of microcrystal structure restoration
and microcrystallite size are determined. It is shown that the ZnO/Si barrier is
about 0.66 eV and depends on the annealing temperature of the implanted struc-
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tures. Diode structures with a transparent electrode (ITO/ZnO/Si/Al) have a photo-
sensitivity in the wide spectral region of 0.4-2.5 mcm. The paper proposes model
representations of photosensitivity in UV and IR regions of the spectrum. The
mechanisms of photosensitivity in different spectral bands require detailed re-
search.
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Bismuth selenide (Bi,Se;) belongs to the V,VI; compounds, which are well
known as materials for use in thermoelectricity (TE) [1]. At present the intensive
development of nanotechnology stimulates studies of thin film properties. The ex-
perimental evidence of an enhancement in the TE figure of merit in low-
dimensional V,VIs-based structures [2], predicted earlier theoretically [3], attracts
attention to their properties in a thin film state. The growing interest in the V,VI;
compounds is also associated with the discovery of topological insulator properties
in those semiconductors [4].

The properties of a material in thin film and bulk states can differ dramati-
cally. When the thin film thickness d is comparable to the mean free path of charge
carriers / or to the de Broglie wavelength Ag, classical (CSE) or quantum (QSE)
size effects, respectively, can be observed. The CSE is connected with the diffuse
scattering of charge carriers at the film interfaces, and QSE occurs due to the quan-
tization of energy spectrum of charge carriers. It is important to take into account
the manifestation of size effects when predicting the properties of materials in a
low-dimensional state.

Bi,Se; thin films can be obtained by thermal evaporation [5,6], chemical
deposition [7], molecular beam epitaxy [8], and other methods. Usually Bi,Ses
films prepared by thermal evaporation in vacuum have thicknesses d > 50 nm [6].
For the Bi,;Se; thin films (d = 50 - 546 nm) grown by this method onto glass sub-
strates, a sharp increase in the region d = 50 - 120 nm and a weak growth in elec-
trical conductivity o at d > 120 nm were observed [6]. The observed rapid increas-
ing of ¢ with growing d in the region d < 120 nm was attributed by the authors of
[6] to the presence of a high concentration of structural defects at the initial stages
of film growth. The behavior of the o(d) dependence in the region d > 120 nm was
associated with the manifestation of CSE and described in the framework of the
Fuchs-Sondheimer theory (FST). It should be noted that above-mentioned films
had low values of the TE parameters, which indicated that the composition of the
initial bulk crystal was not reproduced in the film state.

Recently [9], the effect of the film thickness on electrical conductivity of n-
Bi,Se; thin films (d = 25 - 420 nm) fabricated by thermal evaporation onto glass
substrates has been investigated. It was experimentally shown that ¢ increased with
increasing d, and the observed effect was explained as CSE and satisfactorily de-
scribed using FST for the region d > 60 nm.

The goal of the present work is to study the effect of d on charge carrier Hall
mobility in Bi,Ses; thin films, prepared by thermal evaporation of stoichiometric

108| Bizse3.
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Bi,Se; thin films (d = 55 - 420 nm) were prepared by thermal evaporation of
stoichiometric Bi,Se; polycrystals in vacuum (107 - 10 Pa) with subsequent depo-
sition onto glass substrates at (500 = 5) K. The condensation rate was 0.1 - 0.15
nm/s. The condensation rate and d were controlled with the help of a quartz resona-
tor. The resonator was calibrated using a MII-4 interferometer (for d > 100 nm)
and using small angle X-ray diffraction techniques (for d < 100 nm). The latter
method made it possible to determine d with an accuracy of + 0.5 nm. The error of
measuring d using a MII-4 interferometer was = 10%. The Hall coefficient R, and
o were measured using a conventional dc method in magnetic field B = 1 T. The
error of measuring Ry and ¢ did not exceed 5 %. All measurements were carried
out on freshly prepared double Hall cross-shaped samples at room temperature.
The Hall mobility uy was calculated as uy = o - Ry.

In accordance with the results of the measurements of Ry, the Bi1,Se; thin films
exhibit n-type conductivity in the investigated thickness range. The d-dependence
of uy in Bi,Se; films is presented in Fig. 1.
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Figure 1 — Room-temperature dependence of charge carrier Hall mobility xy on
Bi,Se; film thickness d. The solid line denotes the dependence calculated theoreti-
cally in the framework of Fuchs-Sondheimer theory

As can be seen in Fig. 1, in the range d = 55 - 420 nm uy increases with in-
creasing d. The experimentally observed d-dependence of uy of Bi,Ses films can be
explained as the manifestation of CSE. To confirm this assumption, we used the
FST for metals to calculate the uy(d) dependence, taking into account the degen-
eration of the electron gas in the Bi,Se; thin films. The dependence of charge car-
rier mobility on the metal plate thickness can be described in the framework of

FST as: u, = 3 He R where ., i1s the mobility in an infinitely thick film

l+=(1-p)—
1)y
(crystal), p is the specularity parameter (the proportion of carriers elastically scat-
tered by film interfaces). Using the MatLAB 6.5 mathematical package, a program

describing the experimental dependence u(d) was written. In this program the val- [109
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ues of p and [ were varied parameters. The ux(d) dependence for the thickness
range d = 55 - 420 nm (Fig. 1, solid line) was calculated, and the best agreement
with experimental data was observed at p = 0.44 + 0.02 and / = (800 = 50) nm. The
calculated values of p and / are close to those obtained when doing an analogous
computation of the o(d) dependences in [9].

Thus, the effect of d on the Hall mobility uy in Bi,Se; thin films was studied.
It was experimentally shown that u;; increases with increasing d. The observed ex-
perimental dependence uy(d) was explained as the manifestation of CSE and satis-
factorily described theoretically in the framework of the Fuchs-Sondheimer theory.
The values of p and /, obtained at present work, are close to those obtained from
the calculation for the o(d) dependence in [9].
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THERMO-INDUCED CHANGES IN THE MECHANICAL CHARACTER-
ISTICS OF MONOCRYSTALLINE SILICON

Yu.V. Pavlovskyy
Ivan Franko Drohobych State Pedagogical University, Drogobych, Ukraine

Semiconductor silicon (Si) today remains the main structural material of mod-
ern microelectronic technology. On the basis of silicon, super-large and ultra-fast
integrated circuits and new elements of microelectronics are created and improved.
Designed devices are widely used in various fields of science, technology and
work in space, which necessitates their use in conditions of elevated temperatures.
Therefore, today the task of studying thermal influences on mechanical properties
of a material is extremely important.

The purpose of this work is to study the changes in the microhardness of in-
dustrial silicon, which are due to thermal effects in the range 700-1100°C and their

comparison with the results obtained on the same material additionally doped with
lead (Pb).

Heat treatment of samples was carried out in a tubular furnace in the air in the
temperature range 700-1100°C at an interval of 50°C for 5 hours, followed by
cooling in the air. We believe that the airborne annealing does not affect the forma-
tion of bulk thermal defects in Si, since the authors [1] have found that the oxida-
tion of the surface of the samples can only lead to the additional generation of in-
terstitial silicon atoms from the boundary between the separation of silicon and
silicon matrix in volume crystal only with two-stage heat treatment with re-
annealing at temperatures above 1100°C duration of more than 10 hours.

Microhardness was measured by the Vickers method on the DMM-3 device.
Calculated by the formula

Hy=— =20 n%-1854L  [GPa],
F;, d 2 d
where P — load on the indenter, H; a = 136° — angle at the top of the diamond
pyramid; d — the size of the diagonal of the print, averaged over the horizontal and
vertical, mm. Used load P = 1 N. The load time of the diamond pyramid is like
15 s. At least 20 measurements were taken from each face and the average values
of diagonal imprints were calculated.

The study of structural defects and their rearrangement during heat treatment
was carried out using a metallographic instrumental microscope of type MIM-10.
Before taking the photographs, the samples were mechanically treated (7 um pol-
ishing and 2 pum diamond polishing) and chemically treated in two steps: first in a
polishing herb HNO; : HF =4 : 1 — 5-10 minutes, and then in a selective herb HF :
CrO; =1 : 1 - 20 minutes.

Results of measurement of microhardness (/,) are presented in Fig. 1: sam-
ples Si (curve 1) and Si [Pb] (curve 2). Each point in the graphs is an averaging of
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40-50 individual measurements of the H,. It is seen that in all cases, with an in-
crease in the temperature from 700 to 900°C, the microhardness increases, and at
temperatures 7y > 900 °© C — decreases and at 7, = 1100°C approaches the initial
value.
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Fig. 1. Dependences of microhardness of samples Si (curve 1)
and Si [Pb] (curve 2) on the temperature of their processing

Note that at room temperature, the microhardness of monocrystalline silicon
is determined primarily by the mobility of non-equilibrium point defects [2]. Con-
sequently, the growth of microhardness, in our case, can be associated with an in-
crease in the concentration of impurity precipitates, the appearance of which leads
to blocking the movement of point defects - the so-called cryodynamic mechanism.

In [3] it is shown that the strengthening of materials contributes to the impu-
rity precipitate as a result of blocking the motion of dislocations. Moreover, the ef-
fect is enhanced by decreasing the distance between the precipitates. Therefore, the
growth of microhardness at 7 < 900°C can be associated with an increase in the
concentration of impurity precipitates in the process of heat treatment. At anneal-
ing temperatures above 900°C, packaging defects and extended dislocation loops
are formed [4]. As the temperature increases, their concentration increases, and the
sizes decrease. The formation of such defects leads to a decrease in internal strain
stresses in crystals, which, in turn, can lead to a decrease in microhardness.

The assumptions made are confirmed by the results of the study of structural
defects in these crystals. The resulting photos of the etching surfaces are shown in
Fig. 2

Since the doping of silicon with lead increases the intensity of the defect's
precipitation, the observed features should be strengthened, as observed on both
the changes in microhardness and in the patterns of selective etching.
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Fig. 2. Photographs of samples etching surfaces
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FEATURES OF MAGNETIC SUSCEPTIBILITY Sij9;Geo o3 WHISKERS
MODIFIED OF HIGH-ENERGY IRRADIATION

Yu.V. Pavlovskyy', P.G. Lytovchenko?, A.V. Lytovchenko®

" van Franko Drohobych State Pedagogical University, Drogobych, Ukraine
? Institute of Nuclear Research NAS of Ukraine, Kyiv, Ukraine
7 College of Information Technology and Land Management of the National Avia-
tion University, Kyiv, Ukraine

The influence of irradiation by protons and fast neutrons on the magnetic sus-
ceptibility of Sip9;Geg o3 whiskers has been investigated.

The irradiation of samples of 6.8 MeV by protons with dose of 1-10" p*/cm®
was carried out at 40°C on a cyclotron U-120, and by fast neutrons with dose of
8.6:10"" sn/cm” at the reactor VVR-10M of the Institute of Nuclear Research of the
National Academy of Sciences of Ukraine.

For the experiment, specimens with a diameter of 35-40 microns and a length
of 2-3 mm, of the p-type conductivity with a specific electrical resistance
o =0.018 Om-cm were selected.

Measurement of magnetic susceptibility (MS) was carried out on a modern-
ized installation [1], the principle of which is based on the method of Faraday.

In fig. 1 shows the dependence of MS on the intensity of the magnetic field
C1997Geg 03 Whiskers irradiated by neutrons (curve 2), protons (curve 3) and not
irradiated sample (curve 1). It should be noted that irradiation with doses up to
1-10" p*/em? did not lead to changes in MS.
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Fig. 1. The dependence of the magnetic susceptibility on the magnetic field intensity
of the Sip97Gep o3 Whiskers: 1 — the original sample, 2 — irradiated by fast neutrons
at a dose of 8.6:10' sn/cm?, 3 — irradiated by protons at a dose of 1:10"" p*/cm?
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An increase in the dose of radiation results in the appearance of a paramag-
netic component of magnetic susceptibility, which indicates the formation in crys-
tals of dispersed paramagnetic centers between which there is no interaction.

The appearance of the nonlinearities of the dependence of the magnetic sus-
ceptibility on the intensity of the magnetic field indicates that, along with the dis-
persed paramagnetic centers in crystals, some of their clusters (complexes) are
formed. They behave like a Langevin paramagnetism of atoms that have a mag-
netic moment of 10°-10° times greater than the magnetic moment of individual at-
oms. As can be seen from Fig. 1 this feature is more pronounced in the case of pro-
ton irradiation.

To analyze the experimental dependences of magnetic susceptibility on the in-
tensity of the magnetic field (Fig. 1, curves 2, 3) we use the theoretical model [2]:

M -H
2H) = 20 (H)+ 2y + Hin = NCMCL( o

where N¢ is the concentration of magneto-ordered nanocomplexes, M is the mag-
netic moment of one complex, is derived from the Langevin function, & is Boltz-
mann's constant, 7' is temperature, y,,- 1s the paramagnetic component of magnetic
susceptibility, v, 1s the susceptibility of the crystalline lattice.

Mc =NMpygqs(s+1),
where N, 1s the number of paramagnetic centers in one magnetic complex, M, is

j+lpar+llatt9 (1)

the Bohr magneton, g is the g-factor, s is the spin of the paramagnetic center, of
which the complex is composed (we assume s = 1/2).
Thus, equation (1) will have a general view

Z(H)=NeNoM ygs(s +1) - (NOMBiT“ Sts+1) {1 - cth{NOMng - sts+1) HD ;

2)

kT
+ + +
NOMng/s(s+1)-H2j Apar ™ Lt

The theoretical expression (2) evaluates the corresponding quantities. To do
this, we use the Origin 6. To make things easier, we'll introduce the notation:

NoM pgis(s+1)
kT ’
P3= g, PA4=y,=-118-10" cm’g™".

Pl=N N Mg s(s+1); P2=

Then

;((H):Pl-(P2~(1—cth2(P2-H))+ le )+P3+P4. 3)

H2
With computer computing, we obtained parameters P1, P2 and P3, in which
the best agreement between the theoretical function (2) and the experimental points
is observed (Fig. 1, curves 2, 3). The obtained parameters P1, P2 and P3 were used
to determine the values of N¢, Ny and, respectively, the formulas:
P1 P1
c

116| " NoM,gys(s+1) kT P2’
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No— kT P2 '
0 MBg\/s(s+1)’

P3= Y pars

taking into account that:
M,=927-102 525, r=1387-10" £
Gs grad

In addition, the functions of distribution of complexes by their size were con-
structed and the most probable dimensions (D, nm) were determined. The results
of calculations are given in Table 1.

Table 1. Calculated parameters

Sample Sig 97Geo,03 X par? omr! Ny, l/kmactep | Nc, em™ D, nm
source sample — — — —
®=8,6:10"" sn/cm” 021-10° 9,7-10° 1,7-10° 4
®=1-10"p'/em’ 0,3-10° 1,6:10° 1,9-10° 6

As 1s known, with approximately the same dose of irradiation by protons and
neutrons in samples, roughly the same number of nanocomplexes is formed. How-
ever, at irradiation with protons in the material is formed 2-3 orders of magnitude
more point defects interstitial and vacancy type. Since interstitial atoms are more
mobile vacancies, the wines quickly go out to the surface, and vacancies, in turn,
are combined into multi-station complexes, which, obviously, can exhibit magnetic
activity. The given considerations are in good agreement with the experimental re-
sults (Fig. 1) and the computed parameters given in Table. 1

1. Iat. 77284 VYxpaiau, MITK(2006) GO1R 33/16. Ilpuctpiii ans BUMiprOBaHHS
MarHiTHO1 CIpUUHATINBOCTI MaTepianiB / [{mors B.M. Ta iH. 3asgBHUK 1 BIACHUK
JporoOuiibkuii nepxkaBHUN Tenaroriyauii yHiBepcurteT imeHi [. ®dpanka. —
No20041008650; 3asBn. 25.10.2004; omy61. 15.11.2006, brom. Ne 11.

2. Study and simulation of magnetic susceptibility of Si and Sij¢5Geg s whiskers /
V.M. Tsmots, P.G. Litovchenko, N.T. Pavlovska, Yu.V. Pavlovskyy, [.P. Ost-
rovskyy // Semiconductors. — 2010. — Vol. 44, No. 5. — P. 623-627.
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ELECTRICAL CONDUCTIVITY OF NON-STOICHIOMETRIC NiO
THIN FILMS

H. P. Parkhomenko*, P. D. Maryanchuk

Department of Electronics and Energy Engineering
Yuriy Fedkovych Chernivtsi National University

Kotsyubynsky 2, 58012 Chernivtsi, Ukraine
*e-mail: h.parkhomenko@chnu.edu.ua

Thin metal oxide films are today of great scientific and practical interest. Ex-
tensive investigations of transparent conducting layers are stimulated by their ap-
plication in electronics, optoelectronics, and solar energetics, as well as by the eco-
nomic efficiency of using thin films instead of bulk crystals.

Most conducting transparent oxides possess n-type conductivity. However, it
is known that nickel oxide (NiO) has p-type conductivity and good optical, electri-
cal, and thermoelectric properties, as well as high chemical stability, and is widely
used in various devices, especially in the photoelectric technique in the form of
transparent layers (windows) for solar cells, antireflection coatings, and
photodetectors. Thin NiO films are formed by various chemical and physical
methods. The most widespread methods are reactive magnetron sputtering, which
makes it possible to control various technological parameters in a wide range and
to create high-quality films with desired properties, and spay pyrolysis, which is
rather cheap and simple in use [1-4].

NiO thin films were deposited on preliminarily cleaned ceramic glass sub-
strates in a Leybold-Heraeus L560 multipurpose vacuum system by dc reactive
magnetron sputtering. Prior to sputtering, the vacuum chamber was evacuated to a
residual pressure of 5 x 10> mbar.

The target and substrate surfaces were etched for a short time by bombarding
argon ions to remove uncontrolled impurities. To deposit NiO films, a nickel target
(99.99) (a disk 100 mm in diameter and about 1-mm thick) was placed on a water-
cooled magnetron table at a distance of 7 cm from substrates.

The temperature of substrates was controlled by a system of thermocouples in
the vacuum chamber so as to be ~373 K and ~523 K. A mixture of argon and oxy-
gen gases in a required proportion was formed from two independent sources. The
partial pressure in the vacuum chamber during the deposition was 4 x 10 mbar
for argon and 4 x 10~ mbar for oxygen. The installed magnetron power was 100
W. The deposition duration was 10 min.

The electrical conductivity were investigated in a temperature range of 77—
330 K. The samples for the electrical conductivity measurements had four contacts
and two current ohmic contacts, which were formed using a mask by reactive
magnetron sputtering of nickel at a substrate temperature of ~373 K.

Electrical conductivity were measured at the dc current.The total error in the
determination of the electrical conductivity was ~2%.
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Measured values of electrical conductivity are presented in Fig. 1. It is seen
that thin films under study possess the semiconductor type of conduction. Carrier
concentration at room temperature were p ~ 4.1 - 10" cm™ (7,~ 373 K) and p ~ 4.3
- 10" em” (T, = 523 K). The origin of the temperature dependence of resistivity
may be attributed to either the thermal excitation of holes from shallow accepter
levels or the thermal excitation of mobility. It may be suggested that the resistivity
change of highly conductive NiO films obtained in this work results from the
thermal excitation of holes from shallow accepter levels because of high conduc-
tivity and high hole concentration [5].
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Fig. 1. Temperature dependence of the electrical conductivity of the NiO thin
films deposited at different temperatures of the substrate 7.

Figure 2 shows the dependence of electrical conductivity ¢ of the NiO thin
films on the inverse temperature in a semilogarithmic scale. Two straightlinear
segments can be distinguished in it, which indicates the exponential dependence of
electrical conductivity.

The activation energy, which was determined from the straightlinear segment
of dependence Inc = f(10° /T) for the NiO thin film, are 0.37 eV and 0.35 eV for
films deposited at substrate temperatures of 373 K and 523 K respectively in the
temperature range 77 K < T < 150 K and, possibly, corresponds to the depth of the
burial of the working level, which is formed by the lack of nickel and correspond-
ingly to the formation of nickel vacancies. As the temperature increases (150 K <
T < 330 K), the activation energy increases and reaches 0.74 ¢V and 0.95 eV for
films deposited at substrate temperatures of 373 K and 523 K respectively.

Since in films the large concentration of holes is due to vacancies of nickel,
then the acceptor levels definitely form a subzone near the valence band, which
causes two slopes on the logarithmic dependences of the electrical conductivity
with different activation energies.
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Fig. 2. Dependence of the electrical conductivity of the NiO thin films depos-
ited at different temperatures of the substrate 7, on the inverse temperature in a
semilogarithmic scale.
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INVESTIGATION OF CONDUCTIVITY AND OPTICAL
TRANSMISSION PROCESSES IN CdTe:I SINGLE CRYSTALS
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High-resistivity cadmium telluride is one of the main materials for fabrication
of uncooled y-ray detectors of spectrometric quality. Usually, doping of the crys-
tals of this compound with a chlorine donor is used in order to achieve a semi-
insulating state. Such doping leads to an exact compensation of the dominant CdTe
native acceptor defects, mostly cadmium vacancies V¢4 and so-called A-centers
(complexes of Vg and shallow donor). At the same time, the information about
doping with other halogens, namely iodine, is very limited.

Investigated CdTe: I single crystals were grown by the modified physical va-
pour transport method at 950 — 970° C from pre-synthesized charge with initial io-
dine concentration N; = 10'® and 10" cm™, obtained by alloying of the components
(elemental Cd, Te of 6N-grade purity and dehydrated CdlI, salt) in a vacuum [1].
Investigations of the electric properties were carried out by measuring the tempera-
ture dependences of the specific resistance p in the temperature interval of 295 —
430 K by four-probe technique. The type of conductivity was determined by the
thermal probe. Optical characterization was done by measuring of infra-red (IR)
transmission in the 2 — 25 um range at room temperature (RT).

Unlike the case of CdTe: CI [1] single crystals grown by the same method, the
conductivity of the investigated CdTe: I samples is of electron type and their resis-
tivities are much lower, being in the range p = (2 — 3) x 10* Q-cm for a higher
doped and p = (1 — 5)x10° Q-cm for a less doped material. Also, the conductivity
of the material with N; = 10'® cm™ is controlled by deeper donor levels. It can be
concluded that the range of exact compensation of the native acceptor defects with
1odine in the CdTe matrix is narrower than that with chlorine, and its addition at a
high concentration leads to overcompensation of the material. This conclusion is in
coincidence with the results of the theoretical study [2], in which the compensation
processes in CdTe: I have been simulated using the method of quasi-chemical reac-
tions. The authors of this paper have found that, in addition to V4 and A-centers,
the presence of significant concentrations of DX-centers is necessary to explain the
decrease of CdTe: I resistivity. DX-centers are formed when doping atom shifts
from the lattice to the interstitial site with subsequent capture of an electron, which
causes significant distortion of the lattice in the vicinity of such a defect. The prob-
ability of DX-centers formation is growing with the decreasing of the 1on radius of [121
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the doping impurity, which is known to be lower for I than for CI. The formation
of DX centers leads to the self-compensation of shallow donors according to the
reaction:

2d°=2d"+DX + U, (1)
where d is a shallow donor dopant (iodine in our case).
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Fig. 1. Temperature dependences of electrical resistivity for the samples with
N =10" cm™ (@) and N, = 10" cm™ (b). The arrows indicate the direction of the
measurements (heating or cooling)

Similar to the case of Cl-doped crystals [3], the thermal instability of the inves-
tigated CdTe: I samples due to their low-temperature short-term annealing directly
in the measurement process was detected. For the most samples an irreversible re-
sistance increasing was observed as a result of the heating-cooling cycle (Fig. 1a).
The activation energy of the process was increased in some samples, while it re-
mained unchanged in the others. The observed annealing indicates that the defect
system was at non-equilibrium thermodynamic state before the start of the meas-
urements. The defects became more mobile with the temperature increasing and

122] were incorporated into the host lattice, resulting in the decrease of its total energy.
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However, some of the samples were stable in the temperature range under investi-
gation (Fig. 15).

An increase of IR-transmission in consequence of the annealing process, which
have been detected for the highest doped CdTe:Cl crystals, as well as the depend-
ence of the transmission curves on the doping level, were not observed for the in-
vestigated CdTe:I samples. For both iodine concentrations, IR-transmission level
in the whole lengthwaves range was practically at a theoretical limit for CdTe
compound.
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Fig. 2. The mid IR-transmission RT spectra of CdTe:I samples:
1-N=10" cm’3; 2 - N;=10" cm'S; 3 — theoretical limit for CdTe.

In summary, it can be concluded from the results of preliminary studies that
more precise compensation and higher thermal stability during crystal growth
should be reached for obtaining high-resistive CdTe: I, suitable for the production
of high-energy radiation detectors.
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Lead Telluride is a semiconductor material, which is used to create on its ba-
sis thermocouples working in the temperature range 300-500 °C. The main disad-
vantage of using PbTe is the relatively low coefficient of efficiency of devices
based on it (< 10 %). Therefore, finding ways to increase this value is an urgent
task.

Obtaining thermoelectric samples by powder pressing method, which en-
sures the formation of a large area of grain boundaries, is promising. In addition to
scattering of phonons, such boundaries can filter current carriers that pass electrons
(holes) with "high" energies only, which should increase the coefficient of thermo-
EMF of the material. It should be noted that for the pressed samples an important
factor is the size of the powder fractions, which are used for compaction. The use
of an additional nanodispersed component of another material can provide the
creation of an additional scattering surface for phonons, and in the case of the use
of metallic nanoparticles, create high quality conductive contacts for the electrons
between the grains.

In present paper, mechanical mixtures of microdispersed PbTe and CdTe
have been investigated. The main factor in the choice of cadmium telluride is its
rather low thermal conductivity.

Synthesis of PbTe was carried out in vacuumed quartz ampoules [1]. The
resulting ingots were crushed, pressed under pressure (1.0-2.0) GPa and annealed
at temperatures (200-500) °C. In the case of mechanical mixtures, the base material
powder was mixed with the microdispersed powder of CdTe, particle size of which
was (32-50) um. The phase composition and structure of the synthesized ingots
and samples were investigated by X-ray diffraction methods on the automatic dif-
fractometer STOE STADI P. Surface morphology was studied using an optical mi-
croscope NEXUS 400A. Hall measurements were carried out in constant magnetic
and electric fields using a four-zone method. The value of the coefficient of
thermo-EMF was calculated by measuring the voltage at the ends of the sample
when the temperature gradient was =5 °C. The specific electrical conductivity
was determined by measuring the voltage drop on the sample at the passage of al-
ternating current. The coefficient of thermal conductivity k was determined by the
method of radial heat flux [1].

Synthesis of cadmium telluride for obtaining the mechanical mixtures was
carried out in the sealed quartz ampoules. Additionally, in contradistinction to the

124| conditions of the synthesis of [V-VI compounds, the ampoules were graphitized by
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acetone pyrolysis. The temperature mode of synthesis consisted of several stages
of heating and exposing, and the direct synthesis was carried out at a temperature
of 1120 °C. The resulting ingots were granulated in a ball mill.

The chemical analysis of CdTe ingots has shown a low content of uncon-
trolled impurities. Composition and technological parameters of preparation of
PbTe-CdTe samples are given in Table. Optimum compression pressure for these
compositions 1s 1.5 GPa, exposure time under pressure is 15 minutes, the size of
the fraction of the base material is (0.05-0.5) mm. All samples were annealed at
500 °C for 15 minutes. Unlike the mechanical powder mixtures studied in [2], for
these samples the used additional component was not nanometer but micrometer
size in order to increase the volume of the additional phase, and not the number of
additional boundaries, as in the previous cases.

Table. Composition of PbTe-CdTe composite materials (ingot XXXIX)

Number of sample Composition
la PbTe
1b PbTe
2a PbTe + 1 mass % CdTe (32-50) um
2b PbTe +1 mass % CdTe (32-50) um
2¢C PbTe +1 mass % CdTe (32-50) um

The lattice parameter of homogeneous PbTe is 6.4583(2) A, but for the
pressed and annealed composite sample — 6.4566(2) A. Such an effect may be due
to the influence of technological factors (pressing, annealing) [1] and the chemical
interaction between the base and additional materials.

NI [ B
~ = L [* ,‘_n % j l’ [

2 il / r "‘;erlf-b \'d

1, 119 ’ 1 1

b)
Fig. 1. Surface structure of pressed at 1.5 GPa and annealed at 500 °C sample of
pure PbTe (a) and composite sample PbTe-CdTe (b) (1 mass % CdTe) (the size of
the photo is 460x460 um?).
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Surface structure of pressed and annealed at 500 °C PbTe-CdTe samples was
more porous than in the case of pure PbTe, but less porous than in the case of
composites investigated in [2]. The hardness is Hy = 312 MPa, which does not dif-
fer significantly from the pure PbTe — Hy=297 MPa (pressing pressure was
1.5GPa, annealing temperature was 500 °C) unlike composites studied in [2].

Based on the Hall effect study, it has been found that when adding CdTe
(1 mass % CdTe) the temperature dependence of the carrier concentration is de-
creasing (Fig. 2), however, the change in the value of ny in the measured tempera-
ture range is not significant and does not exceed the measurement error.

Decrease in electrical conductivity of the samples and the invariability of the
thermo-EMF coefficient when adding CdTe seems to be logical: the additional
component reduces the total area of the conducting channels, in turn it practically
does not conduct the current, and CdTe has no effect on the kinetic parameters of
the carriers passing between the grains of the base material. In logarithmic scale,
the dependence o(T) is satisfactorily approximated by a straight line according to
the equation 1g(c) = A — 2.5 1g(T). The coefficient 2.5 clearly indicates the domi-
nance of the mechanism of scattering of carriers on acoustic phonons. The devia-
tion from the linear dependence for the points obtained at the maximum tempera-
ture, most likely, indicates the beginning of the region of its own conductivity. It is
important to note that the presence of impurity does not change the dominant scat-
tering mechanism. In particular, there is no appreciable effect of grain boundaries
in the investigated materials.

5 00E+18 - 20 - *2a
® 2C ®2c
4,00E+18 | m2b 15 1 Ala
3 h
- —
< 5 00F+18 - % O *
: 5 05
1,00E+18 - 0,0 . . . . ,
255 26 265 27 275 28
0,00E+00 ‘ ‘ ‘ Ig(T), K
0 50 100 150
T,C

Fig. 2. Temperature dependences of carrier Fig. 3. Dependence of specific elec-
concentration in composite materials PbTe- trical conductivity on temperature for
CdTe PbTe and PbTe (1 mass % CdTe)

In contrast to PbTe-ZnO (TiO,) nanocomposites studied in [2], for PbTe-

CdTe samples, a certain decrease of the coefficient of thermal conductivity is re-
corded (Fig. 4). That is, on the one hand, the electrical conductivity of the samples

and their thermal conductivity decrease as a result of the addition of the microdis-
persed CdTe, and on the other hand, scattering in the composite materials 1s deter-
mined only by the interaction of current carriers with acoustic phonons. Given the

126] above, we can assume that responsibility for reducing ¢ is not due to additional
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grain boundaries, but decrease in the effective cross section of the sample, by
which the current transfer is carried out, since the slope of the curve o(T) in loga-
rithmic scale for pure and composite samples is not changed. In the case of pho-
nons, it is most likely that the additional boundaries are the main factor in reducing
the intensity of their scattering. Comparing the obtained data with the results in [2],
it can be said that no less important factor is thermal conductivity of the additional
component. Precisely due to the fact that the thermal conductivity of ZnO or TiO,

is much higher than the thermal conductivity of the base material, in [2], reducing
the value of k was not achieved.

600 -
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Fig. 4. Temperature dependences of coefficients of thermo-EMF (a) and thermal
conductivity (b) for PbTe-CdTe composite samples with 1 mass % content of the
microdispersed component of CdTe.
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Abstract

This work 1s devoted to the study of structural characteristics of the amor-
phous bulk As,S; glasses doped with Ag (concentration 10 and 15 wt.%) or Mn (1
and 2 wt.%). Structural studies were carried out using X-ray diffraction technique
and Raman spectroscopy. The radial distribution functions of doped and undoped
bulk glasses were obtained and analyzed. Our Raman data shows that studied chal-
cogenides are nanostructurized materials.

Introduction

Amorphous chalcogenides attract much attention due to their properties. Chal-
cogenide glasses (CG) are widely used in versatile technological applications such
as infrared optical elements, acoustical and optical and all-optical switching de-
vices, holography recording media etc. Chalcogenide glasses and films serve as a
base of their numerous applications due to their unique properties such as, trans-
parency in the IR region, quasi-stability, photoinduced change of properties, ion-
conductivity of doped chalcogenide glasses and films, etc. Information on the
short-range order structure of chalcogenide glasses is particularly valuable for es-
tablishing useful correlations between their structural and macroscopic properties.

Experimental

The As,S; glasses with manganese concentration from 0 up to 2 wt. % and
As,S; glasses with silver concentration from 0 up to 15 wt. % were prepared by
standard melt-quenching technique using constituent elements of 6N purity in vac-
uum-sealed silica ampoules. X-ray diffraction measurements (XRD) were carried
out using ARL X’tra (Thermo scientific) setup. Cu KA radiation (A=0.154 nm) was
used. Room temperature Raman spectra were recorded using Fourier spectropho-
tometer Bruker IFS-55 Equinox with FRA-106 attachment (with resolution of lem
M. Nd:YAG laser light with 1.06 pm wavelength was used for excitation.

Results and discussion

XRD

The structure of arsenic chalcogenide glasses has been studied previously by
[1,2]. The experimental XRD profiles (Fig.1, 2) from glasses of different composi-
tions were similar but showed a systematic variation with composition. Diffraction
profiles confirm the amorphous nature of the chalcogenide glass, which is a disor-
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dered system without long-range order and three-dimensional periodicity. How-
ever, there is short-range order in which the atoms around any system of atoms can
be described by radial distribution function of the atoms (RDF) [3].

In Fig.1 and Fig. 2 the calculated RDF profiles for As,S; samples doped with
Mn concentration 0%, 1% and 2 wt.% and Ag concentration 0%, 10% and 15 wt.
% are shown. The location of the peaks indicates prominent interatomic distances
and the area under peaks, after correction for differences in scattering factors, gives
a measure of the average coordination number. As one can see, the addition of sil-
ver does not significantly affect the structure. The position of the first peak corre-
sponds to the value of 2.29 A, position of the second peak — 3.44 A for glasses
doped on Mn and 3.48 A for glasses doped on Ag. The results are in agreement
with the results of previous researchers on the structure of the As,S; glasses using
X-ray analysis [1].

344

229

G(R)
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] \\// | | v ;i As S,
4 : 2—As,S:Mn 1wt%
‘ ™ \ 3——As,S: Mn 2wt%

0 2 4 6
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Fig.1. The RDF profiles for Mn doped As,S; with Mn concentration (0, 1 and
2 wt.%).
1,5—- 3.48

1——AsS,
2——As, S Ag 10 wt.%
3- As,S.: Ag 15 wt.%

R
Fig.2. The RDF profiles for Ag doped As,S; with Ag concentration (0, 10 and
15 wt.%).
Raman spectra
The structural changes in As—S glasses doped with transitional metals
were obtained from Fourier Raman spectra (Fig. 3, 4). Introduction of such
dopants leads to the increase of concentration of non-stoichiometric molecular
fragments. Introduction of manganese leads to the increase of intensity of
bands at 192, 227, 236, 365 cm™ that correspond to the vibrations of non-
stoichiometric molecular fragments As,S,. Intensity of band near 496 cm’, [129
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which is characteristic for vibrations of S—S bonds is decreasing. Bands, that
can be connected with the creation of new sulphur containing structural units,
similar to MnS molecular fragments appear in 130-190 cm™ range. The main
feature of Raman spectra under the introduction of manganese into As,S;
glass matrix is in the change of relative concentration of the main and non-
stoichiometric structural elements typical for As,S; glasses [2].

0,009

2——As,S;Mn 1%

113/' 1——As,S,
3 As,S_:Mn 2 %

0,006

Intensity, a.u.

0,003

0,000 - : i —
0 200 400 600

Wavenumber, cm”

Fig.3. Raman spectra of As,S; glasses with Mn concentration (0, 1 and
2 wt.%).

From obtained HH and HV-polarized Raman spectra (Fig. 4) of doped As,S;:Ag
it can be seen that structure changes. The Raman spectra of these ChGs are domi-
nated by a strong band at 340 cm™ attributed to the symmetric As-(S)-As stretching
vibrations in AsS;, pyramids [4]. Besides this there is a strong band at 340 cm™,
there are additional features (shoulders) at 314 cm™ that can be assigned to the
asymmetric stretching modes of AsS;, pyramids. Weak bands located at 187, 221,
231 cm™ correspond to the presence of the non-stoichiometric molecular fragments
of As,S, nanophase. Doping of As,S; glass with Ag causes a slight increase of the
bands’ intensity located at 187, 221, 231 cm’'. The presence of excess sulfur is in-
dicated by the weak band at 475 cm™, which is characteristic for the vibrations of
S-S bonds, and it is increased with the Ag introduction. Obtained Raman spectra
were analyzed in software CoRa [5]. Deconvolution of Raman spectra was per-
formed for analysis of their compositional dependencies.

The main effect that is observed at introduction of silver into nanostructured
As,S; glass is the change of the relative concentration of the main and non-
stoichiometric molecular structural units that are characteristic for As,S; glasses.
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Fig.4. Raman spectra of As,S; glasses with Ag concentration (0, 10 and
15 wt.%) (HV polarization).

Conclusions

In this paper the results of X-ray diffraction studies for characterization of
As,S; glasses are presented. It was shown that Ag doping influences the structural
properties of studied chalcogenide glasses, the addition of manganese does not sig-
nificantly affect the structure. This can be used for the creation of nanocomposites
on the base of chalcogenide glasses with new properties, optimization of sensitiv-
ity, stability improving of registering media on their base, etc.
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ELECTRON SPECTRUM ON THE DYNAMICALLY DEFORMED AD-
SORBED SURFACE OF A SEMICONDUCTOR WITH A ZINC BLENDE
STRUCTURE
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The dispersion relations for the electron spectrum on a dynamically de-
formed adsorbed surface of the semiconductor with the Zinc blende structure are
received. It was shown that the dependence of the electrons concentration change
on the concentration of adsorbed atoms on the surface has a nonmonotonous char-
acter, determined by the height of the inequality of the surface of semiconductor.

Keywords: surface electron states, electron spectrum, adsorbed atoms,
acoustic quasi-Rayleigh wave.

1. Introduction

The creation of a new class of micro and nanoelectronic devices with con-
trolled parameters needs the research of electron spectrum on the dynamically de-
formed adsorbed surface of semiconductors. Such dynamic deformation on the ad-
sorbed surface of semiconductor can be formed by the quasi-Rayleigh acoustic
wave [1]. Interaction between the quasi-Rayleigh acoustic wave and adatoms re-
normalizes the electron spectrum due to deformation potential [2]. Changing tech-
nologically the concentration of adsorbed atoms, it is possible to change the fre-
quency of surface acoustic wave (SAW) and the electronic structure of subsurface
layer. Such correlation between the adsorbed atoms concentration, the frequency of
surface acoustic wave and the electron structure of subsurface layer can be used in
practice for the change of coefficients of electromagnetic waves reflection from the
interface of media and for the change of dispersion law of plasma oscillations [3].

The purpose of this work is the investigation of the influence of the adsorbed
atoms concentration on the spectrum of surface electron states and the distribution
of electron density on a dynamically deformed adsorbed surface of a semiconduc-
tor with the Zinc blende structure.

2. Formulation of the problem and the main results

We consider the subsurface layer of a semiconductor in the molecular beam
epitaxy or implantation process [4]. At the action of atoms flow, the atoms
are adsorbed with an average concentration N,,. Due to the deformation

potential and the local renormalization of the surface energy, the adatoms and the
deformation field of the surface acoustic quasi-Rayleigh wave deform inhomoge-
neously the subsurface layer. In turn, this self-consistent deformation through the
deformation potential redistributes adsorbed atoms along the surface. The influ-
132| ence of adsorbed atoms is reduced to a change of boundary conditions for a stress
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tensor o, on z = () surface. The layer, defect-enriched by adatoms, can be consid-

ered as a film of a thickness, p density and Young’s modulus E. It is connected
rigidly with substrate — the other semiconductor part with elastic parameters p,
and E . The connecting plane of film and substrate z = a 1s parallel to the surface

(100). The axis z is directed into the single crystal depth, the axes x and y are di-
rected along two orthogonal crystallographic directions of type [100].

A surface acoustic quasi-Rayleigh wave, extending in x axis direction with
®'(4,N,,) frequency, forms the dynamic deformation and interacts with adatoms.

The deformed surface form along the x axis depending on time can be described by
the following function [10]:

z,(x,1) = §(Ny,)cos(gx — @'(q, Ny,) - 1), (1)
where g =27/ L_; L, 1s period of roughness (length of acoustic wave) along the x
axis; N,, is a the spatially homogeneous component of adatoms concentratoin.
The dispersion law @'(q,N,, )= Re(®) of quasi-Rayleigh wave and the width
@"(q,N,,)=Im(w) of acoustic phonon mode are determined in the work [5].

The height of the roughness &(N,,)=|u(0)|+]u(0)

u'(7,t) are the normal components of the displacement vector of longitudinal and

, where i'(¥.1),

transversal waves, respectively, on the plane z = 0 [2]. (4)
The components u’(0), u'(0) of the displacement vector of the medium
points are founded from the equation solution [5]:
0’
ot’
The electron spectrum on the rough boundary of the semiconductor with the
Zinc blende structure are founded from the non-stationary Schrodinger equation

[6]

= A ii + (¢! — c?)grad(divii). (2)

. 0 X,z,1 h2 82 62 —kjz _ikx—icot
& Wat ):_2m*(6xf+azy2/j+%e ety (x,2,t) €)

with deformation potential formed by the surface acoustic quasi-Rayleigh wave

A|S(Ny Ja*(2=&,) ¢!,
and adsorbed atoms; where Vo =~ = i - c_tz; m 1s the effective elec-
1 /

tron mass; A is the constant of deformation potential; 1/, is the depth of sound
penetration in semiconductor, &, 1s a quantity depended on the ratio between the
longitudinal ¢, and transversal ¢, sound velocity.

We assume that the motion of conduction electrons is bounded by an uneven
wall which is an infinitely high potential barrier. We use the method of successive
approximations for a small parameter gS(N,,) < 1 regarding amplitudes with

n=1;0;-1, where &(N,,)=Z(0)+6¢(N,,), (0) is the height of the roughnesses of
the surface, created only by a surface acoustic wave.
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The roughness of the two media division is the cause of the surface elec-
tronic states appearance. The wave function of the surface electronic states is de-
termined by the following expression [7]

'//k — AOe—‘ﬁkO‘zH‘kxx—a/l{t‘, (4)
where k_ 1s the component of the electron wave vector;
ky(S(N,,)) =k,(5(0)) + Sk,(S(N,,)) determines the spectrum of electron states on a

surface with roughness; A4, =,/ 2‘5]{0 ‘ / L.L, , where LL, arethe model sizes in x

and y directions, respectively.

on(0), 10" sm™
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, | k.<q/2
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Fig. 1. The change of the electrons concentration on the z =0 surface of the semiconductor
GaAs (100), depending on the concentration of adsorbed atoms

The dependence of the wave function of surface electron states on the z co-
ordinate leads to the appearance of an inhomogeneous electron plasma in the z>z,
region. The basic parameters of this plasma can be expressed due to the character-
istics of the surface roughness. We will determine the change of electrons concen-
tration on,(z):

. 2 oIk |z
ony(z) = Z‘/’ka”kx = EZ o3 ‘5](0)6 2 ) )
k. k.

where n, 1s the number of electrons with the wave vector & _; the sum is carried

out at all values of k_. In this case, the minimum k_ value is determined by the
model sizes in the x direction, that is, the value L_, and the maximum - by the
Fermi impulse 7k, . The total number of particles in the z >0 region is equal to

Z ., -
k

The surface density ng = Jé‘no (z)dz = an /L.L,.
0 ko
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A graphic representation of the dependence of the electrons concentration
change 6n(0) on the adsorbed atoms concentration on the z =0 surface is given in

Figure 1. The nonmonotonous character of the curves is determined by the non-
monotonous functional dependence of the height of the semiconductor surfaces
roughnesses on the adsorbed atoms concentration.

3. Conclusions

The dispersion relations for the spectra of surface electron states on a dy-
namically deformed adsorbed surface of a GaAs (CdTe) semiconductor were de-
rived.

It was established that the dependences of the band gap width and of the
electrons concentration on the adatoms concentration have the nonmonotonous
character.

It was shown that the dependence of the electrons concentration change on
the concentration of adsorbed atoms on the surface has a nonmonotonous charac-
ter, determined by the height of the inequality of the surface of the solid. In par-
ticular, the maximum change of electron density on the surface of a GaAs (100)
semiconductor is achieved at the concentration of adsorbed atoms

N,, =1,9-10" sm™.
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PECULIARITIES OF SHORT-WAVE RADIATION
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An important question of modern information technology is the expansion of
spectral range of the optical information display systems. For them it is still impor-
tant to obtain materials with high-efficiency radiation. Such can be
II-VI compounds, the direct band-gap £, of which is an important factor for the
high efficiency of the generation-recombination processes. Among them zinc se-
lenide with cubic structure (B) of crystalline lattice and £, =2.7 eV deserves on a
special attention. However, the existing processes of materials obtaining are char-
acterized by high complexity, cost and does not allow to obtain a stable hexagonal
modification (). Therefore, the question of finding a method for obtaining of zinc
selenides with hexagonal modification and studying the possibilities of obtaining
short-wave radiation of high efficiency is relevant.

Heterolayers (HL) of a-ZnSe hexagonal modifications and a-ZnSe,S;_, solid
solution of substitution were obtained by the method of isovalent replacement. For
this purpose, the isothermal annealing of the a-CdS substrates in a vacuum consis-
tently in saturated pairs of Zn and Cd was used. It allowed one to obtain heterolay-
ers with stable properties in time. The universal measuring complex used for re-
search of optical processes allowed to determine the properties of the obtained het-
erolayers. The energy structure of a-ZnSe is characterized by the next parameters,
thatis £, =2.89 eV, A, = 0.07 eV and A, = 0.37 eV. The last one are the values of
the valence band splitting into the subzone due to the action of the crystalline field
A and the spin-orbital interaction Ay, that were defined for the first time. The ob-
tained heterolayres of a-ZnSe have an intensive photoluminescence (PL) in a
short-wave region with high quantum efficiency # ~ 8-10 % at 300 K (versus 0.1-
0.3% for the widely used B-ZnSe single crystals). The radiation is formed by
bands, the dominant of which is determined by the annihilation of bound excitons.
There 1s also an intense radiation in the range of photon energies 7w > E,. It is
formed by the interband recombination of free charge carriers at their transitions
from the main zone and subzone splited by the crystalline field A.,. The change in
the annealing temperature of a-CdS makes it possible to obtain ZnSe,S, solid so-
lutions of substitution. At x =0.47, the parameters of the band structure are
E,=3.20eV, A;=0.066 ¢V and A, = 0.311 eV. The obtained layers also have an
intense PL in the violet and near ultraviolet ranges. The mechanism of the recom-
bination processes repeats a-ZnSe, namely, the annihilation of bound excitons and
interband transitions of free charge carriers. The estimation of quantum efficiency
of PL gives a value 5 ~ 5.8%. Experimentally is established the weak temperature
dependence of radiation up to 7= 540 K and repeatability with time and stability
of characteristics and parameters at high temperatures that is important for practi-

136] cal use.
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Effect of symmetry of small stoichiometric zirconia particles on their spectral
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Zirconia is an important functional material which has excellent physical
and chemical properties. In order to elucidate the peculiarities of the spatial and
electronic structures of relative materials, they can be examined by means of both
experiment (in particular, spectroscopy) and theoretical simulation [1].

In this work, the absorption spectra (XPS, IR and UV) of pure zirconia
have been calculated by density functional theory method (B3LYP/3-21G**). Cal-
culations were performed by means of the software package PC GAMESS (version
FireFly  8.1.0  (http://classic.chem.msu.su/gran/firefly/index.html) [2] by
A.Granovsky). In the calculations, a cluster approximation was used using molecu-
lar models of the composition Zr9Osg, Zrs0;, and Zr,Og (Fig. 1).

Fig. 1. Optimized structures of zirconium dioxide clusters with composition
ZI'408 (Cl), ZI’6012 (b), and ZI'19038 (C)

The Zr,Og molecule was treated with and without imposing symmetry condi-
tions of T4 point group. The results of calculations are presented in Table 1.

The spectral consequences of symmetry breaking of small stoichiometric
zirconium dioxide particles (the Zr,Og cluster model being taken as an example)
are shown in Fig. 2.

It follows from the results of calculations that the imposition of symmetry
leads to some distortion of the calculated values. In particular, the first six calcu-
lated frequencies corresponding to the rotational and translational motions of the
molecule as a whole in calculation without symmetry restrictions are exactly zero
with zero intensity, while in calculation under symmetry conditions these quanti-
ties are nonzero, although they are relatively small (11 and 2 cm™). Besides, in the
calculation without symmetry restrictions, it is possible to evaluate some groups of
calculated frequencies close in magnitude. The corresponding quantities, taking
into account the symmetry, are completely identical, which is assumed initially to
be a symmetry condition. Obviously, for large clusters, these differences in calcu- |137



X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

lations are insignificant, and it is possible to calculate the spectral characteristics
for a cluster with geometry restrictions within various types of symmetry point

groups.
-
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Fig. 2. IR spectra of the Zr,Og cluster with imposing symmetry conditions
(point group Ty, @) and without spatial restrictions (b).

Thus, we have calculated the IR spectrum for clusters of the composition
71601, and Zr9055 within Oy, symmetry point group (Fig. 3).
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Fig. 3. IR spectra of the clusters of composition ZrsO,; (a), and Zr9Osg (b)
within symmetry point group Oy,

The real symmetry of the cluster slightly differs from the supposed ideal
one, which makes it purposeful to search for an approximate solution by imposing
a point group symmetry restrictions on the real object.

As a result of calculations, it has been found that the calculated vibration
frequency of the Zr,Oy cluster in the 583.6 cm™ region corresponds to the "breath-
ing" vibrations of Zr-O bonds. In the IR spectrum of the ZrsO, cluster, there is no
absorption band 581 cm™.

In the IR spectrum of the Zr,Og cluster, the absorption band in the range of
978 cm’! corresponds to the stretching vibrations of Zr=0O groups. For the Zr;9Osg
cluster, this value corresponds to 955 cm™.
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Table 1. Energy levels of Zr3p in ZrsO,, and Zr,9O3g clusters.
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Fig. 4. Theoretical XPS spectra of
ZI'4Og (Cl), ZI'6012 (b), and Zr19038 (C)

No of orbital -E, a.u. -E, eV No of atom | No of group
ZI'408 (Td)
33-40 11.8371 322.11 1-4 I
41-44 11.8296 321.90 1-4
7101, (Op)
49-54 11.7586 -319.97 4,5 I
55-66 11.7565 -319.91 1-3,6
7119035 (Op)
165-188 11.9147 324.19 8-19 III
153-164 11.9135 324.23
189-191 11.9019 323.87 1 I
192-203 11.8121 321.43 2-7 II
204-209 11.8074 321.30
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Fig. 5. UV spectra of Zr,Og (a)
71601, (b) and Zr9035 (c) calculated by
the TDDFT method.
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It follows from the results of calculations of the UV spectra that all the clus-
ters have absorption bands with maxima at 337 nm. The appearance of another ab-
sorption band of cluster Zr,Og in the range of 410 nm is due to the presence of
chromophores Zr=0. However, in the UV spectrum of cluster Zr;9Osg this band
(410 nm) is absent, but there is a band 342 nm with zero intensity. Cluster Zr¢O,
has a distorted structure, so a bathochromic shift occurs of relative absorption
bands.

Thus, one can jump to conclusion that the spectra of zirconia small particles
are highly characteristic concerning the energies of spectral transitions and
uniquely correspond to their spatial structures.

1. Structures, growth modes and spectroscopic properties of small zirconia clus-
ters. Shougang Chen, Yansheng Yin, Daoping Wang, Yingcai Liu, Xin Wang //
Journal of Crystal Growth. - 2005. — V. 282. — P. 498.

2. Schmidt M., Baldridge K., Boatz J., Elbert S., Gordon M., Jensen J., Koseki S.,
Matsunaga N., Nguyen K., Su S., Windus T., Dupuis M., Montgomery J. Gen-
eral Atomic and Molecular Electronic Structure System // J. Comput. Chem. —

1993. - V. 14. — P.1347.
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Temperature dependences of voltage-to-current characteristics of
TI4Hgl and T1,CdI crystals

Solovyov M.V., Kashuba A.IL., Franiv V.A.

Ivan Franko National University of Lviv, Faculty of Physics, Cyryl and Me-
tody str. 8a, 79005 Lviv, Ukraine

Introduction: The problem of finding new materials for the sensors of tem-
perature [1, 2] remains urgent in microelectronics. The main requirements for such
materials are following: optimal sizes, maximum possible temperature-to-signal
transformation ratio, available temperature range, multiple use of material during
operation. Reports on the promising use of compounds of the group A4Bls (TlsHgl
and T14Cdlg), as materials for the active elements of functional electronics, appear
episodically in literature [1-7].

There are periodic reports on the electric properties of crystals of the group
A4BIg [1, 8]. In Ref. [1], the authors have studied the conductivity for TI,Hgl
sample and have found the activation energy of 0.8 eV. The temperature behavior
of the spectra of electrical conductivity is presented in Ref. [8]. However, in con-
trast to the previous papers [2, 9], in Ref. [8], the structural transformations have
not been found in the samples. Also, in none of the above papers [1, 8], the tem-
perature dependences of the voltage-to-current characteristics (VCC) and the dy-
namics of resistance changes were not investigated.

The main goal of the present investigation is the study of temperature influ-
ence on the VCCs of the samples (Tl;Hgls and T1,Cdls) and the determination of
main mechanisms forming those VCCs. On this basis, the determination of the
temperature range for application the investigated compounds as materials for the
temperature sensors would be possible.

Method of calculations: Synthesis of Tl;Hgls and T1,Cdls compounds have
been performed from the crystalline binary compounds TI1I, Hgl, and CdI, taken in
equimolar ratios. The synthesis process and growth of crystals were realized in the
quartz ampoules of the diameter 12 mm. The corresponding rate of the temperature
decrease used was 2°C/h. The crystals Tl;Hgls and T1,Cdlg were grown by the
Bridgman method with ampules in a vertical oven (with the growth rate of
2 mm/h). Both crystals are described by the spatial group of symmetry Dy,'® [2, 6,
9]. More details related to the crystals synthesis and growths are presented in
Refs. [2] and [9].

For the measurement of VCC, the corresponding crystal samples with two
symmetrical electrodes were prepared by imposing a silver paste onto the sample’s
surfaces. A block diagram for the study of temperature dependencies of VCC is
presented in Fig. 1. In the process of VCC measurement, the sample under study
was placed in an electric furnace at the isothermal conditions. The temperature of
the samples in a furnace was installed and controlled using the PID-regulator of
temperature PE-202 using a thermocouple of the type "K". The relative error of
temperature did not exceed 0.2 %.
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The constant voltage was applied to the sample studied using the stabilized
programmable sources M8872 Maynuo. The value of the current flowing through
the sample was determined by the Ohm law on a homogeneous section of the circle
on the basis of a voltage drop on a series-switched measuring shunt (resistance
store P4831 of the accuracy class 0.02/2x10). A voltage on the investigated sam-
ple and the measuring shunt were performed using a digital two-channel recorder

Disco2Pro.
" PE-202 5 C”gfi’
P,
P483
- ~ |
o Chonnel 2
Sample

Fig. 1. Scheme of the experimental setup

Results and discussion: In the figures 2 and 3, the VCC of Tl Hgls and
T14Cdls crystals are presented. They are of a straightening character because the
temperatures increase of the VCC slope.

The behavior of a VCC can be approximated by different functional depend-
ences [10]. In the case of semiconductors, VCCs are fitted most often by using the
power (1), exponential (2) or logistic (3) functions. In the relations (1) — (3), x is a
voltage V and y is a corresponding electric current /. Other symbols in the relations
(1) — (3) are the sample dependent parameters.

yma (1)
%

Y=y, t4e (2)

T
" (Ao) (3)

An analysis of the mechanisms of injection and recombination of the charge
carriers in a semiconductor is based on the diversity of behavior the injected charge
carriers and their influence on VCC.

Approximation by the function (1) of the experimental VCC for Tl,Hgl
crystal at the temperature 7= 293 K is characterized by the coefficient of determi-
nation R>=0.986 with the parameters a = 8.99x10” and n = 1.48. Here, the con-
vergence of the calculated results to the experimental ones is not sufficient enough,
therefore one can’t assert about the possible mechanism of double injection [10] in
the semiconductor. However, with increasing temperature, the convergence to the
experimental dependence with the function (1) becomes better, R>=0.998
(a=0.0013, n=1.37, T=458 K). This means that with increase of temperature the
double injection mechanism in Tl4Hgls may appear.

Having analyzed the VCC by the function (2) and (3), a much higher con-
vergence have been obtained, R*=0.9955 o= -3.89x107°, 4, =3.63x107, ¢, = -
16.84) and R*=0.9958 (4, =-2.12x10°°, 4, =0.0243, xo =2379.09, p = 1.23), re-

142| spectively. It should be noted that with increasing temperature, the convergence of
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the calculated results obtained using the functions (2) and (3) to the experimental
data also increases (R* = 0.998, T = 458 K). Therefore, one may adopt the weak in-
jection [10, 11] and the constant field between contacts [10, 12] as the prevailing
modes in these cases.

Thus, we have found that at room temperature the weak injection and the
constant field between the contacts are the predominant modes in Tl;Hgls crystal
and the mechanism of double injection is rather weak. At higher temperatures, all
these three modes might be active in equal extents. However, taking into account
the temperature stimulated increase of the first derivative of VCC (a = d//dU) from
the magnitude oy93x = 0.01 to the value of o455 = 0.25, it was found that the double
injection mode does not appear in Tl4Hgls samples [10]. Thus, the behavior of
VCC in Tl4Hgls remains to be of the weak injection and the constant field between
contacts.

For a sample of Tl4Cdlg, in the temperature range of 293 K - 473 K, we did
not detect significant changes in the behavior of the VCC. Having analyzed the
VAC by the function (1), we have obtained a slight convergence of R*=0.977
(a=3.41x107, n=1.3, T=293 K). Having carried out the fitting of the experi-
mental data by the functions (2) and (3), the high convergences R”=0.993
(70=0.0621, A;=-0.0621, #,=64941.72) and R*=0.993 (4,=-2.43x10"
A, =1340.29, xo = 1.41, p =0.99), respectively, have been obtained. Similar tem-
perature dependences of VCC have been found for Tl;Hgls samples. Magnitudes of
the coefficient oo mentioned above varied from o093k = 0.001 to cugox = 0.01. These
results permit to suggest that similar physical phenomena lie in the ground of VCC
in T1,Cdl¢ and T1;Hgls samples.

250

—T=431K

200

150

100 4

T T T
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Fig. 2. VCC of Tl Hgl¢ crystal presented for different temperatures

10

-0,5

Fig. 3. VCC of T1,Cdl; crystal presented for different temperatures
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Conclusions: Experimental study and analysis of the voltage-to-current
characteristics of Tl4Hgls and T1,Cdlg crystals at the room temperature reveal the
corresponding predominant modes of weak injection and constant field between
the electrical contacts. It was found out that the mechanism of double injection
doesn’t takes place in the samples under study.
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Nanotechnology plays a central role in the recent advances in the areas of
disease diagnosis, drug design and drug delivery. The nanotechnological applica-
tions to disease treatment, diagnosis, monitoring, as well as to the control of bio-
logical systems are one of the most interesting and developed issues. One of the
promising materials that can be used for this purpose are semiconductor nanocrys-
tals (NCs), also known as quantum dots (QDs). Research on their application in
nanomedicine, has intensified rapidly in the past few decades. From a point of
view of biomedical applications, the II-VI based QDs have particular interest due
to broad absorption spectra, narrow photoluminescence spectra, size-tunable spec-
tra and high sensitivity [1]. Due to unique size dependent optical properties, QDs
can be successfully used as a novel probes in biosensors as well as bioimaging and
biolabeling. QDs were conjugated to proteins, antibodies, enzymes, DNA and pep-
tides to could be successfully used in wide range of biological application [2].

The human serum albumin (HSA) is the most abundant and one of the most
important proteins in blood plasma. His is produced by liver and it provides more
than 50% of the total proteins in plasma. Albumin has many different and very im-
portant physiological functions: connecting and handling to the cells a variety of
endogenous and exogenous ligands (including hormones, metabolites, ions or fatty
acids), drug transportation, toxins binding, and maintaining of the oncotic pressure
(through the water-binding capacity) [3,4]. It can be also a diagnostic marker for
determining some diseases like inflammatory states [5].

Besides the optical and functional properties of the QDs, the interactions be-
tween QDs and HSA and their mechanisms, have been investigated in many 1145
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works. Several reports have been devoted to the study of such kinds of interactions
of the II-VI based nanoparticles with HSA as well as with bovine serum albumin
(BSA) [6,7]. However, the processes of the interactions of these molecules be-
tween each other and with other molecules in human body are highly complex and
complicated and still are not well known. Therefore, it is very significant for
nanomedicine purpose to investigate the processes occurring between the nanopar-
ticles and the major carrier protein like HSA. Furthermore, covering of QDs by the
natural protein seems to bea promising solution for reducing their toxicity. There-
fore, forming the QD-HSA complexes is important in order to remove toxicity
from the QDs.

In the present work, the results of research dedicated to the CdS and
CdS:Mn (Co) quantum dots interaction with human serum albumin (HSA) and
human cell culture are reported. The UV-VIS optical absorption, photolumi-
nescence, micro-Raman and Fourier Transform Infrared (FTIR) spectra of com-
pounds are supplemented by results obtained after combined QDs with a HSA.

Transmission electron microscopy (TEM), scanning electron microscopy
(SEM) and atomic force microscopy (AFM) are often used in order to confirm the
structure of nanoparticles and bionanocomplexes. The estimate shape and average
size of nanocrystals, as well as the composition and crystal structure are analyzed
by the above mentioned methods. A drop of colloidal suspension is placed on a
carbon-coated copper grid and dried for the TEM analysis. Samples are usually
placed on the highest grade mica or graphite surface before an AFM measurement.
The composition SEM microscope with an energy dispersive X-ray spectros-
copy(EDS) can be used for the chemical analysis of QDs. Obtained results sug-
gests that the shape of the NPs is close to spherical and crystalline structure of QDs
is perfect (described as uniform in all directions without any significant defects).
The particle size is distributed in range from 4 to 7 nm with the average size of ~5
nm. The average size of bionanocomplexes was confirmed by AFM measurement,
and 1t was about 10-15 nm.

The absorption spectra are recorded and analyzed for the evaluation of opti-
cal properties of pure QDs, pure HSA and QD-HSA complex. The region of the
fundamental absorption edge of the all QDs are studied. An addition of HSA to
colloidal nanoparticles leads to a gradual decrease of optical density and broaden-
ing of exciton structure. However, energy position of the exciton bands is not
shifted. The obtained results indicate that the binding process between the QDs and
the protein molecules do not change the electron states in the QDs.

Photoluminescence spectroscopy provides qualitative and quantitative in-
formation about the interaction between QDs and HSA. Our results showed that
the intrinsic fluorescence of HSA was quenched through static quenching mecha-
nism. The quenching constants and the number of binding sites increase with in-
creasing of average size of QDs. At same times, the quenching constants decrease
with increasing temperature, which also indicates that the quenching mechanism
mainly arises from static quenching type. The presence of HSA protein leads to
strong quenching of FL. emission, which could be explained by covalent interaction
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between the QDs and the quencher, demonstrating the formation of QD-HSA bio-
complex.

Obtained data enable us to find optimal QDs concentration useful for 134b
carcinoma cells bioimaging. The human osteosarcoma is the primary malignant
bone tumor in chil-dren and adult. Early detection is particularly important, be-
causethe tumor is prone to metastasize (especially in the lung) and further mutation
and genetic changes often occur. The low toxicity as well as high stability of the
QDs - HSA biocomplexes in the case of their using as bio-imaging probes for the
143b osteosarcoma cells has been demonstrated. However, in case of CdS:Mn
(Co) QDs - HSA biocomplex using for labeling this molecule, the concentration of
QDs should be higher. The results suggest that CdS and CdS:Mn (Co) QDs-HSA
bioconjugate can be potentially employed for bioimaging osteosarcoma cells with
minimal adverse effect.
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Magneto-optical studies of CdTe / CdMnTe double quantum wells
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Exsitons photoluminescence (PL) from the lowest spatial-quantized states in
asymmetric double quantum wells was studied in magnetic fields up to 6T. The
semimagnetic, and nonmagnetic quantum wells in the CdMgTe/ CdjysMngsTe/
CdMgTe/ CdTe/ CdMgTe structure were separated by a tunnel-transparent 6 ml
width CdMgTe barrier (1ml = 0.324 nm). In such structures, tunnel transparency of
the barrier between the wells causes formation besides of usual direct excitons of
the excitons with spatially separated of electron and hole (so-called indirect exci-
tons, X, — see the arrows marked as IX in Fig.1). The PL excitation was provided
by over-barrier green (2.373eV) or under-barrier red (1.8785eV) light in the wide
range of excitation power (0.1-10 W/cm?). The studied structures had the CdTe
quantum wells of different width (18, 21, 24, 27 and 30 ml) whereas the width of
the semimagnetic well was the same (46 ml).

For the past few decades, properties of coupled double quantum wells
(DQW) and dots have been widely investigated,, including BEC in DQW [1,2],
magnetic polaron states [3], and spectra of double quantum dots [4]. Despite that
probability of indirect optical transitions is about two or more orders of magnitude
less than for direct transitions, a long lifetime of the indirect excitons (~10™ sec)
makes possible their accumulation in the structures. Last allows observe their PL
spectra if indirect excitons energy turn out lower than of energy of direct ones.

It should be noted that prevalent part of the experimental studies were car-

ried in the presence of electric field provid-
H=0

CdMgTe  CdMeTe CdMgTe
2,058V | __ ’_é ______ r E— ing required shifts of the positions of the
£ 1oe] DX EQW:]'é'SeV carriers’ s.tates in the QWs. As the.resu!t, in
o T R 'lﬂ_ the elect.rlc field, one of the possible 1pd1-
&I GG rect excitons becomes the lowest exciton
H~0 CdMgTe — CaMgTe — CdMgTe state in the system. For DQW structures,
B s = e where one of the wells is semimagnetic,
ox| | ox . tuning of the IX energy can be provided by

Thh application of magnetic field due to the ef-

fect of giant spin splitting [5, 6]. In this

case, the charge current, caused by a pres-

ence of the electric field under sample irradiation, doesn’t arise. In such way the
influence of this current on the results is removed.

In our case, the structures are asymmetric (wells have different widths and

are prepared from different materials). In the absence of magnetic field, the first

148] quantized state of heavy holes (1hh) in the non-magnetic well is significantly

CdTe  CdMnTe
FIG.1 nie
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higher than the similar state in semimaghetic one for all the samples. Therefore, in
the equilibrium state, the hole state in the semimagnetic well is almost empty.

Fig. 1 shows the scheme of both DX and IX transitions between the first spa-
tially quantized electron levels (1e) of the QWs, which enter in DQW, and 1hh
levels of these QWs for the lowest optically allowed exciton transition in the o+
polarization taking into account the giant spin splitting of mentioned states [5, 6].

Figs 2a, b show the maps of the dependencies of the energy and intensity of
the o+ PL spectra on the magnetic field for the cases of under-barrier and over-
barrier excitations correspondingly and their field dependence (insert in Fig. 2b).

Parameters of the DQW structures, for which the observation of such transi-

tions in PL is the most probable, were chosen on

the base of previous magneto-optical studies of

wMICdTRc: P8 - the o - exciton luminescence and calculations of

/,‘igfchdhfedMn ‘ . spatially quantized states (Fig. 3). Energies of

both possible 1leCdTe - 1hhCdMnTe  and

leCdMnTe - 1hh CdTe indirect excitons were

calculated [7,8] taking into account a mixing the

four lowest states of electron and hole in double
QWs.

For zero magnetic field and weak red exci-
tation (Fig. 2a), the trion line from the CdTe wells
dominates.. The energy position of DX line from
CdTe QW are in agreement with the results of the
calculations. The DX and IX transitions from the
CdMnTe QW were almost not observed.

As the pumping power (hv = 1.8785 eV: the
density of power ~ 6.4 W/ cm?) and magnetic field
increase (up to 0.5 -1.0 T), two new lines arise. The energy position of one of them
corresponds to the result of the calcula-

FIG.2b

Exsitons without taking inth account QW recharging

tions of spatially quantized energy states e OO MO S e et
for direct exciton in CdMnTe QW (see T3 tee JleCdTetthodnTe temi2tml -
Fig. 3), and it doesn’t depend on CdTe o e SCMTE O e A6 21U

1,685

1,680
1,675
1,670
1,665

QW width. The intensity of this PL line
from DX in CdMnTe QW increases as 165
the magnetic field rises. Also, another o3

1,645
1,640

line appears on its red wing at the en- ress
ergy distance from the first one that de- S At SR M S

pends on the CdTe QW width. The

magnetic field dependence of the energy

of this line indicates that its giant spin splitting (GSS) [5.6] in the fields up to 4.5
T is reduced by 1/5 in comparison with the GSS for the DX exciton in CdMnTe
QW. It is equal to the contribution in the GSS from of the electron in the semimag-
netic quantum well. We believe that this line corresponds to the spatially separated
indirect exciton 1eCdTe - 1ThhCdMnTe.

Energy, eV
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This is evidenced by the experiments on time-dependent spectroscopy PL
from IX line. In Fig. 4a, b, one can see the results of the field and time dependent
experiments, which show

1?22 T=1OKBABST | E=23/P =1 WB=65T. that the lifetime of the IX
E=2346V,P =1y . 160
0l CaTe ;&Jf\ ] . e exceed by two orders of
£ 1000 ] — = : : :
i g;%%dwﬁ )(\(n\li Tl §_— Toop i oamyetrs magnitude the lifetime of
E e £\ fu the trion states in the
; 200 3 7 J/ \\é\a\mﬂ % 0 CdTe well.
0 o5 o o f .
: The PL spectrum in
-200 1.625 1.630 1.635 1.640 1.645 L;L‘T‘mw . . . p
fioua  Pholonenergy (eV) 2040 4000 G0 o is shown in Fig. 5 for the

AGH  TimeDday(seo)

sample with 21 ml width
of the CdTe QW in and the case of the relatively low density of red excitation.
Though the spectral positions of DX in both the CdTe and CdMnTe wells
are consistent with the calculation, the spectral position of the IX exciton and first
of all its dependence on the excitation energy do not correspond to the calculations.
We assumed that excited photo-carriers and background 2D gas of the carriers are
unevenly distributed between two wells that leads to different volumetric charges
in the wells. This charge difference depends on the conditions of the excitation and
recombination of photo-carriers and excitons in different wells. The resulting elec-
trical potential leads to the different shifts of the IX transitions depending on the
conditions of the excitation.
The calculation of the position of the
observed excitons in the assumption that one

21 ml CdTe QW

Pump 1834 oV, : = of the wells has an excess charge relative to
i the other showed that this assumption can
e = qualitatively reconcile the calculation with
e ’ the experiment. The charge almost doesn’t

TronCare | change the energy positions of the direct ex-

DXCdTe+LO

citons. It was found also that the PL position
of the 1eCdTe - 1hhCdMnT IX exciton in
over-barrier (green) excitation can be agreed
with the calculation without taking into ac-
count a charge difference in the wells if one does not take into account observed
dependence of the energy of this line from the intensity of over-barrier excitation.
At the same time, in order to agree the observed and calculated positions of the PL
line of this IX exciton for under-barrier red excitation, it was necessary assumed
that the semimagnetic well has an excessive negative charge compared to the CdTe
well with the 2D electron density of order of 10" cm-2. The calculation of the
amount of the excess charge in one of the wells remains a task for the future. One
can only note that the over-barrier excitation is absorbed mainly in the coating
layer of the structures, and the photo-carriers (excitons) must diffuse into the wells,
while in the under-barrier case the light is absorbed directly in the quantum wells.

0 10 20 30 40 50 60
FIG.5 H(KOe)
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PL intensity and Exciton energy dependence on excitatation energy
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The measurements of the PL excita-
tion (PLE) spectra of individual PL lines are
also a confirmation that the difference in ex-
citation quanta affects the energy of the in-
direct exciton. An example of such results is
shown in Fig. 6 for the sample with the
21ml width CdTe QW. In this Fig. it can be
seen that the difference in the IX spectral
position for the green and red PL excitation
is about 3meV for H = 6.5T.

The difference of the energy of the IX

for green and red excitations increases as the widths of CdTe wells rises (from 18
till 30ml) up to almost 15meV (Fig. 7a, 7b).
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Structure and properties of Ge adsorption complexes on the Si(001) face
0O.1. Tkachuk, MLI. Terebinska, Ya.S. Krivoruchko, V.V. Lobanov

Chuiko Institute of Surface Chemistry of National Academy of Sciences of Ukraine,

17 General Naumov Str., Kyiv, 03164, Ukraine,
E-mail: tkachuk_olya@bigmir.net

The state-of-art of natural science is characterized by a rapidly growing interest in
the structures of the nanometer range, the technology of their obtaining, the physical and
chemical properties of such systems, due to the prospects for their further practical use.
Nanosystems are also called quantum-sized and include films, threads and dots. The latter
are formed as a result of the spatial constraints of three-dimensional systems along three
directions and have characteristic sizes of ~10 nm. They are also called 0D structures,
among which the dominant position is occupied by heterostructures formed due to deposi-
tion of atomic Ge on the Si(001) face by the method of molecular beam epitaxy [1].

Surface Si(001) is obtained using cycles of silicon surface treatment with Ar™ ions
followed by annealing at T=1173 K in an ultrahigh vacuum. The data of slow electrons dif-
fraction indicate that after this processing, the face Si(001)(1x1) is reconstructed with the
appearance of sections of types (2x1) and (4x2) on it.

An analysis of literature data on the suitability of quantum chemistry methods for
describing the structure and properties of the surface Si(001) as pure and containing ad-
sorbed Ge atoms has shown that the experimentally found buccal structure of surface
dimers >Si=Si< and >Ge=Si< is fairly reproduced only with use of the methods that take
into account the electronic correlation, including the functional density theory method with
the exchange-correlation functional B3LYP and the 6-31 G** basis set.

Nowadays there is no complete understanding of the physical chemistry of the for-
mation of germanium nanodots Ge/Si, especially with regard to the initial stages of Ge at-
oms and Ge, dimers adsorption on the of Si(001) face, due to the lack of reliable data
found and mismatch between them. In experimental studies, the usual structure and proper-
ties of Ge islands are determined, and the initial stages of their formation remain unad-
dressed. In this case, methods of quantum chemistry are useful, which allow us to study
nanostructures at atomic level.

The unreconstructed surface Si(001) was simulates by the SiggHgy cluster, its opti-
mization led to a structure of type (2x1) (Fig. 1a), which corresponds to the local minimum
on the surface of potential energy. The transition to the global minimum, i.e, to the struc-
ture of type (4x2), was carried out by the additional displacement of the atoms of surface
dimers according to their antisymmetric arrangement in each row and with respect to the
neighbors in adjacent strings (Fig. 1b).

Fig. 1. Clusters that simulate the Si(001)(2x%1) (a) and Si(001)(4%2) surfaces (b)
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The results of the calculations performed have shown that the energy of the cluster,
which simulated for the reconstructed surface Si(001)(4x2), is 24 eV below that of the
cluster respective to the face Si(001)(2x1).

The calculated band gap width £, for cluster 1 b was 1.32 €V, and that for the sur-

face with symmetric dimers was 0.57 eV, while its experimental value is 1.21 eV at T=0
K. A slight difference between the theoretically calculated value E, and the experimentally

obtained one is a proof of the adequacy of the use of cluster 1 b for further calculations [2].

The formation of a quantum dot on the face Si(001) starts with the adsorption of iso-
lated Ge atoms on the active surface sites. These include the silicon atoms of surface
dimers (in up and down positions).

Direct calculations of the equilibrium structure of the Si(001)*Ge adsorption com-
plexes with different initial positions of the Ge atom relative to the atoms of the Si(001)
face led to a structure with adatom localization in the silicon down-atom neighborhood of
the surface dimer with the binding energy of 7.8 eV (Fig. 2).

E, eV

* [Stoons comy, - > Fig. 2. Formation energy of the ad-
001G s, sorption  complexes  Si(001)-Ge,
w 93
Si(001)2Ge™, | Si(OOl)'2GC and Si(OOl)'GGQ
Si(001)*Ge,

The adsorption complex was represented by the cluster SigsHgs*Ge, its ground elec-
tronic state appeared to be singlet, despite the fact that the ground state of its constituents is
triplet. In this complex, the Si-Ge bond length is 2.44 A, while in the two-atomic Si-Ge
molecule in the triplet (ground) state it is 2.11 A. Such an elongation of the Si-Ge bond in
the adsorption complex indicates the mobility of the Ge atom and its possible displacement
over the surface, 1.e. the possibility of surface diffusion.

The energy of the cluster SigsHgs*Ge, formation from the cluster SiggHgs*Ge and a
Ge atom is 1.5 eV (see Fig. 2). A significant deviation of this value from the binding en-
ergy of the cluster SiggHgy of the first Ge atom indicates a significant interaction of Ge at-
oms in the adsorption layer of the surface Si(001).

After adsorption of two Ge atoms on the Si(001) surface, their surface diffusion
takes place, with the formation of an adsorption complex SigsHgs*Ge,, its energy being for
2.8 eV below that of the complex with separated Ge atoms at the surface (see Fig. 2).

An analysis of experimental data and the results of quantum-chemical calculations
allow us to propose four different configurations of Ge, dimers relative to surface silicon
dimers (see Fig. 3). The Ge, dimer may be located above the surface >Si=Si< dimers in
parallel with them (configuration A). The configuration B differs from the previous rota-
tion of the Ge, dimer by 90 © and is characterized by the perpendicularity of the surface
dimers >Si=Si< and dimer Ge,.

N ’ Fig. 3. Schematic representation of the
o OO ._., structure of possible Ge, sorption com-
.v_’ o -0 r.“ plexes on the reconstructed face
‘!. o-o ._.4-\’_. Si(001)(4%2)
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According to our calculations, the most advantageous in energy is the configuration
A, followed by the configuration B (210 mV), then the configuration C (820 meV), and the
configuration D (1.8 eV) is the least stable [3].

After the formation of the Ge, dimer in configuration A, one or two Ge atoms can
be diffused into the bulk phase of the substrate with the simultaneous release of one or two
silicon atoms, respectively.

Configuration Al (Fig. 4), its energy is 80 meV more, is the closest to energy of
configuration A. In the configuration A2, two Ge atoms in the bulk phase of the substrate
are located on one side of the newly formed surface dimer >Si=Si<. The energy of this
configuration is 120 meV above that of the configuration A. Transition to the configura-
tions A3 and A4 is due to the income of 220 meV of energy relative to the energy of con-
figuration A.

A (0) Al1(80meV)  A2(120meV) A3 (220 meV) A4 (220 meV)
Fig. 4. The configuration of Ge-Ge dimer (A0) and configurations derived from it by the
interchange of Ge atoms and Si atoms on substrate Si(001)(4x2)

The most accurate and exhaustive information on the structure of adsorption com-
plexes and on the local environment of atoms in molecular systems, which can also be re-
lated to adsorption complexes on the solid surface, can be obtained from the analysis of
photoelectron spectra [4].
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The spectrum of the density of single-electron states of the cluster SigsHgs*Ge, (Fig.
5) shows that the peaks 2s - and 3s- have a bimodal form that reflects the nonequivalence
of Ge atoms in the surface dimer >Ge=Ge< of the reconstructed surface Si(001)(4x2). In
addition, the intensities of the 2p(3/2) and 2p(1/2), as well as the 3p(3/2) and 3p(1/2) com-
ponents are practically the same, which does not meet the theoretical statements on the
population of the respective levels, what is true for the Ge, molecule. The shape of the line
of the segment of the spectrum, which corresponds to the energy of the Ge atom 3d- elec-
tron, differs from the bimodal and to some extent retains the motives of the form of the cor-
responding line of the Ge, molecule. It should be noted that in this case, its complicated form
is due not only to the formation of internal molecular orbitals (IMO), but also to the already
mentioned equivalence of Ge atoms in the surface dimmer >Ge=Ge<. An analysis of the
density of single-electron core levels in the range of the Ge atom energies 2s-, 2p-, 3s-, 2p-
and 3d-electrons in clusters A, A1-A4 shows that the position of 3d- is the most sensitive to
the mutual positions of Ge and Si atoms.
The table shows the shifts of the levels of the spin-orbital component 3d(5/2) of the
154 clusters Al-A4 relative to their positions in cluster A, where it can be concluded that the
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penetration of the Ge atoms of surface dimer >Ge=Ge< into the bulk phase of the substrate
leads to increase in the absolute values of 3d- electrons binding energy for clusters Al and
A4, i.e. for clusters that simulate configurations where there is a mixed >Si=Ge< dimer on
the surface.
Table
Chemical shifts (eV) of the component 3d(5/2) of the Ge(3d) line in clusters Al,
A2, A3, and A4 relative to its position in cluster A.

+0.12 | -0.08 | -0.07 | +0.10

Thus, the results of the calculations performed using the expanded cluster model of
the Si(001)(4%2) face allow the following conclusions to be made:

— the adsorption of one Ge atom takes place on a triple-coordinated silicon down-
atom of the surface dimer, the energy effect of the corresponding process is 7.8 eV;

— the energy effect of adsorption of the second Ge atom by the SigHgs*Ge cluster is
only 1.6 eV, indicating a significant interaction between the adsorbed Ge atoms;

— formation of dimer Ge, on the surface of the cluster SigsHgs*Ge, 1s also an exo-
thermic process, which results in the formation of a pure surface dimer >Ge=Ge< which is
placed over a row of surface dimers >Si=Si<parallel to them (configuration A);

— the energies of the configurations formed upon the mutual exchange of Ge atoms
of the surface dimmer >Ge=Ge< with the silicon atoms of the surface dimers >Si=Si<
slightly differ from the energy of the initial configuration A.

— atomic orbitals of a completely occupied d- subshell of the Ge atom take part of
the formation of IMO, which determine the high binding energy of the surface dimer
>Ge=Ge<

— for the cluster SigsHgs*Ge, with one Ge atom embedded in to the crystalline sub-
strate, the chemical displacement of the components 3d(5/2) of the Ge(3d) line is positive,
what corresponds to an increase in the binding energy of the relative electrons in compari-
son with the cluster containing the surface dimer >Ge=Ge<. For the cluster SigsHgs*Ge,
with two Ge atoms in the substrate, the chemical shift is negative.
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Photovoltaic properties of nanocomposite ionatron structures InSe
<RbNO3>

I.G. Tkachuk, V.M. Vodopianov, V.I. Ivanov, Z.D. Kovalyuk ,
V.V. Netyaga

Selenium indium is one of the most promising 2D materials. Structurally per-
fect 2D crystals InSe are characterized by higher electron mobility values (> 103
cm2 - B-1 - s-1 at T = 300 K) as compared to other 2D materials. It is also more
stable in relation to the environmental impact (02, H20 molecules). On the basis
of this material, various van der Waals heterostructures with high quality heteroge-
neous structures were created.

Solid-state ion-neutron structures based on laminated InSe crystals and
RbNO3 ionic salt can be made by introducing ion saline in the van der Waals
cleavers. Studies on the chemical composition, structure and morphology of these
materials have shown that they can be considered as vertical ionatron structures
such as "2D semiconductor - in - ion salt oxide". The formation of oxide on the
heterogeneous boundary between the ionic salt and the layers of the semiconductor
with this technology takes place when the ion salts are decomposed into nitrides
and nitrates. In this change the morphology and chemical composition of the het-
erogeneous structures of these structures

Mechanisms of photoconductivity of ionotron structures are practically not
investigated. An effective method for investigating the photoconductivity of heter-
ophasic materials is the method of impedance spectroscopy, which is also used to
study the ion conductivity of ionic nanocomposites.

The ionotron nanostructures formed on the basis of InSe and RbNO3 con-
sisted of sequentially placed InSe layers along the C-axis, ultra-thin layers of
In203 oxide and ion salt islands. The latter had a height lower than the width of
the Van der Waals slit InSe (~ 0.35 nm) and formed in planes (0001) nanoscale
rings with a diameter <50 nm. The superficial density of the arrays of the rings was
~ (109 = 1010) cm-2.

The photosensitivity spectra of the structures were studied using modulated
light flux using the MDR-3 monochromator. The spectral distribution of relative
quantum efficiency was determined by the ratio of the value of the photocurrent to
the number of incident photons.

The spectral characteristics of photoconductivity for the ionatron structure
InSe <RbNO3> and the pure InSe crystals investigated at T = 300 K are shown in
Fig. The effect of the existence of significant photosensitivity in ion-neutron mate-
rials at energies hv <Eg is associated with the formation of a nanotexturized
boundary between ionic salt and a layered crystal under plastic deformation of
InSe and the characteristics of photoconductivity in structures formed on the basis
of anisotropic layered crystals.

The photosensitivity of ionotron structures significantly exceeds the photo-
sensitivity of InSe single crystals. It is observed only when applying a constant

156| voltage V ~ (5 + 10) B. At V> 10 V (outside the "electrochemical window of a
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solid electrolyte"), the effects of increasing photosensitivity and photosensitivity
are not observed. However, they are restored at a voltage drop of ~ 5 + 10 V.
Unlike traditional MES structures, for ion-structure structures, electric breakdown
and oxide destruction at high voltages are not observed.
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Fig. Spectral distribution of photosensitivity InSe (curve 1) and InSe
<RbNO3> (curve 2)

The photosensitivity of bulk pure n-InSe crystals along the crystallographic
axis C is limited by the high concentration of packaging defects, which cause small
values of the diffusion length for non-equilibrium photoconductors (~ several mi-
crons). In our case, the ring ion nanostructures are at a short distance (~ dozen nm)
one relative to another. It is much smaller than the diffusion length of nonequilib-
rium carriers for InSe crystals. The photosensitivity of vertical 2D structures is
proportional to the lifetime of minority carriers 7l to the transit time tt (electron
transfer between the contacts). The value tt depends on the distance between the
contacts t, the applied constant voltage V and the electron mobility p: 1t =t2 / uV.
Consequently, photosensitivity in 2D materials increases with decreasing t and in-
creasing V. These conditions are fulfilled for the investigated bulk ionatron struc-
tures. In these, carrier transport takes place between 2D InSe layers (thickness of
which is t ~ dozen nm) in conditions of high electric field strength created by dou-
ble-layer electric nanocomponents.

Thus, it was established that the creation of an ion nanocomposite with high
ionic conductivity on the heterogeneous boundary between the ionic salt and the n-
In203 oxide is a prerequisite for achieving high photosensitivity in ion-structured
structures formed on the basis of an InSe layered semiconductor and an ion salt of
RbNO3. High photoconductivity in these structures is associated with the forma-
tion of nanocomposers with an electric double layer when applied to structures of
constant voltage and with the transfer of non-equilibrium current carriers in a

strong electric field created by these nanocompulsors. 157
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Characterization of PbTe and PbSe thin films prepared using pulsed laser
deposition method

Tur Yu, Virt LS.
Drohobych State University, 1. Franko, 24, 82-100,Ukraine

Topological insulators represent a novel state of matter with surface charge
carriers. The topological insulator phase has been predicted and confirmed to exist
in a number of binary compounds. Thin films of PbTe and PbSe is an materials are
attractive to fundamental physics studies and technological applications. This chal-
cogenides have attracted considerable attention because of their potential applica-
tions especially for small-scale devices and for power generators in remote sys-
tems. In this paper the pulsed laser deposition method was used for films prepara-
tion.

The deposition of thin films with adequate morphology and a crystalline
structure is a key point in the development of many research fields. During the last
two decades, the pulsed laser deposition (PLD) technique has been applied in-
creasingly to the synthesis of thin films because of its versatility for the deposition
of practically any kind of material with a relatively simple experimental set-up [1,
2]. The versatility of PLD also lies in the possibility of obtaining films very adher-
ent to the substrates, even at room temperature and with a high predictable growth
rate, which can be precisely controlled through a
priori studies of the experimental parameters. Adequate selection of the irradiation
conditions, as well as the chemical and physical properties of the target materials,
is crucial for the production of very adherent thin films [3]. Moreover, the choice
of substrate temperature may also affect the quality of thin films from the morpho-
logical and structural features point of view [4].

This paper discusses laser methods for fabricating vaporizes. Quality PbTe
and PbSe topological insulators films were epitaxially grown on Si (100) substrate
using pulsed laser deposition (PLD). Laser is a powerful tool in many applications.
Often the light beam is intense enough to vaporize the hardest and most heat resis-
tant materials. A proposed method is to use a defocused laser to apply energy at a
single nucleation site, and then propagate materials growth by scanning the laser
along the substrate. The explanation of epitaxy mechanisms in  PLD is a most
important and difficult problem. The deposition process of Pb thin films by PLD
technique was also studied by using the fundamental wavelength of Nd:YAG at
1064 nm. However, the deposited films were non-homogeneous with a high drop-
let density on the film surface. It is well known that the quality of the deposited
films is strongly related to the laser parameters, such as laser wavelength and laser
fluence. In the same paper was also showed that the droplet density lowered by the
laser fluence. Therefore, in this work the laser fluence was fixed as closely as pos-
sible to the ablation threshold in order to reduce the thermal effects on the target
during the ablation process decreasing, in this way, the formation of the melted
material which is responsible of the presence of droplets on the film surface. The

158| substrate temperature was changedas effort to improve the homogeneity of the Pb
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thin films which is very important for the application of such device as photocath-

ode.

The study is of great interest for the R&D of photocathodes and in particular
for Nb superconducting radio-frequency guns (SRF), which combine the advan-
tages of photo-assisted production of high brightness and short electron pulses with
reduced electrical losses and continuous wave operation [2]. SRF cavities present a
main drawback in the low quantum efficiency (QE) of the material used for their
fabrication with respect to other metallic photocathodes, reducing the possibility of
obtaining electron beams of high current [4]. The most promising alternative
seems to be the insertion of a small photo-emitting spot made of an alternative ma-
terial, which improves the photoemission performance of the SRF cavity but pre-
serves its quality factor [3]. The use of Pb has been proposed as an excellent solu-
tion because its superconducting critical temperature of 7.2 K is quite similar to
that of Nb (9.3 K) and the QE of Pb is an order of magnitude higher than that of
Nb [1].

With the idea of a hybrid Nb/Pb cathode, after a dedicated study to find the
most suitable experimental conditions to get Pb thin films with morphological and
structural characteristics adequate for a photocathode, we deposited a Pb thin film
on a Nb substrate to test the photoemission performances of such device compa-
ring the results with a Pb bulk cathode.

Thin films of different thickness, 100-1000 nm, have been prepared PLD on
Si substrates by at temperature 200 °C. It has been shown that the structural fea-
tures of the films. The films deposited on Si have a polycrystalline textured struc-
ture. The films were polycrystalline, but the deposition time, the substrate tempera-
ture, and the kind of a substrate used affected significantly the film crystallo-
graphic order. The evolution of the film structure and morphology as a function of
the film thickness was investigated. One concludes that the increase of a particular
orientation is due to an increase of the number of crystallites along the plane. Low
texture coefficients indicate that the films have a low degree of crystalline order
which can be improved by the increase of the crystallite size. The results demon-
strate the potential of PLD for the growth of PbTe and PbSe and related materials
for topological insulator studies.

[1] Freik D. M., Galushchak M. O., Krynytskyi O. S., Matkivskyi A. M. New
nanocomposite thermoelectric materials // Physics and Chemistry of Solid -
2013 - T.14, Ne2 - P.317.

[2] Virt I. S., Kurylo I. V., Rudyi I. O., Lopatynskyi I. E., Fruzhynskyi M. S. Struc-
ture and electrical properties of thin films Bi,Te;, Sb,Te; 1 Bi,S; and uper-
structures Bi,Te; - SbyTe;, received by pulsed laser deposition // Visn. Nat.
Univ. "Lviv Polytechnic". - 2007. - Ne 592: Electronics. - P. 115-121.

[3] Pei Y.-L. Electrical and thermal transport properties of Pb-based chalco-
genides: PbTe, PbSe, and PbS / Y.- L. Pei, Y. Liu // Journal of Alloys and
Compounds. - 2012. - number 514 - P. 40 - 44.

[4] Zhu P.-W .. High thermoelectric properties of PbTe doped with Bi2Te3 and
Sb2Te3 / P.-W. Zhu, Y. Imai, Y. Isoda, Y. Shinohara, X.-P. Jia, G.-T. Zou. //
Chin.Phys.Lett .. - 2005. - V.22, N 8. - P. 2103-2105.
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Nanocomposite elements for HIC and sensors with a fusible glass
matrix

Lepikh Ya.l., Lavrenova T.I.

Interdepartmental scientific-educational physicotechnical centre of MES and
NAS of Ukraine at the Odessa 1.1.Mechnikov national university
e-mail: ndl_lepikh(@onu.edu.ua

Functional basis of materials (pastes) for thick-film elements of hybrid inte-
grated circuits and sensors are, as a rule, metal-oxide compounds of ruthenium, sil-
ver, palladium and gold and also oxides, carbides, boruides, nitrides, silicides of
the other metals. Nanocomposite elements based on the "glass-metal compounds"
are formed by the annealing of the pastes which are composed of a mix of super-
fine powders of a glass and a functional material which disperse in special organic
binding agent. During the pastes annealing glass powders fuse and cake in a glass
matrix in which particles of a functional phase are fixed, forming current-carrying
circuits. Therefore the complex of physical properties of composite elements is ap-
preciably caused by properties and structure of glass binding agent (the tempera-
ture of softenings begining, CLETR, specific surface resistance, chemical stability
etc.). The basic lacks of known glass binding agents: the high temperature of sof-
tenings begining of a glass binding agent 580 - 750° C, which raises expenses of
energy for nanocomposite manufacturing during their annealing (annealing tem-
perature 800-900° C); presence of toxic lead connections.

In the work the processes of glass forming and crystallization and physical
properties of glasses on the basis of system Bi,0;-S10,-B,05-Zn0O-MgO-CdO,
CuO at different concentrations of initial components ratio are investigated. As the
basic glass-forming component of a glass the bismuth oxide which enables receiv-
ing of more fusible glasses is selected instead of plumbum.

Optimum concentration of initial components and alloying impurities for re-
ception of fusible glassy materials [1] are established.

Advantages of a fusible glass are: reduction of the temperature of a glass sof-
tening beginning (400 - 450° C); withdrawals from the glass compound of toxic
lead; reduction CLETR; increasing of specific surface resistance 1.10'* - 5.10"
Ohm /cm. The glass does not crystallize in the interval of temperatures 300-1000°
C. The glasses have II hydrolytic class.

References:
[1] Patent Ukrainy na vynahid Nel113565. Legkoplavke sklo dlya nanokompozytiv
// Ya. 1. Lepikh, T.I. Lavrenova. MPK C03C 3/062. publ. 10,02.2017, Byul.
No3.
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A METHOD OF MINORITY CHARGE CARRIERS BASIC PA-
RAMETERS DETERMINATION IN SOLID MATTER

Y. Uhryn, V. Brytan, 1. Kosivchak, M. Govda

Drohobych Ivan Franko State Pedagogical University, 24 1. Franko Street., 82100
Drohobych, Ukraine

Up to now the researchers found the magnetoresistance measurements to be not
informative concerning charge carriers basic parameters in solid matter [1].

The aim of this paper is to develop the magnetoresistance method to determine
basic parameters of the minority charge carriers in solid matter [2] and apply it to a
different solids.

To achieve this aim we must consider the phenomenological model of galva-
nomagnetic phenomena for isotropic material with two types of charge carriers (hav-
ing opposite or the same sign). It is known [5] that the transverse resistivity p for

this case depends upon the magnetic field induction in the following way:
11 ng,+pu,+p,u,(nu, + pu,)B?
p=—=- 2 22 2p2° (1)
o e(nu,+pp,) +u, 1, (n—p) B
If we state now the condition d*p/dB* =0 we obtain the magnetic field posi-
tion of p flex point B,

B, =(1+ab)/(3(1-a)u,) @)
wherea=n/p,b=p,/u,.
Let us write the condition for electrons as minority charge carriers. It is a <<1.

Since, the minority charge carriers mobility is, as the rule, higher or compared with
the majority ones, that is 5 > 1, then a << b and the magnetic field dependence of p

gets the form:

_ H, 2 1 2
p_po[H\EBfB J/(“_?’szB } ?

For B = B, writing for convenience p(B,)= p, we obtain:

zﬁ(ﬂp_f_l} )

Hy,
B\ 3 p,
Thus, as can be seen from the last formula if the condition 7 << p is fulfilled, the

measuring of the transverse magnetoresistance provides the information about the
minority charge carriers mobility. Is enough to find the magnetoresistance flex point
B, and to measure resistivity in this point p, and in zero field p, .

From equation (2) for a <<1, taking into account that ab =0, /0 ,, we get an-

other useful formula
o,/o,=4p,/py=1), (©)
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In the strong field limit, taking into account that @ << 1 and a << b, equation (1)
results after the simple treatment in the formula for saturation resistivity:
poo = (7)
O-P

From this equation, eq. (5) and (6) and taking into account that o, = enu, we obtain

formula for determining the concentration of minority charge carriers on the base of
experimentally measured values

- 4B, (Pr _ 4'0f_j ]
e

Return to the equation (4). In the strong field limit we can neglect 1 in comparison
with the summand containing B in the numerator and denominator of (4), getting
another formula for determining x,

1, =p,/\3pyB, . (10)
Combining the latter formula with (5) we get the relation between the experimen-
tally measured values p,,p, and p,,:
Po=4P; =3p,. (11)
which is the test relation for the semi classic behaviour (1) of a real experimental
curve.

T

Now we give some examples il-
lustrating how the introduced method
works.

Fig. 1 shows the magnetic field
dependence of resistivity for refined
sample of this metal [4]. In fact, the
presence of transverse magneto-

resistivity is the evident of two types
0 : 2 s BT charge carriers existence. Calcula-
Fig. 1 — Magnetic field dependence of transverse tions using formula (5), (6), (7) and
resistivity for refined Al. Dashed lines indicate flex (8) for different refined A/ are intro-
point Bf and resistivity in this point p(B,) The duced in the Table. 1.
curve is obtained from experimental data of [4]. As another example of conduc-
tor take an  organic  one
(BEDT -TTF),KHg(SCH), .

Table. 1 — Purification dependence of electron mobility ¢, , electron concentration 7,

30 =

20 -

P(10°p-cm)

electron conductivity o, and hole conductivity o, for 4/

m* n(lOZSm'3) UH(109§2~m) op(logQ-m) og,/o,

purification | “ [HJ
refined 1.75 1.9 54 2.9 1.87
zone refining 14.3 2.0 45.9 233 1.97
superrefined 19.6 1.9 61.1 32.5 1.88
99.999+% 20.1 2.1 66.9 333 1.87

For semiconductor we get the result what is in good agreement with the Hall-
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effect measurement results [5].

The most interesting example of is calculating the minority charge carriers
mobility of superconductor in the critical temperature range.

Fig. 2 shows the experimental dependences of transverse resistivity on the
magnetic field inductance for several temperatures for high temperature multilayer

0 0
superconductor {YBazCu3O7(72 A] / PrBazCu3O7(12 Aﬂ near critical point

25
T.=89.5K, namely for 7'>T7.. The fact of appearance of magnetoresistance at

T <91 K testiles the rise of a new sort of charge carriers.

— The results of the calculations
are shown in Table. 2 demonstrating
the sharp increase of the negative
sign charge carriers mobility, when
the temperature approaches to su-
perconductivity transition, which
causes the same rate of their con-

1 1 I | |
T T T T 1 f
1 2 3 4 5 6

B(T) .. . .
Fig. 2 — Magnetic field dependences of transverse untIVIty_ Increasmg. At the Same
resistivities ~ for ~ multilayer  superconductor time, majority charge carriers con-

ductivity remains constant, what

t  diffrent . . .
: Hren certainly shows their basic para-

25

0 0
{YB&ZCUSO{W A]/Pr BaZCUSO{IZ Aﬂ

temperatures near critical one (7' =89.5K). Mag-
netic field is perpendicular to the layers. Dashed
lines indicate flex points B, and resistivities in
these points. Experimental data are obtained from
temperature dependences of transverse resistivity at
different magnetic fields from [6]

meters to be constant. This abrupt
conductivity change from hole to
electron-like induces us to suppose
that electrons being minority charge
carriers in the normal state play ma-
jority role in the superconductive
state.

Table. 2 — Temperature dependence of charge carriers basic parameters in layered super-

0
conductor {YBazCu3O7(72 Aj/PrBa2Cu3O7

are the same as in Table. 1.

. The meanings of the symbols
25

7

T, o m? p a0, op On a

(%) ﬂn[V'S} ﬂp[V‘SJ h0*" ) fo’a- m) fora-m) | o2 am)| 4 b

91 0.7 0.0018 2.2 0.23 6.5 1.5 1.3 0.0059 | 390
90.5 1.3 0.0018 2.2 0.67 6.5 4.4 2.1 0.0095 720
90.25 7.1 0.0018 2.2 2.7 6.5 17.6 1.5 0.0068 | 3900

90 40.9 0.0018 2.2 16.5 6.5 107 1.7 0.0077 | 22000

Since one can 1nd out the similar magnetoresistivity behavior near 7. in other

cuprate high temperature superconductors, doped by Nd, Tm, Bi, Ca, Sr, as well as

in conventional ones [6], we can suppose that this temperature dependence of mi- 1163
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nority to majority charge carriers conductivity ratio is general, including the case
when the minority charge carriers are positive, as it is for Nd-Ce-Cu-O [7].

Note also, that applying of our equations, which origin from semiclassic
analysis of galvanomagnetic phenomena is reasonable for this case, since experi-
mental curves showed in the Fig. 2 are in good agreement with the test equation
(11).

The introduced interpretation of magnetoresistance behavior in super-
conductors also solves the problem of Hall-effect anomaly near critical tempera-
ture [6].

We explain this sign reversal by the great electron mobility obtained above. As
we can see from the expression for the Hall constant in thweak magnetic 1eld [3]

Ry =(p—nb*)e(p+nb)*. (12)

the sing of R,, will reverse negative when b”> > p/n that in its turn is provided by
the great value of electron mobility g, .

We can conclude that the introduced new method of determination the minority
charge carriers mobility can be applied for all solid materials (probably not only for
solid ones) giving new opportunities for their studying. The most interesting result
after using this method is found for a superconductor showing rapid increase of mi-
nority charge carriers mobility when the temperature approaches the critical one
from the normal state temperature region. This rapid increase makes minority charge
carriers responsible for appearance of superconductive state.
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Low Frequency Noise in Polycrystalline ZnO Thin Films
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As a broadband semiconductor (E, = 3.3eV), the easily produced semiconduc-
tor, zinc oxide (ZnO) has a lot of interest due to the potential for a wide range of
optoelectronic applications and is a functional material. One of the important ap-
plications is based on ZnO UV light sensor [1]. Doping can also significantly im-
prove both the optical and electrical properties of 2D ZnO thin films. In this work
we present the results of low frequency noise measurements from polycrystalline
Zn-based polycrystalline layers in the dark as well as under UV radiation under
normal conditions.

In this study, polycrystalline layers were used in ZnO-cobalt-doped layer syn-
thesized on Al,O; substrate by pulsed laser deposition. The samples were made by
the laser spraying the target at 30 © C for 30 minutes. A rectangular sample meas-
uring 7.0 x 3.0 mm was made to test the electrical conductivity of the material.
Metallic Ag contacts were then made. Photoelectronic and noise properties will
also be discussed. ZnO photoconductance is often dominated by surface-mediated
phenomena, and oxygen chemisorptions always play a key role in photosensitivity
regulation. A high-quality ceramic ZnO disk was used as the target source. The
pressure in the chamber was maintained at 10° Pa during the sputtering process.
The thickness of the films ZnO was about 300 nm. The sample was placed in a
shielded kilt. Amplifier was 100 by UNIPAN amp. The noise current was fed to
the low level amplifier and the output signals were analyzed using a DSO oscillo-
scope. The frequency range of 10 Hz + 1 MHz was selected for noise measure-
ments. To determine the frequency content of the sampled signal, the discrete Fou-
rier transform — DFT was used. The resolution that is obtained in the frequency
domain depends on the time at which N samples of the input signal were collected.
This time was related to the sampling frequency f; and the length of the recorded
record N as t = N/fi. Then the number of collected samples required to obtain the
appropriate resolution Af is N = f/Af.

The figure that shows the noise spectrum measured at approximately 30 °C.
The spectral power density of the measured Sv voltage fluctuations is presented.
The spectral shape has also been corrected due to the amplifier transition function
for the used amplifier. The power density DFT PD in Fig. 1. The sample shows the
typical fluctuation characteristics of the time constraints and the frequency of ZnO
photoconductive detectors. It is noted that the noise curve ZnO w 1is linear. While
the ZnO layer 1s UV-exposed, the electric current increases significantly. The char-
acteristic frequency dependence has the form 1/f [2]. In this case, the spectral den-

sity of the fluctuations, for example the voltage, can be shown in the Sy (f) form,
and for the relative Sy fluctuations (f) we have Sy (f) = Gy ()/V* = Gr (f)/R?, 1165
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where V, R are the average voltage and resistance of the test sample, and Gy (f),
Gr (f) are the voltage and noise resistance spectra respectively [3].

Low-frequency noise, measured by UV radiation, is an order of magnitude
higher in the dark. In the samples, the dependence of the spectral noise characteris-
tic as 1/f was observed as well as the square dependence of its intensity on the av-
erage voltage. 1/f low frequency noise behaviour is observed on ZnO layers both in
the dark and under UV illumination. After lighting with the energy of the photon
around the energy reserve, photogeneration is partly electron-hole. The low fre-
quency noise of the ZnO layers shows the proportionality f' similar behavior in
both darkness and under lighting, where there is the frequency indicator. As you
can see, the spectrum of measured fluctuations differs significantly from the 1/f ra-
tio. The f'S from f plot has a maximum for the frequency f..x = 3 kHz. The time

scale of changes is shown
in Figure 1. As to other

ZnCoO 5 lighton semiconductors, point de-

w ggg;gz Ny i o light off fects glso play an important
S 00000l \‘\S Z oo rol.e in the .electrlcal and
£ 000085] IS RS noise properties of the. Zn0O
— 000080 [ RSNCEN layers. To determine if the
2 000075 T %9@ noise of the ZnO layer 1s
N 000070 \’\-\%%% derived from point defects,
0.00065 e @g a measurement of noise in
22222: log AU?/Af= aU?/ (Nf):Sf%% UY light was performed,
000050 . . . LS which gives a higher con-
25 30 35 40 45 50 ductivity. In the presence
Ig[f], Hz of UV light, the measured

noise is usually one level of
magnitude higher than the
dark noise. A series of sto-
chastic processes (trapping
electrons) occurs, causing
fluctuations in the dark cur-
rent. After lighting with
photon energy above E,, there are photogenerated electron-hole pairs. Anigilation
of holes with negatively charged oxygen ions at the grain boundaries reduces the
height of the inter-spherical barrier, which leads to increased conductivity with the
participation of photogenerated electrons [4].

The indexed noise component contributes to an increase in the noise level in
UV illumination by one order of magnitude. The superposition of kinetics of cargo
trapping and migration has a continuous distribution of relaxation times. Distribu-
tion of activation energy would be almost constant in a sufficiently wide range to
show 1/f noise. Some holes migrate to the grain boundaries and discharge nega-
tively charged oxygen ions, which has a non-uniform distribution of oxygen-bound
trap states or uneven distribution of intergranular barriers in the ZnO layer.

Fig. 1. The log—log plot of the voltage depend-
ence of the noise power spectral density both
in the dark and under UV illumination. The
solid lines are linear fits 1/f to the data.
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The current level of noise in ZnCoO nanostructural layers was investigated.
Based on experimental research, it has been shown that the normalized spectral
power density characteristic of disordered systems has an excessive 1/f-type noise.
Excessive low frequency noise is usually a decisive factor in the spatial heteroge-
neity of semiconductor materials. It has been found that in comparison with other
spatially unordered materials, these samples show a low degree of resistance
changes which changes with ultraviolet (UV) lighting.
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In semiconductor alloys, the band gap value and the lattice parameter are
among the most important physical parameters, since these parameters control the
band off-set and the mismatching in the different devices. A full range of techno-
logical advances are expected if it becomes possible to achieve semiconductors
with any desired bandgap that can be adapted to specific applications. The band-
gaps range that can be achieved in bulk crystalline alloys is practically limited by
the strict requirement of the lattice matching in planar epitaxial growth. The larger
tolerance to lattice mismatch at the nanoscale allows semiconductor alloy nanoma-
terials provide new opportunities for bandgap engineering.

The progress in epitaxial growth of GeSn and SiGeSn alloys paved the way
toward direct bandgap optoelectronic devices as well as GeSn-based nanoelectron-
ics with an enormous potential specifically regarding monolithic integration. Al-
loys and ordered compounds of Si-Ge-Sn group have particularly unique optoelec-
tronic properties for applications in quantum-well intersubband technology, MOS-
FET and n-FET devices. The demonstration of lasing in Si-Ge-Sn alloys can be
seen as a breakthrough in group I'V photonics [1].

Direct and indirect energy gaps, electron and hole effective masses as well
as their composition dependences are the most critical parameters for band-
structure calculations of tin based group IV semiconductor alloys. Therefore, an
accurate knowledge of these parameters for binary Ge;Sn, and Si;,Sn,, ternary
GexyS1,Sn, 1s very important. Moreover, calculation of band offsets for Ge ..
yS1,Sny 1s useful for calculating the energy bands in quantum heterostructures.

There are many theoretical studies devoted to simulation of the band struc-
tures of binary GeSn and SiSn and ternary SiGeSn compounds using various ap-
proaches like the empirical pseudopotential method, the kp method, tight binding
and density functional theory (DFT) based methods, which cover pseudopotential,
full potential and coherent potential approximations (CPA).

Most of the reports cover only a limited composition range and the full range
composition dependence of the band structure and band offsets is absent. The sig-
nificant inconsistency in the reports data is observed for some properties, like the
composition dependences of the band gaps, the threshold of Sn content causing in-
direct — direct crossover, the dependence of the energy gaps on the atomic distribu-
tion and the band offsets in the alloys.

Several theoretical reports have predicted that the indirect — direct crossover
in Si;,Sn, alloys will occur at values from x = 0.25 to 0.67, depending on the cal-
culation method [2-5]. This dissimilarity in the results is mainly due to the

168| difficulty of handling the randomness in alloy systems.
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To help understand behaviour of bowing and related properties of the mate-
rials, we performed a calculation of the electronic band parameters for series Si;.
Sn, semiconductor alloys. For this purpose, we have used model and ab initio
pseudopotential plane wave methods within the mixed-atom supercell model of al-
loys. First principles calculations generally underestimate the band gap energies
and require substantial computational time. The issue of band gap underestimation
also becomes worse for narrow band gap materials, such as SiSn alloy.

In this study, for band structure calculation of Si;,Sn, alloys, we used the
model pseudopotential (MP) plane wave method, which can predict the band struc-
ture of semiconductors with good accuracy [6].

Also, the DFT calculation was performed using the sX-LDA formalism in
conjunction with a 4x4x4 Monkhorst-Pack grid in the first Brillouin zone and a
500 eV energy cutoff. The cell dimensions and atomic positions were optimized to
yield the ground state crystalline structures.

In this study, we model a series of 8-atom unit cells of the Si;,Sn, alloys
(where discrete Sn compositions of 12.5%, 25%, 37.5%, 50%, 62.5%, 75%, and
87.5% or x = 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, and 0.875), in which Si and Sn

6.8 are distributed on the vari-
] .1 ous substitutional sites to
6.61 e calculated lattice parameters -~ | form alloy structures as
P linear fit (Vegard's law) % | homogeneous alloys.
< 647 e ] Our calculated equi-
2 62 /,/ | librium lattice constants
‘g ] o | are 5461 A for Si and
s 6.0+ L7 1 6.657A for a-Sn, which
S ] e 1 are consistent with pre-
8 5'8__ o | viously reported experi-
= 56- o 1 mental data and theoretical
= ¢ 1 results. Fig. 1 shows lattice
5.4+ 1 parameters related to the

pure silicium, isotropic Si;.
«Sn, arrangements of the
intermediate compositions,
and a-Sn. The strong lin-
ear relation between lattice
parameters and composition of Si;,Sn, alloys exhibits Vegard behavior and can be
written as ags,= as,x+as; (1-x)+bx(1-x), yielding a bowing coefficient b = 0.084 A.
The Si and Sn atoms are displaced from the initial position in a diamond lattice
structure by strain relaxation due to the difference in atomic radius between them.

Calculated band structures for Sn with Sn% as 37.5%, 50%, and 62.5% are
shown in Figs. 2(a)-2(c), respectively.

T T T T T T T T T T T T T T T T T
0.000 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000
Sn concentration (X)

Fig. 1. Compositional dependence of lattice parameters
in Si;_«Sny alloys.
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Fig. 2. Electronic band structures of Si;«Sny along L-I"-X path for (a) x = 0.375, (b) x =
0.50, and (c) x = 0.625, showing the transition from indirect to direct band gap.

Supercell approaches used to calculate the electronic properties of Siy,Sny
produce accurate, but folded, band structures. Using an optimized algorithm, we
unfold the band structure to an approximate £(k) relation associated with an effec-
tive Brillouin zone. We must indicate that the effect of the atom displacement in
Si;.Sn, on its electronic properties, to consider the structural relaxation is very im-
portant for the band calculation. The band diagrams of Sig_,Sn, structural models
were calculated for all atomic configurations with the geometrical relaxation. Then,
the calculated E, results were averaged by considering the formation probability of
each point. Fig. 3 shows the indirect to direct band gap transition for Si;,Sn,.

A closer inspection of changes in the band structure upon increased Sn in-
corporation reveals that as the direct band gap shrinks, the electron and hole val-
leys at I' point become narrower. Thus, as Sn content in Si,.,Sn, increases, effec-
tive masses at I point decreases for both electrons and holes.

The band gap energy of Si;Sn, at X, L, and I' points obtained from the
band structures calculated by MP is plotted against Sn compositions in Fig. 3. On
Fig. 3 we also plot experimental value of indirect gap around x = 0.18 [7]. We can
see that the band gaps values at I and L points decrease with increasing Sn con-
tent. The dependence of the X-point band gap on Sn compositions exhibits a sim-
plest linear function relation with a correlation coefficient of 0.79754. In contrast,
the L-point band gaps are highly sensitive to Sn compositions.

The calculated indirect-direct band gap crossover in Si;_,Sn, alloys is found
close to approximately tin content x = 0.6, which is extracted from appropriate
curve-fitting of I" and L valley band gaps. The corresponding energy gap is E, =
0.75 eV, which is suitable for the on-chip optoelectronical devices.
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Fig. 3. The calculated band gap energies of L, I and X-point at various Sn compositions.

In summary, we present a model pseudopotential method to calculate the
electronic band structure properties of SiSn alloys. Obtained results reveal that by
increasing the Sn content, the Si,.,Sn, alloys could become a direct band-gap mate-
rial, which would be quite beneficial in the field of Si photonics.
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O. Radkevych’, V. Tartachnyk', V. Shlapatska’

"Institute for Nuclear Research, NAS of Ukraine, 47, prospect Nauky, 03028 Kyiv
’SE ‘SRI of Microdevices’ STC ‘Institute for Single Cristals’, NAS of Ukraine, 3,
Pivnichno-Syretska str., 04136, Kyiv
L.V. Pisarzhevski Physical Chemistry Institute NAS of Ukraine, 31, pr. Nauky,
03028 Kyiv

Introduction

Condensed medium under external energy flows appears to be an open sys-
tem. In order to describe the regularity behavior of such systems and the processes
of its structural changes the methods and principles of synergetic are used.

Synergism might be especially inherent in samples with high concentration of
radiation defects (RD). Stochastic origin of initial defects and fluctuation character
of structure defects’ forming are the reason of the variety of all observed phenom-
ena in irradiated crystals. The effect of synergism the most obviously occurs after
reaching a definitely critical dose and might manifest itself in the atypical behavior
of dose dependence of conductivity, oscillation nature of anneal curves and its ad-
ditional stages, and also in superlattices’ arising [1, 2]

Experiment

Complex semiconductors GaP, GaAsP and CdP,, irradiated at room tempera-
ture by high fluences of electrons within 1-30 MeV energy interval and 80 MeV o-
particles, were studied. Samples were annealing after irradiation within the interval
of 140 to 700 K during 20 min. Electrical parameters (conductivity o, carrier con-
centration n and mobility ) and also positron life-time 7 were analyzed. Measure-
ments of electroluminescence were carried out.

Results and discussion

It was discovered that recovery processes of the electrical parameters (o, i, n)
during annealing of GaP samples irradiated by 4 MeV electrons with @ = 10"" cm™
and 12 MeV electrons with @ =5 - 10'° cm™, were substantially different from the
annealing of identical samples, irradiated by 1 MeV electrons with @ =10"" cm™.
Typical anneal picture for moderate defect concentration consists of three stages
140-160 °C, 280 °C and 470 °C, where phosphorous vacancy Vp anneals at the
first stage, gallium vacancy Vg, anneals at the second stage and point defects’ clus-
ter anneals within the third stage borders [3].

When point defect concentration grows, annealing behavior changes: recovery
stage with 500 °C maximum appears, followed by the negative annealing stage,
where the electrical parameters worsened sharply and the mobility annealing curve

172| has become multi-stage.



X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

3 120
100
-'eg ZU)
o2 80 >
5 \ §
- 200 400 -
o T,DC 60 iy
- 4 e
» | 8
1 100~ .- 40
1S 3 o
© 50 . 4‘;
< . 20
0 2 4 6 8 10
®-10"%,cm?
0 200 400 600 800 0

T°C
Fig. 1. Recovery of the electrical parameters of GaP crystal, irradiated with £ =12 MeV elec-
trons, ® =5 - 10'® cm™, in the process of isochronous annealing; / — concentration, 2 — mobility.
Electron concentration (3) and mobility (4) dependences on the fluence are given in the insert.
The curve (5) shows the conductivity relaxation amplitude as the annealing temperature function.

The increase of the electron irradiation energy as well as the increase of the
defect concentration causes the new qualitative changes of the annealing process
character.

One can see in the Figure 1 that the electron mobility annealing curve in the
150-350 °C intervals reaches wide maximum. Then u drops and it might testify
about transformation of the previously formed defects into qualitatively new kind.
One can strictly observe such transformation in the concentration recovery curve —
specific contribution of the second annealing stage grows nearly to 50 percents
(curve I). The changes of the defect kind are supposed by the increase of the re-
laxation intensity (see curve J).

It is possible to observe the transit of quantity changes into qualitative ones on
the radiation defects’ accumulation kinetics when electron fluence grows. Figure 2
shows resistivity dependence on the electron fluence for two cadmium diphosphate
samples. The increase of defect concentrations causes the resistivity increase, but
when @ > 10" ¢cm™ another tendency is evident — resistivity drops monotonously
and might be less than initial one.

Measure of the positron lifetime during annealing in GaP irradiated by
80 MeV alpha-particles with fluence 10'" cm™ demonstrates the same process of
quantity changes’ transit into new qualitative (Figure 3). Life-time increase during
irradiation is caused by the vacancy defect accumulation with low electron density.

The decrease of positron life-time testifies about vacancy annealing
(T <400 °C), but at 7> 700 °C life-time grows due to the forming of vacancy
emptiness most possible bivacancies or complex vacancy type defects. We observe

this phenomenon while analyzing the conductivity annealing curves of irradiated
GaP.
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Fig. 2. Cadmium diphosphate resistivity Fig. 3. The average positron life-time dependence on
dependence on 14 MeV electrons’ flu- isochronous annealing temperature. Long-living
ence. component curve is given in the inset.

The degradation radiation constant &, is determined based on the dose depend-
ences of the emitting intensity /(®), which occurs primarily due to the decrease in
the life-time of minority charge carriers as a result of the introduction of deep irra-
diation centers. The electroluminescence intensity degradation of diodes, by anal-
ogy with the relative speed of charge carrier removing, might be estimated by the
value of the relative change in the intensity of radiation, which corresponds to the
unit flow of particles

d(LO—L)

—L 4, (1)

dd
where L — the intensity of the initial diode, L is the intensity of the irradiated di-
ode, k£ is the coefficient of degradation.

The degradation lifetime constant k; i1s determined from the dependence [4]

1242, 2)

T, T, k

T

where values 7y and 7 correspond to the life-time of the initial and irradiated sam-
ple.

According to the inclination of experimental dependence (%—1): f(®) one

can obtain both the constants of & and k., which characterize the radiation resis-
tance of the electroluminescent structures. Comparing the radiation resistance of
the red GaP(Zn-O) with green GaP(N) diode, it turned out that the stability of the
first one is noticeably higher (£”° =4,3 - 10° cm™s versus &' =1,6-10" cm™s).
The reason for this difference may obviously be due to the lower depth of the
isoelectron trap N compared with Zn-O.

GaAsP-based emitters exhibit significantly higher radiation tolerance than
GaP, although light emitting diodes based on GaP are considered to be relatively
radiation-resistant. Depending on their composition, their radiation constants range

174 from 4,28 - 10° cm™s (yellow diode) to 2,31 - 10" cm™s (orange diode), which may
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be due to a greater depth of the levels of the pairs of NN; and NN, — the main cen-
ters of the excitons’ localization.

Conclution

Irradiated crystal which as a noequilibrium open system is able to demonstrate
quality transit in the moment when monotonously changing separate inner factor
(which influence on system properties) reaches the critical value. It is clear from
above studied annealing process that concentration of radiation defects is such fac-
tor. When the defect concentration excesses some critical value defects of new
kind are formed: oscillation picks in the isochronous annealing curve appear and
defects with high cross-section of defect scattering and capture are created.
Accumulation of defects during irradiation might provoke an opposite effect to ini-
tial one — the conductivity of the sample with high defect concentration has be-
come greater than in non irradiated sample.

High temperature annealing of the irradiated sample with increased vacancy
concentration causes the appearing of the vacancy emptiness’s with the lower elec-
tron density.

An increase in the dose of radiation leads to the decrease in the rate of remov-
ing current carriers.

1. P.A. Selishchev. Selforganization in Radiation Physics. Kiev, Aspect-poligraf.
2004 (in Russian).

2. V.J. Sugakov. The basis of synergetics. Kyiv. Oberehy, 2001 (in Ukraine).

3. O.F. Nemets, V.V. Voyakov, V.G. Litovchenko, V.G. Makarenko, V.Ya. Opilat,
V.P. Tartachnyk, I.I. Tychyna. Radiation defects in gallium phosphide / Doklady
Akademii Nauk USSR. Ser. A, 5, p. 47-50 (1988) (in Ukrainian).

4. F.P. Korshunov, G.V. Gatalsky, G.M. Ivanov. Radiation effects in semicon-
ductor devices Minsk, Nauka 1 Technika. 1978 (in Russian).
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THERMODONORS IN SILICON CRYSTALS: PRACTICAL ASPECTS OF p-n JUNC-
TION CREATION IN Cz-Si MATERIAL USING BURIED #-TYPE LAYERS OF THE
CONDUCTIVITY DEFINED BY SHALLOW THERMODONORS

V. Babich, O. Dubikovskyi, V. Popov, B. Romanyuk, S. Sapon, T.Sabov,
O. Lyubchenko

V. Lashkarev Institute of Semiconductor Physics NAS of Ukraine

The first studies devoted to the role of oxygen in the formation of the proper-
ties of silicon were published by Fuller et al [1, 2]. However the problems associ-
ated with oxygen in Si single crystals remain relevant, in particular, for the use of
experimental and theoretical data for semiconductor device fabrication.

At the initial stage of the research, the main characteristics of oxygen in Si
single crystals were determined: its solubility and location in Si lattice, diffusion
coefficients at different temperatures, and, most importantly, the appearance of
thermodonor centers (TD) during various thermal treatments (TT) [1, 2] as well as
acceptor (A-centers) [3] of the oxygen nature during irradiation of crystals by y-
and electron irradiation.

The TT of oxygen-containing Si crystals in the temperature range of 400 ...
1200 °C leads to the decomposition of a supersaturated oxygen solid solution in
such crystals and to the formation of a number of microdefects of oxygen nature:
both electrically active thermodonor (TD) and thermoacceptor (TA) complexes and
more complex defect agglomerations - oxygen precipitates and interstitial silicon
atoms (Si1;), which lead to corresponding changes in the electrophysical and struc-
tural properties of Si crystals [4].

In our work, the basic properties of a large set of TD centers were analyzed.
And these, first of all, are the TD-I (twice-charged, shallow single-charged and
deep TD-centers), as well as a wide range of the TD-II centers (in the range of
ionization energies of 10-200 meV). The analysis was to select such TD centers,
which are characterized by a high concentration after the corresponding thermal
treatment and exhibit thermal stability after thermal treatment at temperatures
above 650 °C. This allows the practical use of crystal doping at the expense of TD
for semiconductor device fabrication. In view of this, our attention was given to
shallow centers in silicon crystals enriched with carbon impurity , which are
formed at annealing in the range of 550-650 ° C [5,6].

Shallow thermodonors (STDs) with the lowest ionization energy and the
largest g-factors proved to be resistant to TT at 650 °C and at higher temperatures
(1000 and 1100 °C). By comparing the STD parameters (ionization energy, g-
factor, heat resistance) with the TD-II parameters ("new" TD according to [7]),
which are formed in the same crystals in the initial stages of the TT in the tempera-
ture range of 600-750 °C, we came to the conclusion that this type of STD has the
same nature as the TD-II. It is for this reason that the TT at 650°C does not destroy
them, and the subsequent increase in the TT duration at these temperatures leads to
a further increase in their concentration.
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The practical use of the STD centers was limited by their low concentration
(2.10" cm™), which is due to the low solubility of carbon in silicon single crystals
(4 to 5x10'"cm™). Carbon in the state C; acts as a nucleus for the formation of STD
centers, and therefore their concentration depends on the concentration of carbon
in the lattice nodes. In [8, 9] we removed this limitation by using the method of
implantation of carbon ions into silicon wafers.

Using different characterization methods (electrophysical, X-ray diffraction,
electron microscopy, etc.), it was found [8, 9] that carbon implantation into p-Si-
Cz oxygen-containing silicon crystals followed by the corresponding TT in the
temperature range of 550-750 °C, a buried layer of n-type conductivity have been
created. The same effect has been observed in the p-Si-FZ material under double
implantation of carbon and oxygen ions O, . It is shown that the n-type conductiv-
ity of the buried layer is determined by the STD with the maximum concentration
in the n-type of =~ 7.10'° cm™ at implantation dose of D = 20 pC/cm” and TT at a
temperature of 600 °C for 30 min. Such concentrations of MTD in a buried layer is
1.5 order of magnitude higher than the concentration of MTD obtained in the
original samples of Cz-Si after long (up to 100 h) TOs without carbon implanta-
tion. The activation energy of the n-type MTD created in the layer was found to be
0.012 eV.

P-type Cz-Si with oxygen concentration of 10'® cm™ were implanted by car-
bon ions with energies of 90 kV and doses of 10 (group 1) and 20 (group 2) uC
/em® through 100 nm thick oxide layer. The samples were subsequently annealed
at 600 °C for 30 minutes. Some samples were etched to remove a surface layer of
50 nm and 100 nm. The thickness of the removed layer was determined by the
"Dektak" profilometer. Ohmic contact werde formed to acquire the current-voltage
characteristics (CVC) using L2-56 equipment. The photosensitivity of the struc-
tures was studied using laser irradiation at wavelengths of 405 and 532 nm.

The results of CVC measurements of structures after etching the surface
layer are shown in Fig. 1.

A ,

a) i 2 3 b) \2

Fig.1. (a) - CVC of the structures after annealing and etching of the surface layer
(1- not etched, 2, 3, 4 - after etching layer 50, 100, 300 nm, respectively); (b) -
chematical section of the structure: 1 - substrate, 2 - Ohmic contacts, 3 - S10, sur-
face layer, 4 - area of C' distribution, 5 — p-type surface layer . To the right is the
equivalent sketch of the structure.
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From the Figure 1a it is evident that the threshold voltage changes when the
deeper p-n junction (B) is displaced in the forward direction as the surface layer is
removed, whereas the reverse current remains unchanged for all the samples. This
effect is associated with the fall of the applied voltage in the reverse biased p-n
junction (A), located near the surface. After the breakdown of this junction there is
an exponential growth of the current through the p-n junction (B). After removing
the p-type surface layer, we have a typical CVC for the diode. In our paper, the
possible role of a positive charge embedded in SiO, precipitate, formed in the im-
planted area, is also discussed. The presence of charge leads to an additional dis-
placement of the current-voltage characteristics of p-n junctions.

In illumination of the structures with a laser with wavelength A = 405 nm,
we obtained the CVCs, which are shown in Fig.2.

I‘ ’

Az 51

4 1omea V

b) c)

Fig.2. CVC of the samples, illuminated by a laser with wavelength of 405 nm (a):
1 - not etched, 2 - 50 nm etched, 3 - 100 nm etched; Equivalent sketch of the struc-
ture (b); ¢ - CVC of the samples illuminated by a laser with a wavelength of 532
nm: 1-not etched, 2 - 50 nm etched, 3 - 100 nm etched

The photosensitivity of the structures depends on the thickness of the re-
moved surface layer. The maximum photosensitivity has structures in which the
surface layer was removed with a thickness of 50 nm. The obsereved effect could
be explained by the fact that the light in the short-wave spectrum region is ab-
sorbed in a thin surface layer (100 nm). Due to the high surface recombination,
only a small portion of the generated charge carriers contributes to the photo EMF.
If the generation region approaches the p-n junction, the photosensitivity increases.
The structure works like a phototransistor. After the p-n junction A removal, the
photosensitivity disappears, since the generated carriers are recombined in the sur-
face region and do not reach the B p-n junction.

Another situation is observed at illumination of the structures with a laser
with a wavelength A = 532 nm. The CVC for this case is shown in Figure 2c. The
photosensitivity of all structures is almost the same, since light is absorbed behind
the region of the space charge region of the p-n junction B (at a depth of 1000 nm)
and surface recombination of generated current carriers gives a small contribution
to the decrease of the magnitude of the photo-EMF.
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The presence of spot and line defects can significantly affect the surface activ-
ity. This can be reflected in the efficiency and durability of these elements due to
weak electromagnetic fields, in particular.

Monocrystalline silicon of p-type conductivity, intended for solar energy was
used in the research. The plastic deformation occurred at a temperature of 1000 K
and a pressure of 10’ Pa. On the surface (111) of p-Si crystals, the distribution of
dislocation concentrations from 10% to 107 cm™ was obtained. Plots with a concen-
tration of 10%, 10%, 10°, 107 em™ formed surface-barrier structure (SBS) of Schottky
type. The changes in the surface resistance of silicon mono-crystals, capacitance-
volt characteristics (CVCH), surface state (SS) density and electroluminescence
LES were analyzed.

The aim of the work was to form a surface-barrier structure and light-emitting
structure (LES) on the basis of p-Si with different dislocation concentration on the
surface of the semiconductor substrate and to investigate the change in their electro
physical and optical characteristics under the influence of X-radiation.

With the increase in the dose of X-irradiation, the resistance of p-Si addition-
ally increases. Moreover, the value of the resistance R is directly proportional to
the square root of the radiation dose. The resistance of irradiated and non-irradiated
samples of "solar" silicon with elastic compression decreases. The decrease in the
resistance of silicon crystals with increasing load is related to a decrease in the
longitudinal effective mass of heavy holes and a corresponding increase in their
mobility under compression.

It was found that the nature of resistance change of "solar" silicon of p-Si type
on the size of the mechanical stress is independent of the speed of compression. A
similar feature was observed in both non-irradiated and irradiated samples. The
value of the longitudinal resistance, unlike similar dependencies of longitudinal re-
sistance on mechanical stress for "electronic" silicon changes by a relatively small
value, (< 0.5 %) and it slightly decreases under the increase in load (Fig. 1a).

Irradiation of experimental samples with X-rays (480 Gy) does not virtually
affect the general nature of the change in longitudinal resistance of "solar" silicon
during the elastic deformation (Fig. 1b). During the mechanical stress, the resistiv-
ity decreases by a very small value (£ 0.1 %).
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Fig. 1. Dependence of longitudinal resistance of “solar” silicon during elastic de-
formation with a growing strength of compression: a) D = 0 Gy, compression
speed 32 um/min.; b) D = 130 Gy compression speed 8 um/min

As the concentration of dislocations increases, an increase in the surface resis-
tance of silicon is observed. The reason is the process of heatering of main charge
carriers with linear defects.

It 1s shown that high dislocation concentrations on the silicon surface (111)
are generated by methods of plastic deformation and high-temperature annealing in
an oxygen atmosphere. This allows the creation of highly effective Al-Si(p) emit-
ting structures.

The analysis of CVCH and SS (fig. 2) irradiated SBS on the basis of non-
dislocation samples of "solar" silicon (10° ¢m™) confirmed the existence of two
competing radiation processes: the radiation-stimulated ordering of the defect
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structure of the near-surface layer (D <390 Gy) and the generation of defects
(D >390 Gy).
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Fig. 2. Capacitance-volt characteristics and surface state irradiated surface-barrier
structure
As the concentration of dislocations exceeds 10* ¢m™, certain non-monotonies
of charge accumulation at the Si-SiO, (fig. 3) separation boundary is observed, due
to the additional influence of the mechanical field of dislocations and the electric
field of the Cottrell cloud on the X-stimulated changes in the parameters of these
structures.
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ABSTRACT. HgCdTe (MCT) alloy is a typical material with strong spin-orbital
interaction which lifts the I's band above the I'¢ one. That is why a Dirac point (the
I'¢ and I'g crossing that causes massless fermions) is realized when the composition
of MCT is varied from HgTe to CdTe what makes the 3D topological Dirac semi-
metal HgCdTe as a natural analogue of graphene in 3D. That is confirmed by ex-
perimental results presented in this report.

RESULTS AND DISCUSSION. The experimental results of the magneto-
transport measurements over a wide interval of temperatures for nineteen samples
of MCT (x = 0.13 - 0.15) grown by MBE [1] are presented.
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Figl.Magneto-resistances, Ryx and Ry, vs magnetic field at the temperatures of
0.4 - 50 K for a) sample of series A; b) sample of series AB.

The results obtained for sample A9 — strained thin layer on the GaAs/CdTe sub-
strate — are presented in Fig. 1a. The R(B) and R,y (B) curves are shown for dif-
ferent temperatures over wide range from 0.4 K to 50 K. The well-defined quan-
tized plateaus in R,y with values h/(2¢*) = 12.9 kQ, accompanied by vanishing Ry
is observed at 0.4 K what explicitly indicate on the Integer Quantum Hall Effect
(IQHE) and Shubnikov-de Haas (SdH) oscillations characteristic for 2D electron
184] gas. The Ry(B) and R,(B) curves are reproducible up to 20 K and above this tem-
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perature the IQHE is observed up to 50 K. That can be explained by conductivity
on Topologically Protected Surface States (TPSS). An amazing temperature stabil-
ity of the SdH-oscillation period and amplitude is observed in the entire tempera-
ture interval of measurements up to 50 K for samples of series AB (Fig.1b) and B
also. Moreover, the IQHE behavior of the Hall resistance is registered in the same
temperature interval. In the case of not strained layers (series AB and B) it is as-
sumed that the QHE conductivity on the TPSS contributes also to the conductance
of the bulk samples [2].

CONCLUSION. As are shown by the calculations in the framework of kp-model
the Topological Insulator (TT) HgCdTe have important advantages: high value of
the Fermi velocity vp = 10° m/s — approximately the same as for graphene, what
leads to an increase in the attractiveness of this TI for future applications: as mass-
less Weyl fermions [3]. In comparison with pure HgTe: the energy dispersion in
semimetal HgCdTe is closer to linearity in the wider range of the momentum) lead
to an increase in the attractiveness of the TI based on semimetal HgCdTe alloy for
future applications: as massless Weyl fermions for example with addition of non-
compensated spins of Mn [3].
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The present work will review recent results on application of positron annihi-
lation spectroscopy (PAS) using a variable-energy slow positron beam (VESPB)
[1-5] as a key technique that shows a completely new way to understand ion irra-
diation-induced processes and defect structures in a variety of polymer and com-
posite materials important for practical use. In this respect, PAS-VESPB is demon-
strated as a powerful experimental tool applied, in particular, to polymer nanocom-
posites with carbon nanostructures and metal nanoparticles (MNPs). Recent inves-
tigations of nanoparticle loaded polymer brushes by means of PAS-VESPB have
been reported in [6, 7].

The results concerning 30 keV Ag" implanted PMMA, ureasil, ureasil/As,Ss,
and ureasil/Ag-As,S; composites will be discussed (see, as an example, Figure 1
[5]). PAS-VESPB techniques confirm previously suggested self-organized car-
bonization of ion-irradiated polymer and a step by step formation of carbon-shell
Ag-core NPs.

Also, PAS-VESPB was applied with aim of structural study of the U;Al;Si;s
compound subjected to 30 keV Ar' irradiation [8]. In [9] it has been established
that in materials, whose composition includes atoms with very different masses,
under ion bombardment in certain energy intervals the so-called heavy clusters are
formed. At the same time, the ion-induced disordering of the block structure of the |187
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mentioned compound occurs [10]. Here the PAS-VESPB is utilized to clarify the
mechanism of ion-induced structure kinetics.
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Figure 1. Doppler broadening S-parameter for the pristine (non-irradiated) and irradiated
Ag:PMMA (top) and Ag:ureasil (bottom) samples with various fluences as a function of incident
positron energy in the range of 0-5 keV. The error bars are within the size of the symbol [5].
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Technogenic pressure on the environment significantly affects the pollution of
water resources. Especially dangerous are xenobiotics — products of the chemical
and pharmaceutical industry, which negatively impact on the physiological state of
living organisms and have carcinogenic properties even at very low concentrations.
Conservation and restoration of water resources is a huge problem for modern so-
ciety. Some xenobiotics, apart from wastewater treatment plants, are also in the
surface and underground waters, because they were only partially removed in the
process of the existing technological schemes for cleaning of wastewater.

One of such innovations is creation of highly sensitive biosensors for analysis
of the level of wastewater pollution. The one of the most dangerous pollutants of
wastewater are xenoestrogens. For example, xenoestrogen bisphenol A is a mono-
mer that is used for the manufacture of polycarbonate plastic and epoxy resins,
which are raw materials for the production of packaging materials for food and
drinks. Xenoestrogens, classified as carcinogens, are toxic to healthy compounds
that cause disruption of the endocrine system of human and animals.

The commercial laccase was used in the role of catalytic bioselective element
of amperometric enzyme biosensor sensitive to different aromatic phenols and
amines. Laccase (EC 1.10.3.2 p-diphenol: benzenediol oxygen oxidoreductase
from Trametes versicolor) is a copper containing enzyme which is able to catalyze
the oxidation of several phenolic compounds and aromatic amines [1].

Laccase is one of the first enzymes, which was proved to have the ability to
direct transfer of electrons on the surface of amperometric transductor. This ability
of laccase was used for creation of mediatorless biosensor of the “third genera-
tion”. A direct electron transfer is possible only with molecules of monolayer of
enzyme that is directly in contact with the surface of the electrode in case of the
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proper orientation of the active center of enzyme in sufficient distance to the elec-
trode for electron transfer.

For the first time, novel polymer matrixes based on the urea-silicate or ureasil
composites [2-6] were tested for immobilization of laccase and construction of
amperometric enzyme biosensors [7]. The biosensor characteristic such as sensi-
tivity of the bioelectrode was determined and analyzed for the ureasil/As,S; com-
posite, ureasil, and ureasil/As,S; composite with incorporated silver nanoparticles
(NPs) synthesized by high-fluence 30 keV Ag" irradiation. A very high sensitivity
of amperometric biosensor with ureasil-chalcogenide glass composite was estab-
lished and a well expressed influence on the sensor’s characteristics by polymer
matrix and Ag NPs was detected [7].

In this study, a correlation between the network properties as revealed by low-
temperature positron annihilation lifetime spectroscopy (PALS), and swelling ex-
periments and biosensor characteristics of pure ureasil and ureasil/As,S; composite
of different history (fresh and aged during one year) is reported (see, as an exam-
ple, Table 1) [8-10]. The observed findings could be further used for improvement
of operational parameters of laccase-based amperometric enzyme biosensors,
which may have potential for monitoring the level of pollution of wastewater con-
taining xenoestrogens.

With aim to search a new polymer matrix as the sensing layer of an am-
perometric enzyme biosensor, for the first time, the novel photocross-linked poly-
mer matrixes [11] based on epoxydized linseed oil (ELO), bisphenol A diglycidyl
ether (RT) and photoinitiator — 50% mixture of triarylsulfonium hexafluoroanti-
monates in propylene carbonate (FI) marked as C1 (ELO + 10 mol.% RT + 3
mol.% FI) and C2 (ELO + 30 mol.% RT + 3 mol.% FI) with different density of
cross-links were also tested for immobilization of laccase and construction of am-
perometric enzyme biosensors. Low-temperature PALS and swelling experiments
were carried out to find a correlation between the network properties of polymers
and parameters of constructed amperometric biosensors.

Table 1. Free-volume V}, at T, obtained from the positron annihilation lifetime measurements in
the range of 15-350 K in the cooling cycle, molecular weight between two crosslink points M,
comparative analysis of swellability, biosensor response /.x, Michaelis-Menten constant Ky to
ABTS as the substrate, and the sensitivity of bioelectrodes constructed based on laccase immo-
bilized by the developed ureasil-based polymer matrixes [8-10].

. Vi Tnax K Sensitivit
Sample (nn23) M. | Swell (LA) (mgl/[) ( A.M_l_mé’)
KO-fresh | 0.123 £0.002 | 9247 | + 7.62+1.7 0.64 £0.17 794
K0-aged [0.1234+0.003 | 440 | —— | 1096+3.38 | 0.35+0.14 1762
K4-fresh | 0.104 +0.001 | 99.22 | ++ | 4377 £2.71 | 0.045 +0.005 39,817
K4-aged | 0.134+£0.001 | 76.52 | - 86.8£0.9 | 0.030+0.008 60,413

"KO-fresh: ureasil polymer freshly synthesized (2 months after preparation); K0-aged: ureasil
polymer aged (1 year after preparation); K4-fresh: ureasil/As,S; composite freshly synthesized
(2 months after preparation); K4-aged: ureasil/As,S; composite aged (1 year after preparation).

1191



192]

X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

Acknowledgments

This work was financially supported in part by the Ministry of Education and Sci-
ence of Ukraine (projects #0116U004737, #0118U000297 to TK, OS, YK, MG,
and #0117U0007142 for Young Scientists to YK), by the Slovak Grant Agency
VEGA (project #2/0157/17 to OS), Slovak Research and Development Agency
(project #APVV-16-0369 to OS, HS), and by the National Science Fund of the
Bulgarian Ministry of Education (project #FNI-DN09/12-2016 to TK, TP, VB,
VI). TK also thanks the SAIA (Slovak Academic Information Agency) for scholar-
ship in the IPSAS within the National Scholarship Programme of the Slovak Re-
public.

References

[1] P. Giardina, V. Faraco, C. Pezzella, A. Piscitelli, S. Vanhulle, G. Sannia, Cell.
Mol. Life Sci. 67 (2010) 369.

[2] V. Boev, J. Pérez-Juste, 1. Pastoriza-Santos, C.J.R. Silva, M.J. Gomes, L.M.
Liz-Marzéan, Langmuir 20 (2004) 10268.

[3] V.I. Boev, C.J.R. Silva, G. Hungerford, M.J.M. Gomes, J. Sol-Gel Sci.
Technol. 31 (2004) 131.

[4] V.I. Boev, A. Soloviev, C.J.R. Silva, M.J.M. Gomes, D.J. Barber, J. Sol-Gel
Sci. Technol. 41 (2007) 223.

[5] T. Kavetskyy, N. Lyadov, V. Valeev, V. Tsmots, T. Petkova, V. Boev, P.
Petkov, A.L. Stepanov, Phys. Status Solidi C 9 (2012) 2444.

[6] T. Kavetskyy, O. Sausa, J. Kristiak, T. Petkova, P. Petkov, V. Boev, N.
Lyadov, A. Stepanov, Mater. Sci. Forum 733 (2013) 171.

[7] T. Kavetskyy, O. Smutok, M. Gonchar, O. Demkiv, H. Klepach, Y. Kukhazh,
O. Sausa, T. Petkova, V. Boev, V. Ilcheva, P. Petkov, A.L. Stepanov, J. Appl.
Polym. Sci. 134 (2017) 45278.

[8] T. Kavetskyy, O. Sausa, K. Cechova, H. gvajdlenkové, I. Matko, T. Petkova,
V. Boev, V. Illcheva, O. Smutok, Y. Kukhazh, M. Gonchar, Acta Phys. Pol., A
132 (2017) 1515.

[9] T.S. Kavetskyy, O. Smutok, M. Gonchar, O. Sausa, Y. Kukhazh, H.
Svajdlenkové, T. Petkova, V. Boev, V. Ilcheva, In: NATO Science for Peace
and Security Series B: Physics and Biophysics “Advanced Nanotechnologies
for Detection and Defence Against CBRN Agents” (P. Petkov, D. Tsiulyanu,
C. Popov, W. Kulisch, eds.), Dordrecht: Springer, 2018, Chapter 30, DOI:
10.1007/978-94-024-1298-7 30.

[10] T.S. Kavetskyy, H. Svajdlenkova, Y. Kukhazh, O. Sausa, K. Cechova, I.
Matko, N. Hoivanovych, O. Dytso, T. Petkova, V. Boev, V. Ilcheva, In:
NATO Science for Peace and Security Series B: Physics and Biophysics
“Advanced Nanotechnologies for Detection and Defence Against CBRN
Agents” (P. Petkov, D. Tsiulyanu, C. Popov, W. Kulisch, eds.), Dordrecht:
Springer, 2018, Chapter 32, DOI: 10.1007/978-94-024-1298-7 32.

[11] A. Remeikyte, J. Ostrauskaite, V. Grazuleviciene, J. Appl. Polym. Sci. 129
(2013) 1290.



X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

FORMATION OF NANOCLUSTERS ON THE ADSORBED SURFACE
UNDER THE ACTION OF COMPREHENSIVE PRESSURE
AND ELECTRIC FIELD

R.M. Peleshchak, O.V. Kuzyk, 0.0. Dan’kiv, M.V. Bui

Drohobych Ivan Franko State Pedagogical University,
24, Ivan Franko Str., Drohobych, Ukraine 82100
e-mail: rpeleshchak@ukr.net

Recently the subject of intensive researches is to obtain the semiconductor
structures with self-assembled nanoclasters by methods of molecular beam epitaxy,
ion implantation and under the influence of laser irradiation, and also possibility of
controlling their physical properties [1, 2].

The non-linear diffusion-deformation theory of self-organization of nano-
clusters of the implanted impurity in semiconductor which considers the elastic
interaction of the implanted impurities among themselves and with atoms of a
matrix is developed in [3, 4]. The impurity which gets to a matrix, leads to changes
in its volume and energy, and the initial fluctuation of deformation under certain
conditions causes emergence of deformation-induced flows of the implanted
impurities. In a result, in the non-uniform deformation-concentration field there are
forces proportional to gradients of concentration and deformation which further
deform the matrix. These forces are cause an increase of initial fluctuation and lead
to self-organization of clusters of impurities.

The information on nucleation (incipient state of formation) of periodic
nanostructures of adatoms and the implanted impurity 1s important for optimization
of technological process and the predicted controlling of physical parameters of the
semiconductor structures with nanoclusters. In particular, to calculate the sym-
metry, the period and formation time of the surface structures, it is sufficient to
analyze only the initial (linear) stage of the development of the defect-deformation
instability [5].

The theory of spontaneous nucleation of the surface nanometer lattice which
is caused by instability in system of the adatoms interacting with the self-consistent
surface acoustic wave (SAW) is developed in [5, 6]. Within this theory the condi-
tions of formation of nanoclusters on the surface of solid states are established and
the periods of a nanometer lattice as functions of concentration of adatoms and
temperature are defined.

Due to the high mobility of charge carriers, gallium arsenide is widely used
in the production of quantum-dimensional structures and high-frequency lasers on
their basis. The considerable attention of researchers has recently been paid to laser
modification of morphology of near-surface GaAs layers at which the conditions of
formation of nanoclusters are controlled [7].
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In the paper, the influence of the - - -
electric field on the conditions of formation ,'.‘k é,% é,%
and the period of the surface superlattice of gg:? ogg,? Uogc?
the adatoms in the n-GaAs semiconductor is
investigated. Periodic deformation appea-
ring on a semiconductor surface leads to
modulation of the bottom of the conduction ]
band, hence, to electron-density modulation.
As a result, a nonuniform electric field
arises, which cause nonuniform displace- . * *
ments of lattice sites, hence, a change in the see see see
SAW amplitude. The electric field, interac- eiog Xeled Neley
ting with nonuniformly distributed electrons %f ° o)
on the surface, leads to the creation of addi-
tional pressure (Fig. 1):

o =en(x)E,
where n(x) is the concentration of con-
duction electrons, Eis the electric field - 7 -
strength. ee _jee _Jjee

It is established that in the GaAs 1 \99/
semiconductor, an increase in the electric
field strength, depending on the direction,
leads to an increase or decrease of the criti-
cal temperature (the critical concentration of
the adatoms), at which the formation of a
self-organized nanostructure is possible. Fig. 1. Geometric model of for-

It is shown that in the Strongly al- mation of the surface Superlattice
loyed n-GaAs semiconductor, the increase Of the adatoms under the action of

b

5

of the electric field strength leads to a mo- electric field:

notonous change (decrease or increase de- ® — the defects that are
pending on the direction of the electric stretching centers;
field) of the period of self-organized surface O — the defects that are
nanostructures of the adatoms. It is estab- squeezing centers

lished that the influence of the electric field
on the conditions of formation and the period of surface superlattice does not de-
pend on the sign of the deformation potential of adatoms.

The role of acoustoelectric effects in the formation of nanoscale adatom
structures, resulting from the self-consistent interaction of adatoms with the surface
acoustic wave and the electronic subsystem in the case of charged and uncharged
adsorbed atoms was studied.

It was shown that, in the case of charged adatoms in semiconductor GaAs,
an increase in the donor dopant concentration results in a decrease in the critical
adatom concentration at which the formation of self-assembled nanostructures is
possible or an increase in the semiconductor doping level with donor impurities (an
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increase in the free electron density) at a fixed average adatom concentration re-
sults in an increase in the critical temperature below which self-assembly processes
occur.

It was found that an increase in the donor dopant concentration in the case of
charged adatoms 13 semiconductor GaAs leads to a decrease in the period of self-
assembled surface nanostructures of adatoms.

It was shown that acoustoelectric interaction causes a change in the inhomo-
geneous deformation resulting from the spatial redistribution of adatoms. It was
found that, depending on the semiconductor doping level with donor impurities,
the strain can vary up to 17% in the case of ionized adatoms and only up to 2% in
the case of uncharged adatoms.

The theory of nucleation of nanometer structure of the adatoms under the ac-
tion of comprehensive pressure taking into account acousto-electronic interaction
is developed. Self-organization occurs as a result of defect-deformation instability
caused by self-consistent interaction between the adsorbed atoms and the surface
acoustic wave. Within this theory the influence of comprehensive pressure and
doping degree of semiconductor on the conditions of formation and the period of
nanometer structure of the adatoms is investigated. The period of nanometer struc-
ture of the adatoms depending on the value of comprehensive pressure, tempera-
ture, average concentration of the adatoms and conduction electrons is defined [8].
It is established that the increase in pressure leads to expansion of temperature in-
tervals within which nanometer structures of the adatoms are formed, and the de-
crease of their period.
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INVESTIGATION OF THE RELAXATION CHARACTERISTICS OF EP-
OXY POLYMERS BY CALORIMETRIC METHOD

ML.I. Shut, T.G. Sichkar, L.K. Yanchevsky, O.S. Tulzhenkova, M.O. Rokyt-
skyi

National Pedagogical Dragomanov University,
9 Pirogova St., 01601 Kiev, Ukraine

Traditionally, relaxation characteristics of polymers are determined by method
of relaxation spectrometry proposed by G.M. Bartenev [1-3]. In our work it is justi-
fied the use of calorimetric method as a more informative express method for deter-
mining the complex of relaxation characteristics exactly for glass transition [4-6].

Investigation of the glass transition relaxation characteristics (activation en-
ergy U, and pre-exponential factor B,) of epoxy polymers with temperature — fre-
quency measurements [1, 2] demonstrates the sufficiently high dependence of acti-
vation energy upon temperature and accordingly the low value of pre-exponential
factor.

Such state witnesses a complex character of the epoxy polymers glass transi-
tion and needs the separate study of it’s peculiarities. Firstly, difficulties can arise
because of stoichiometrical misbalance of the oligomer and curing agent when un-
resolved (excess) reactionable component groups exist. In this case the resulting
glass transition process consists of different parts depending of cross-linking level
and hence glass transition temperature. Opposite situation appears when the glass
transition overlaps with different nature processes, particularly, such as curing
process [7]. Realization of these processes with repeatively heating provokes an
after-curing peak appearance, which overlaps with a jump of heat capacity in the
glass transition process on the curve of heat capacity dependence upon tempera-
ture.

Studying of the epoxy polymer glass transition process and using the calo-
rimetric method of experimental relaxation characteristics complex determination
for the glass transition process is the aim of this work.

In the first case the processes overlapping makes temperature range of the
glass transition wider, but in the second case, it makes that range shorter. So, it
should be considered the experimental sensitives to such difficulties. Thus it is ex-
pedient to use for the glass transition characteristics complex determination the
method based on experimentally obtained temperature range [4-7].

This complex comprises: activation energy U,, kinetic unit self oscillation
frequency B,, glass transition temperature T, glass transition cooperative level w,
segment cooperative activation energy Uy coop fOr edge components of glass transi-
tion and the most probable glass transition temperature.

The object of the study was epoxy dianous resin ED-16. Maleic anhydride
was used as a curing agent. Diaminanilin was used as a modifier in ratio of 0.5
mass parts of the modifier to 100 mass parts of ED-16.
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Investigation on dependence of compositions properties upon curing agent
amount was performed to develop a method for determining the curing agent opti-
mal amount. The optimal amount of the curing agent provides the reaching of
maximum conversion level [8] during curing mode at 473K for 12 hours. Different
temperature and time modes allows the obtaining of samples with excess or short-
age of appropriate reactive groups, €. a. the samples of systems with different con-
tent of segments for future studying.

The second group of samples, in which the object of research was the system
of UP-643+IMTHPA (isomethyltetrahydrophthalic anhydride), was obtained with
the optimal ratio of resin and curing agent, but with the different curing modes.
This allows the obtaining of the samples with different solidification level and dif-
ferent intensity of after-curing process under repeated heating.

It was obtained two groups of the samples. One of them is related to system
with slow-change of amount of uninvolved reactive groups with no involving op-
portunity under repeated heating, e. a. exfoliation of the system depending on seg-
ment contents is modeled. The second group of the samples is related to system
with optimized quantity of reactive groups, but with change of after-curing proc-
ess, different intensity of the after-curing processes and overlapping with the glass
transition process is modeled. We can consider that such point of view allow us to
detach the glass transition process and its components, neglecting the overlapping
of other processes.

Received data allow the obtaining of the optimal ratio of resin to curing agent
using T, behavior or changes of Uy, cop 12. Traditional methods allow one to do this
when T, reaches the maximum. In suggested method the optimality responds to the
maximum approaching Ug ceop 1 10 Ug coop 2 and reaching them to the maximum.
Equality of heat capacity C, in the both methods justifies applicability of suggested
method. It is necessary to note that difference between C,p,; and Cgich 1S considera-
bly big (38 and 40 mass parts respectively). This tells about experimental correc-
tion of value C, for obtaining high quality products made of epoxy resins. Sug-
gested method provides more information and allows observing of dynamics of
system segment contents heterogeneity change. And even more, it is shows unat-
tainability of the full system homogeneity even with Cgy,.

About second group of the samples UP-643+IMTHPA we can mention that
analysis of the obtained results allow us to suggest the calorimetric method for ep-
oxy compositions conversion level estimation.

The conversion level o was obtained with traditional method using the fol-
lowing equation:

o= (A HO - AH)/A HO . 100%,

where AH — enthalpy of after-curing process of sample; AH, — enthalpy of resin
and curing agent mixture, taken at once after mixing. K factor can by derivate us-
ing equation:

K= AT /Teqte - 100%.
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This equation is based on fact that AT.,, i1s deformed by overlapping of the
after-curing peak and AT, is not. Thus more intensive after-curing peak produces
the smaller value of AT.,, That is why the value of K factor corresponds to
changes of the conversion level. It is evident that a and K factors have different
destinations. In the beginning a can quite efficiently describe the conversion level,
but K factor can efficiently describe the ending of this process. It is practically im-
portant, as estimation of conversion level in the ending phase allow evaluating the
completion level of the reaction, quality of the compiled products made of epoxy
resins. Introduction and using of calculated K factor is more important because of
any method among the methods of epoxy polymers curing process kinetics investi-
gation, which are widely used in techniques (ultrasonic, infrared spectrometry, ti-
tration of detached samples) can’t allow to evaluate the conversion level in the
ending phases of reaction.

Thus, the new method has been suggested for determination of the complex
of epoxy polymers glass transition relaxation characteristics. This method can free
the glass transition from overlapping with processes of other nature. Also it can
help to obtain the components of the complex glass transition process in heteroge-
neous system with segment contents.

Suggested calorimetric method is based on experimental investigation of ep-
oxy polymer heat capacity. This is universal method, as it allows to:

e determine the relaxation characteristics (activation energy U, and pre-
exponential factor B,);

e investigate the samples of completed production and control the curing
process from the beginning to the end;

¢ determine the optimal ratio of resin to curing agent in epoxy composition;

e obtain the conversion level of epoxy composition in the ending phases of
reaction and in completed products.
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STRONG CORRELATION EFFECTS IN THERMODYNAMICS
OF THE LATTICE BOSE-FERMI GAS

I.V. Stasyuk, V.O. Krasnov

Institute for Condensed Matter Physics of NAS of Ukraine, Lviv, Ukraine

The new stage in investigation of strongly correlated lattice systems of quantum
particles started in a 2000s in connection with a creation of optical lattices with
ultracold atoms. The main role in physics of these systems is played, together with
the particle transfer in a lattice, by their on-site interaction. The quantum lattice gas
models, similar to the Hubbard model, were formulated for optical lattices: the
Bose-Hubbard model [1] for a lattice with Bose-atoms and the Bose-Fermi-
Hubbard model [2] for lattices with their mixtures. The number of properties of
these systems, e.g. their thermodynamics and phase transitions between normal
(MI, Mott insulator) and superfluid (SF) phases were described.

Transition to the SF phase in the Bose-Hubbard (BH) model, which is of the
2nd order and related to the appearance of Bose-Einstein condensate, is well-
studied (see [3]). Analogous transition in the Bose-Fermi-Hubbard (BFH) model
is more complicated due to the fermion presence. In the literature, the considerable
attention is devoted to this effect. First experiments in this direction were
performed in [2] with the *'Rb-*"K mixture, where the lost of coherence of the
Bose-atoms ©'Rb and decay of condensate with the raise of the Fermi-atoms *’K
concentration, was noticed. To describe it, the renormalization of the boson
hopping parameter, the excited boson bonds influence, the effects of correlated
hopping, etc., were considered. In general, the difference at the local boson-
fermion repulsion or attraction in behavior of the boson-fermion mixtures and in
the shape of corresponding phase diagrams was noticed [4].

The effect of fermions on the BE-condensate appearance was considered
recently based on the application of the grand canonical ensemble within a
simplified version of the BFH model (a heavy-fermion limit and the hard-core
boson approach). Such a model was proposed in [5]. Phase diagrams for boson-
fermion mixture and changes in their shape as well as the phase transition order,
depending on the fermion chemical potential level, were investigated in the case of
BF repulsion (U' > 0). The complete analysis of the role of this interaction needs
the performing of the similar investigation for U' <. This is the problem that is set
up at the present study. At the same time, we show that the BFH model possesses
an internal symmetry based on fermion-hole transformation that enables to match
each other the thermodynamical functions and phase diagrams for the U0 and the
U'<0 cases.

In our investigation we use the Hamiltonian of BFH model written as [2]

1199



200

X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

ﬁ——Zn (n® —]j+ifz —;:ZWf‘—ﬂ'erf
4 11 1
Z By i.!;-f-Z?un, @, W

) tf
passing through to hard-core bosons (at U— oo the bosonic operators became the
Pauli ones) and restricting by heavy-fermion limit (¢; = 0) in thermodynamics of

the model in the random-phase approximation. Chemical potentials of bosons and
fermions are considered as independent variables. Thermodynamical equilibrium is
determined by absolute minima of the grand canonical potential at the given values
of pand y'.

There exists some internal symmetry in the Bose-Fermi-Hubbard model. It can
be seen when we will perform the operator transformation.

—_ at. el
=€ 0y =6

n’

=alg=cct=1—cle,=1-nf (2)
a;a;=—cie; (L= j)

and introduce the notations U" —p = —f; g’ = —&’; t;; = —t;; Then, transfor-

med Hamiltonian differs from the initial one only by the substitution I — —IF", In

other words, the formal replacement
U —p—=—p; o = —p'; 'Ef:f — —'E.‘if_: [ — =, 3)
in the Hamiltonian of the BFH model establishes a correspondence between the
cases with positive and negative values of interaction parameter U'. In this
situation the results, obtained at the investigations of thermodynamics and energy
spectrum of BFH model with boson-fermion repulsion, can be transferred to the
case of the model with the attraction using the transformation (3).
Below, we illustrate this possibility on the example of simplified version of the
BFH model (in the hard-core boson and heavy fermion limit) considered earlier at
T=0 in [5] for U>0. The model which appears in this case is the four-state one

consisting of the states Q) = 0,03, |1} = |1,0},|0% = |0,1}, ﬂ} |1,1} , where the

reduced basis |nf‘ ; ﬂ.;f } is formed by the occupation numbers ni =01; [ = 0,1
We consider, at first, the phase diagrams (g, ') at T=0 which illustrate the

regions of existence of different phases (MI and SF). In the case of zero tempe-
rature they are the regions of different ground states of the system.

Construction of diagrams for U'<0 (case II), using the diagrams for U™>0 (case
I) obtained in [5], reduces to two transformations on the plane {j,1*): 1) the mirror

reflection with respect to the horizontal axis p; 2) the shift to the left along the p
I

axis by |U'|. Obtained in such a way new diagram in the case L < |tgl < U is

presented (as well as initial one) in the fig.1.



X International Conference TOPICAL PROBLEMS OF SEMICONDUCTOR PHYSICS | Truskavets | 26-29 June, 2018

1>

ad |1'>

T T
U Ut p

|-t U1t
I

phase transition

T : ~ _ m Fig.1 (y,p') phase
diagrams at T=0
for U>0 (on the
left side) and U'<0
(on the right side).
Solid (dashed) li-
nes correspond to
11> | 1st (2nd) order

The phases, marked on diagrams, correspond to the ground states of the system
and are described by the initial basis in the case of MI phase (the states |0}, |13, |0
and ﬂ} with different numbers of bosons and fermions). In the case of SF phase
these ones are the states |1*}and |1’ } (the eigenstates of diagonalized Hamiltonian
in the presence of the BE-condensate). They describe the SF phases of two types -
with small (§F I1F}) and large (S§F o ) concentrations of fermions.

As one can see from these diagrams, a gradual suppression of SF phase takes
place due to appearing of fermions and growth of their concentration (this occurs
when the chemical potential p increases).

For |to|<|U'"|/2, the SF phase disappear with the further increase of p'; this effect
takes place at p'> |to| for U>0 and at u'> U'+|ty| for U'<0. The difference between
cases I and II consists, however, in the fact that with appearing of fermions in the
first case the condensate with the small boson concentration disappears the first,
while in the second one - vise versa, with the large concentration of bosons.
Besides, phase transition occurs by itself at the increase of p' in the case I from SF

phase |1’} to MI phase |G} (where ny=1, ng=0), while in the case II - from SF
phase |1’} to MI phase |I} (for the last we have ng=1, ng=1). This is manifestation

of effect of B-F repulsion, or, respectively, attraction.
If |U"/2<|to|<|U'"], the situation, in general, remains similar. However, the gap

which divides the regions of two type of condensates in i, g') diagram, does not

exist. Besides of that, in the intermediate region of p' values they co-exist.
Transition between them takes place on the line of the 1st order transitions, which
has the opposite inclination opposite inclination with respect to p and p' axis in the
cases | and II. The different effect of the boson-fermion interaction effect on the
phase transition to the state with BE-condensate in the cases of U0 and U'<0 one
can see from (|t |, ') diagrams presented at fig.2.
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The shape of diagrams strongly depends on values of chemical potentials of
fermions p' and bosons ¢ which are considered to be fixed
The presented figures show that in the region of strong repulsion (U>0) the

: Fy :
superfluid phase &F g always present, transforming at the decrease of parameter

of the boson hopping into the phase |0}, |1} or 16%.

The different behavior is observed in the case of boson-fermion attraction
(U>0). Here, at the increase of attraction only two phases SF '} and |1} remain.
The phase transition between them takes place on the line |tz| = g — U’ and is of

the 2nd order. The MI phase here is formed by the on-site boson-fermion pairs and
in the SF phase the BE-condensate exists at concentrations fig close to the full

filling on the background of filled fermion states. Such phases can exist at any
large attraction when the condition |t,| = p— U’ is fulfilled.

The general shape of the obtained i|tyl, &} diagrams reproduces the measured

in [4] features of the BE condensate appearance at the tuning (with the help of
Feshbach resonance) of the BF interaction constant in a wide range of negative as
well positive values.
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BHECOK YKPATHCHbKUX BUEHUX Y CTAHOBJIEHHA
KATOJAHO-ITPOMEHEBOI ®I3UKHN

Ilenoepoecovkuit Bacunv Anopiiiosuu
00KmMOp PizuKko-mamemamuyHux HAyK, npogecop, npoeiOHUIl HAYKOBUL

cnigpoodimuuk Incmumymy ¢isuku HAH Ykpainu, Kuis,
(schender@iop.kiev.ua, 525-07-77)

The article, based on the research of scientific sources, reveals the little-known
page of the historical development of X-ray in Ukraine after the discovery of X-
rays. The scientific, practical and organizational activities of our compatriots, in
particular, Ivan Puluj, Joseph Kosonogov, and Mykola Pilchikiv, are described in
detail.

Cepen um He HaWBM3HAYHIMMX BIAKPUTTIB XIX CTOMITTS € BIIKPUTTA
HEeBUJIMMUX X-mpoMeHiB. ChOro/iHi 1l TPOMEHI 3100yJM HalIIMpIie BU3HAHHS 1
MOBCIOJIHO 3aCTOCOBYIOTHCA IJIsi KOMIT FOTEpHOI ToMorpadii 1 X-mpomenerpadii,
X-MiKpocKorii, X-CHeKTpocKomii Tomo. Y OyAb-sikoMy (DI3UYHOMY CIOBHUKY YU
SHIIUKJIONE/I11 MOKHA MTPOYMTATH, 1110 X-TIPOMEHI — IIe €JIEKTPOMAarHiTHe HOHI31BHE
MIPOMEHIOBAHHS, SIKE€ MICTHTBCS y CHEKTpaJbHIM CMy31 MK rama- 1 yiabTpa-
($h107€TOBUM MPOMEHIOBAHHSAM y MEXax JOBXUH XBHWIb BiJl 10* 10 10° A (Big 107"
mo 107 cm). Horo mkepenoM e cremiambHa pypka, B SKil PHIIBHIIICH]
CJICKTPUYHUM II0JIEM €JIEKTPOHM OOMOapIyroTh METaJeBUN aHOM, y Pe3yJbTaTl
YOro yTBOPIOIOTHCSA MPOMEHI, 3[JaTHI NMPOTUHATU HENPO30pe TUIO TakK, 110 HUMHU
MO’KHa IPOCBITIIOBATH, HAIIPUKIA/, JIFOJICHKUI OpraHi3M TOIIO.

3a gomnomorow X-mpoOMEHEBOTO OOCTEKEHHS JOCIIHKYIOTh KICTKH deperna
(xpaniorpadis) 1 xpedTa (Bepredporpadist). Y BUMAAKY MyXJIWH MO3KY BTOPHHHI
3MIHHM CTIOCTEPITaroThCA 1 HA TUTACKUX KICTKaxX deperna. | xoua HepBOBa TKaHHWHA €
HEBUJIUMOIO ISl X-TIPOMEHIB, 1€l METOJl 3aJIMIIAETHCS HE3aMIHHUM y BUIAJKY
NiJ03pY Ha TPaBMAaTHYHI YIIKO/KEHHS MO3KYy a00 AesKl 1HIII 3aXBOPIOBAHHSA,
30KpeMa MyXJIMHU MO3KY Ta rinodizy. OCTaHHIMH POKaMU IIKPOKO 3aCTOCOBYIOThH
X-KOHTpacH1 MpernapaTd, fKi BBOASATh BHYTPIIIHBOBEHHO O€3MOCEpPEaHbO TEpe]
O0OCTEKEHHSM JIJ1s1 OB peNIbe(pHOTO 300paKEHHSI OpraHa.

HaiiBaromimmii BHECOK Yy BIAKPUTTS KaTOJHO-TIPOMEHEBOI (Pi3uku 3poOuB
Hall criBBITYM3HUK IBaH [lynrol, caBeTHU BUEHUN: MaTeMaTHK, €ICKTPOTEXHIK,
MaTeMaTHK, aCTPOHOM, TE€OJIOT, €HEproOy/IIBHUK, a TAKOX IeNaror, TpoMaJICbKU
nisty, mpodecop BizeHCHKOTO YHIBEPCUTETY, 3aCHOBHUK TEPIIoi Kadeapu eneKkTpo-
TexHiku B €Bpori, pektop Himenpkoi Bumioi mkonu y [pasi.

barato HaykoBIiB nocmimKyBanu npari Pentrena, Jlenapna, Tecnu, [lymros,
K1 TIPAIfOBalId HAJ IPOOIEMOI0 3’sICYyBaHHS MPUPOJN KAaTOJHUX MPOMEHIB Ta X-
mpoMeHiB. | MOXKHa OJHO3HAYHO CTBEP/KYyBaTh Mpo mpioputer [Bana I[lymios y
0araTboXx acrekTax. 30Kpema, BiH:

a) BIepIle CKOHCTPYIOBAB BIIACHOPYYHO PYPKY (3a 14 poKiB 10 BIAKPUTTS);

0) MOSICHUB MPUPOY BUHUKHEHHS X-IIPOMEHIB;
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B) BCTAHOBUB 3/IaTHICTh X-IPOMEHIB HOHI3YBaTH a3,

I') BHUSBUB I1X MPOCTOPOBHM pPO3MOAUI, TOOTO J€ 1 SIK BOHM BHHHKAIOTH
(paxTrunO Mpupoaa X-MpoMeHiB);

n) Broepue (!) HAroJloCMB Ha BaXJIMBOCTI 3aCTOCYBAHHS X-TIPOMEHIB Yy
MEJUIMHI, 30KkpeMa Briepie 3poouB 18 ciunsa 1896 poky cBitnuny pyku 11-piunoi
JIBYMHKH, a 2 mroToro 1896 poky BIeplie MpOAEMOHCTPYBAaB CBITJIMHY KICTSKa
MEPTBOHAPOHKEHOT TUTHHH.

He3Bakatoun Ha Taki BU3HA4yHI pe3ynbratv IBana Ilymros, HoOGemiBchka
npemisi 3a 1e BIIKpUTTA Oyna npucymxeHa 10 rpyans 1901 poky Koupany
Pentreny 3 ¢popmymoBanusam: «Binbreasmy Konpany PenTreny Ha 3HaK BU3HaHHS
HOro BUAATHUX 3aCIyr, JOBEJCHUX WOr0 BIIKPUTTSAM HPOMEHIB, Kl ChOTOJHI
HOCSTb HOTO 1M’ 51».

[nsx mpoMeHoJIorii, 3a10YaTKOBAaHUN BIIKPUTTAM X-TIPOMIHHS, B YKpaiHi
po1oBxkuB Muxkona JImutrpoBud [TuinpunkiB, Mpo SKOTO MU 3HAEMO JyXKe MaJo.
XPpOHOJIOTIST HOTO JTOCHIIKEHb CBIIUNTH, IO BiH OYB MOMEPEAHUKOM MOIIUPEHHS
X-mipomenodorii B MockBi Ta [lerepOyp3i. BusiBnsieTscs, Baaji eKCIEpUMEHTH 3
X-MpoMEHsIMU, 10 BIAKPUIN HU3KY II€ HE 3HAHUX IXHIX BiacTtuBocted, [Imnbpun-
KiB BUKOHaB yxe 19 ciunsa 1896 poky, konu B Opeci me He OyJI0 TOYHHMX BIJO-
MOCTEH Mpo TomepeaHl MOoBiAOMIICHHS PeHTreHa. Y Ti JHI BiH CKOpPHUCTaBCS
pypkoto KoHCTpyKiii [1ysros, 1m0 nepeKkoHIuBo 3acBiquye 00i3HaHICTh [Iunpuuki-
Ba 3 TIOMEPEeNHIMU AOCTiIaMU HajJ X-TIPOMEHSIMHU CBOTO JAIEKOTO YKpaiHCBKOTO
koseru. Pypka Ilymtosa nana 3mory M. [IuibynkiBy iCTOTHO CKOPOTUTH TPUBAIICTh
ekcnosuiii. «OnHa HeBennka mamuHa Pocca, — nucaB IIMIBYMKIB, — 3 OJHIEIO
takolo pypkoro (Ilymros) 3amiHIOE KOTYWIKY 31 3BHYaiiHOIO pypkoro Kpykca.
BukopucToByoun KOTYILIKY, OMICIs MpUCTpiit Teciu, MU JOCATaeEMO 3MEHIIECHHS
TPUBAJIOCTI €KCIO3MIIIT 10 KUIBKOX XBHJIMH, a 3r00M — 710 30 CeKyHI».

3a KiJbKa JIHIB, 3aMIHUBIIM eekTpomaminHy Pocca Ha MamuHy Bincxepra,
[MunpYMKiIB 3BIB TPUBAIICTh €KCIO3UIIIT 10 TBOX CEKYHI. Y Ti CiuyHEBi JAHI TO OyIa
HAaWKOPOTINIA €KCIO3UINS y CBITI. JIOCHIAHUKK K, SKI KOPUCTYBAJIHUCS pypKaMu
Kpyxkca y IletepOyp3i, ofepKyBaji CBITJIMHHU 3 €KCIIO3MIIEI0 OMM3bKO TPUILATH
XBUJIMH.

Hanpukinmi ciyns [TunpunkiB ynockonanus pypky Ilynrosi, 3acTocyBaBIIu
yBiIrHyTUM aHTukaroj. Llei mpwnan 1 3100yB Ha3By «dokyc-pypka IlmibunkiBay.
[TyOmiyHi nekiii BueHOro Ha moyaTtky 1896 poky mns mpodecopiB, BUKIAIayiB
riMHa3ii, 1HXXEHepiB, MOPCHKUX OQIlEpiB, CTYIEHTIB 1 TIMHA3UCTIB MPO Ka3KOBI
BJIACTMBOCTI HEBUIUMHUX X-IPOMEHIB 3100yiu [IMnpuMKiBYy MIMPOKY MOMYJsip-
HICTh B YKpaiHi. AJke oro BiacH1 excriepuMeHTd B Oneci Oynu pe3yibTaTHB-
Himn, HK y TletepOyp3i Ta MockBi. BoHu mokazany MOMXJIHBICTH 3aCTOCYBaHHS
X-IIpOMIHHS AJIs1 A1arHOCTUKH 3aXBOPIOBAHb.

1883 poxy ITunbuukis mouas gociigxkyBati Kypcbky MarHiTHy aHoMaliio 1
OJTHUM 3 MEpIINX 3aKJIaB OCHOBU TEOpPii aHOMaJlli reoMarHeTu3My, oOIpyHTyBaB
HASBHICTh TOKJIQIIB 3aJI13HOI py/H, BIAKPUB HOB1 AUIAHKU aHomatii Outst [Ipoxo-
poBku Ta Map’inoi. CaMe 3a 1€ AOCHIIKEHHS MOro HaropoJKeHO MEAALIIo
Pociiicekoro reorpagiuynoro toBapucTta. 1893 poky BueHuil nepeixaB 10 HoBo-
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yIepie BiIKPUB MOKJIUBICTh €JEKTPOHHOI (oTorpadii, BUHANIIIOB MPOTEKTOD,
KU 3axXUuIaB mpwiaan — tenedonu, Masku, cemadopu, rapMaT, MiHH — B Jii
Ha HUX EJNEKTPUYHHX XBWJIb CTOPOHHBOIO MOXO/KEeHHS. 1902 poky ouonuB
kadeapy ¢i3uku B XapKiBCbKOMY TEXHOJIOTIYHOMY IHCTUTYTI.

Mukona [IuipyukiB — BUHAXiIHUK IMOHAJ 25 OpUTIHAIBHUX NPHUIIAIIB Ta
YCTaHOBOK, KOHCTPYKTOP AU(DEPEHIIIITHOTO apeoMeTpa, TepMocTara, ceiicmorpada,
pedpakTomMeTpa, MOIeIl PaIiOKEPOBAHOTO MPOTUMIHHOTO 3aXUCTY KOpaOJIiB.

12 motoro 1908 poky BueHoro obOpanu aAiiicHuM uieHoM Pociiicbkoro
(b13MKO-XIMIYHOT'O TOBAPUCTBA.

19 tpaBusa 1908 poxy Mukoiny IluinpunkiBa 3HaieHO MEPTBUM, OOCTaBUHU
Horo cmepTi Tak 1 He 0yJo 3’ ACOBaHO.

SckpaBa, X04 1 MaJIOBiIoMa CTOpIHKA 1CTOPii PO3BUTKY X-IPOMEHOJIOTIT —
1l HAyKOBUMW, TEXHIYHHUM, OpraHi3aliifHUi Ta MPaKTUYHUNA JTIOPOOOK € OJIHOTO
HAIIOTro criBBiTum3nmKa 3 Kuea — Mocuma Mocumnosmaa Kocornorosa, mpodecopa
KuiBcbKoro yHiBepcUTeTy.

HaponuBest  ykpaiHChbkui  (hi3UK-€KCTIEPUMEHTATOP Mocun  KocoHoros
12 xBiTH 1866 poky. Came HMocun KocoHOroB cTOSB il IKepea CTBOPEHHS
VYkpaincbkoi AkajneMii HayK, OyB OpraHizaTOpoM HU3KHM HAyKOBUX TOBAPUCTB Y
KueBi. KocoHoroB — yuenp 1 cniBpoOiTHHUK Muxaiina ABeHapiroca, OJHOIO 3
TBOPIIiB Tepioi $izmunoi mromy B Yipaini. IToran 20 pokis Mocun Koconoros
ouotoBaB kKadenapy reorpadii yHiBepcurery, a Bif 1885 poky — KuiBcbky MeTeo-
poJioriuny obcepBartopito. Hanucap nocionuk «KoHcmekrt nekiiit 3 arMocdepHoi
CIIEKTPUKUA 1 3€MHOTO MarHeTU3My», SIKHWA TpUBaJIWi 9ac OyB €IMHHUM TMiApydY-
HUKOM 3 1ux ramy3eid 3HaHb. Came KocoHoroB oOrpyHTyBaB Ha 3acijaHHI
migkomicii Jis  opradizamii  (i3UKo-MaTEeMaTUYHOTO BIAALUTY Akajaemii Hayk
noTpedy cTBOpeHHs (hI3UIHOTO IHCTUTYTY, HOTO TOJIOBHI HAIIPSIMU.

[Ipotre BHecok KocoHoroBa y cTaHOBJIEHHS X-TIPOMEHOJIOTIi € BaroMHM.
3a3HaunMo, 10 10 mouatky BiHM 1914 poky y mapcekiit Pocii HamiuyBanocs
146 peHTreHOBUX amapartiB 3aKOpIoHHOTO BUpoOHuUITBa, 1900 poky B KuiBchkoMy
BIMICBKOBOMY IITUTAMI1 3’ IBUBCS NIEPILINI PEHTIEHIB anapar.

Bixe 5 Bepecns 1914 poky KuiBCbKa IHTEJITEHIIISI IEPEBAYKHO 3 BUKJIAAUiB
XiMii Ta (PI3UKH BHUCOKHMX Ta CEPEIHIX HABYAJIBHHUX 3aKJAIB YTBOPIOE KOMICIIO
joroMorn TopaneHnM. Ougonmue Kowmicito mpogecop M. Kocoworos. Kowmicis
HIBUKO 3/100yJIa MOMyJISIPHICTH 1 Yepe3 KuibKa MicsliB HaniuyBana noHaa 80 ociO.
Ho cknagy kowmicii yBiMnuid Bci uieHH DI3UKO-MAaTEeMaTHYHOTO TOBAPUCTBA
KuiBChKOT0 YHIBEpCUTETY, 110 MPAIOBAIN B Taily31 (Di3UKH.

3 no3Boisty nomneuntenss KUiBChbKOro HaBYaJIbHOTO OKPYTY KOMICIT Hajaimu y
TUMYacOBE KOPUCTYBaHHSA ISl 00JIaJHAHHSI PEHTICHOBUX KAOIHETIB MpUIaTHE IS
1boro oOjagHaHHA 3 (I3UYHUX KaOIHETIB CEpe/HIX 1 BHCOKHMX HaBYAJbHHUX
3akyaniB KueBa. 3aBasku 1IbOMy KOMICis OTpUMaja 3MOTy 00JaHaTH 7 PEHTIECHO-
BUX KaOIHETIB 1 MATOTYBAaTH 00JIaTHAHHS Yy TPHOX IIMUATAJIAX.

3a nBa mepmux poku Komicis obnmagHana y Kuesi 17 peHTreHOBHX cTallio-
HapHUX KaOlHETIB, 1O OOCIYroByBaldW MIMNUTAIbHY Mepexy 3 12000 mixok, 1
nposena 61u3bko 3000 oOcrexeHb. Y miJ BIIOMCTBI KOMicii mepeOyBajna peHTre-
HOBa Mepexxa YepHnirosa 1 JKmepunku. byno ctBopeHo nmaboparopito i MaiicTepHi |205
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PEMOHTY PYPOK. AJ’K€ BOHU BHUPOOJISIIMCS 3a KOPAOHOM, KOIITYBajH OpPOTo, a
JUXOJITTS BIWHUA CTBOPIOBAJIO TMEPENIKOAM M0 iX mpuabaHHsa. byna ckoHCTpyiio-
BaHa OpUTIHAJIbHA MOJIETh PYPKH, IO OJepKajia Ha3By «koiyeris». 3 1915 poky
MoYyaJi0 BUXOJUTH TMEpioJIuuHE BUJAHHS «BigoMocTi KHIBCBKOi PEHTICHOBOI
KOMICIi». 3a JIBa 3 MOJOBUHOIK POKH BUUILIO 15 HOMEpIB.

V kinmi 1916 poky 3 imimjatmeum mpodecopa M. M. Kocoworosa 6yio
MOCTABJICHO NMHUTAHHS PO OPraHi3allilo Ta BIAKPUTTS KypCiB 1 IIKUT AJS IiJrO-
TOBKH CHEIIATICTIB 3 PEHTICHOJIOT1I Ha 0a3l Meau4Horo ¢akyiabTeTy KuiBchbkoro
YHIBEPCUTETY.

Ipodecop M. KocoHOroB po3po6uB IporpaMy KypciB peHTICHOTEXHIKH, IO
Maja (pi3uko-TexHiyHe crpsiMyBaHHs. [li3HimIe, yke micis JiKBIAaIii AisUTbHOCTI
KoMicii, 11 wienamu y 1919-1920 pokax cTBOPIOEThCS KUIBChKa MIChKa PEHTICHOBA
nornomora. KuiB nepeTBOpIOEThCS HAa CBOEPIAHUM TEXHIYHUN LEHTp, A€ OyJo
HaJaroJ)keHO PEMOHT PEHTICHOBHUX PYPOK Ta 1HCprMeHTap1IO 1 BUPOOHUIITBO
HOBUX BUPOOIB: MiICUIILHUX €KPaHiB, JO3UMETPIB Ta iH.
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"KUTTEBUU TA TBOPUYUM LIJIAX
AOKTOpa Pi3MKO-MaTeMaTUYHUX HAYK, Npodecopa

bonuyka Bacust IBaHoBUYa
(03.06.1953 - 04.06.2018)

Bacuib bonyyk HapoauBca 3 4yepB-
Ha 1953 poky y c. luninngi CHATUHCE-
KOro paloHy Ha IBaHo-®paHKiBIIMHI B
cesJiIHCbKIA poguHi. ¥ 1970 poui 3a-
KiHYMB i3 30JI0TOI0 MeAAJIJII0 CepeiHI0
mkoJy. 3 1970 no 1975 poku HaBYaBCH
B YepHiBenbKOMy [ep>XKaBHOMY YHI-
BepcuTeTi iM. 0. PenpbkoBUYa, SAKUHN
TaKO>X 3aKiHYMB i3 Big3Hakoro. 3 1975
no 1978 pik HaB4YaBcA B aclipaHTypi
Ha Kadepi TeopeTUYHOI Qi3UKH L[bOTO
K yHiBepcuTeTy; 3 1978 poky 1o Jito-
T 1980 poky mpanoBaB MOJIOLLIUM
HayKOBUM CHiBPOOGITHMKOM HayKOBOI
YAaCTUHU yHIBepcUTeTy. 3 JIIOTOrO
1980 poky po3mnoyaB CBOK HayKOBO-
nejaroriyHy JisyibHicTh B /[poroou-
[IbKOMY Jilep>KaBHOMy IeJlaroriuHoMy yHiBepcuTeTi iM. . @paHka Ha nmocazax: BU-
KJaJay, CTaplIuK BUKJIAAAyY, OLEeHT, mpodecop, 3aBiyBay kadeapy TeOpETUYHOI
$i3UKHY, IUPEKTOP HAaBYaJbHO-HAYKOBOTO IHCTUTYTY Qi3UKH, MaTEMAaTUKH, EKOHO-
MiKM Ta iHHOBAl[iMHUX TEXHOJIOTiH, rojioBa KOHepeHLil TPyJ0BOr0 KOJIEKTHUBY
yHiBepcuTeTy. ¥ 1980 poui 3aXUCTUB KaHAUJATCHKY AUcepTaLito «EKCUTOHHI cTa-
HU B TOHKHUX HaNiBNPOBIAHUKOBUX IJIiBKax». Y 1995 poui - 10KTOpPCbKY AucepTa-
1ito «Teopiss B3aemMo/1ii KBa3iYaCTUHOK B 0OMEXEHHUX KPUCTAJNIYHUX CUCTEMax». ¥
2000 poui bounuyk B.I. HaropomKeHu BiiI3HAKOW «BigMiHHUK OCBITH YKpaiHU».
BueHnorw pagoro AAIY y 2010 poui Bacuiato BoliuyKy NpucBO€EHO mo4YecHe 3BaHHA
«3acnykeHuil npodecop /JporobMUbKOro MefaroriyHoro yHiBepcuTteTy». Y
2011 poui Haropomxenui I[loyecHoro ['pamoToro o6JiacHOI Jep:kaJMiHicTpauii.
Boiuyk B.1. 6yB /leneraTom Il BceykpaiHcbkoro 3’'iay npaniBHUKIB 0CBITH YKpaiHy,
akazeMikoM AkazeMil Buinoi mkosin YKpaisu.

HaykoBi inTepecu npodecopa boruyka B.1. 3aBxau 6yiu nos’sisani 3 ¢pisMyHUMU
JIOCJIiPKEHHSIMU eJIEKTPOHHUX, AipKOBUX, GOHOHHUX, MOJIIPOHHUX Ta EKCUTOHHUX
CTaHIB y HAMIBIPOBiJHUKOBUX HAHOT€TEPOCTPYKTYpPaxX Pi3HOI BUMIPHOCTI — HAHOII-
JIiBKax, KBaHTOBUX JpOTaX, HAHOKPUCTaJaX Ta Ha/iIpaTKax Ha ixHiil ocHOBI. [Ipode-
cop boiuyk B.I. cTBOpUB Ta 040J/1IMB HAayKOBY LIKOJy «Teopis eJleKTpOHHHUX, MOJI-
POHHUX Ta EKCUTOHHHUX CTAHIB Y HAHOreTePOCTPYKTYpaxX HANIBIPOBIAHUKIB Ta Jle-
JIEKTPHUKIB». 3a 4ac po6oTu y /[lporobunpbKkoMy Aep>kKaBHOMY IeJaroriyHOMYy YHi-
BepcuTeTi mij KepiBHULTBOM Boiuyka B.l. BUKOHaHO 6i/11 IBOX JleCATKIB rocnzo-
rOBipHUX JI0CIi/PKeHb, HAYKOBUX POOIT i 3aMoBJieHb /Jlep:kaBHOTO QOHAY PyHAaMe-
HTaJIbHUX JA0CAi»KeHb Ta MiHicTepcTBa OCBiTH i Hayku YKpaiHu 3 yHAaMeHTallb-
HUX Ta npukaagHux teM. Jlume 3 2001 poky no 2017 pik BiH KepyBaB JAeB’siTbMa
HayKOBO-JIOCJHiIJHULIbKUMU po60oTaMu Ha 3arayibHy cymy 1.140.000 rpH. 3 2018 p.




no 2020 p. mig kepiBHULTBOM B.l. bolyyka 3amyjiaHOBaHO BUKOHAaHHSI HAayKOBO-
focaigHoi po6oTu «OnTuMisalliss yMoB iMMo006ii3allii cerMeHTiB Ha HAaHOYaCTUHKAX
y MOJIIMEPHUX MaTPULAX JJI IOKpALeHHA olepaliiHUX apaMeTpiB JlaKTaT-ceJie-
KTUBHHUX 6ioceHcopiB» (N2/IP:018U000297, o6¢car ¢pinaHcyBaHHA - 2.693.100 rpH.).
[lig ioro kepiBHUITBOM 3axulleHO JBi JokTopchKi (ToBcTiok K.K., BinnHucbkuii 1.B.)
Ta JleciTh KaHAWAATCbKUX AucepTauiil. HaykoBi aiTu npodecopa boituyka npojo-
BXYIOTb CBOI JOCJi/P)KEHHS He Jivile y /lporo6uinbKomMy neAaroriyHoMy yHiBepcH-
TeTi, a 1 y HanjionanbHOMy yHiBepcuTeTi «JIbBiBCbKa noJiiTexHika», y JIbBiBCbKOMY
Ta YepHiBellbKOMy HalliOHaJbHUX yHiBepcuTeTax. Bacuib Boluyk € aBTOpOoM 6i-
Jblie 270 HaykoBUX npalb. Cepen HUX 123 cTaTTi y eHTPAJIbHUX BITYU3HAHUX Ta
3apyOiXKHUX KypHaJlaX, L0 iHAEKCYyITbCS B Mi>KHAapOJHUX HAYKOBO-METPHUYHUX Oa-
3ax. € aBTOpoM 12 HaBYaJIbHUX NOCIOHUKIB /151 CTY/I€HTIB yHIBEpPCUTETIB.

Boiuyk B.I. 6yB He sivIlle BiJoOMUM BUYeHHUM-(}Pi3UKOM, a U OpraHisaTOpoM Ta akK-
TUBHUM yYaCHUKOM Pi3HUX HAYKOBHUX 3axoJiB. Bin 6yB noctiiitHuM ['osoBow Opr-
KoMiTeTy MixkHapoaHOI KoHpepeHIii «AKTya/ibHiI Tpo6sieMU Qi3MKK HaAMiBIPOBiA-
HUKIB», AKa KOXHI 2-3 poky, noyuHarw4u 3 1997 poky, nposoautsca HAH Ykpaiuy,
MiHicTepcTBOM OCBITM i HaykKd YKpaiHM Ha 6a3si J|poro6uUIbKOro nejaroriyHoro
yHiBepcuTeTy. ¥ 4epBHi 2018 poky BifOy/ZieTbCcs Bxke JAecATa Taka KOH(epeHLis.
3acHoBaHa npodecopoM boituykom B.I HaykoBa 1mikoJsa 3 KoJia CHiBpOOITHUKIB, J10-
KTOPAHTIB, acnipaHTiB, MariCTpaHTIiB i CTyJeHTiB A06pe BiloMa CBOIMU MpausMHU
cepe/, HAYKOBHUX CHIJIBHOT YKpaiHU Ta 3apyoixcks. YcnilHo npaijoe 3ano4yaTKoBa-
HUM HUM LIOTU>KHEBUM HayKOBUM ceMiHap «Pi3vkKa reTepocucTeM pi3HOI BUMipHO-
cTi». BiH 3aCHOBHHUK i TOJIOBHHUH peAaKTOP HAyKOBOIO XypHaJly «AKTyaJibHi IpoO-
6/1eMu Qi3WKHM, MaTeMaTUKU Ta iIHPOPMATUKKU».

[Ipodecop Bacunb boluyk - dneH cekuii ¢pisvukyu 3axilHOTO HAYKOBOTO LIEHTPY
HAH Ykpainuy, ysnen CrenjanizoBaHux BueHuxX paj, i3 3aXUCTy KaHAUAATCbKUX i Jj0-
KTOPCbKUX AxcepTaliil y YepHiBellbKOMY HallioHaJbHOMY yHiBepcuTeTi iM. 10. e-
JiIbKOBU4YaA Ta y JIbBIBCbKOMY HallioHa/IbHOMY YHiBepcuTeTi iM. . @panka. B HaBua-
JIbHO-HayKOBOMY IHCTUTYTI, IKUM KepyBaB npod. boruyk B.I., ninen3oBano acnipa-
HTYpy 3i cneniasibHOCTel: ¢pizrKka HaNmiBOPOBIAHUKIB Ta JjieJIeKTPUKIB; MaTeMaTH-
YHUM aHaJi3; NpUKJIaJHa pi3vKa Ta HaHOMATepia/lu; EKOHOMiKa; MaTeMaTU4Hi Me-
TOAW, MozeJi Ta iHdopMaliiiHi TexHoJsiorii B ekOHOMilli; nmpodeciiiHa ocBiTa (3a
CHeliaJIbHOCTSIMU), @ TaKOX JileH30BaHo 11 cneniasbHOCTEN pyroro (Maricrep-
CbKOT0) piBHSI BUIIOI OCBITH.

[Ipodecop boruyk B.l. B Halliii naM’ATi 3aJMILIUTHCA SIK BiJlOMUMA BYEeHUH, Helle-
peciuHa 0COOGUCTICThb, Pi3HOOIYHO OCBiYeHaA JIIJWHA, BUKJaJa4y HalBUIOl KBalidi-
Kallii, TaJJaHOBUTHM NeJaror, BHECOK SIKOT0 y MiIrOTOBKY $axiBIliB y rajysi oCBiTH i
HAayKH{ BaXKKO IEePEOLiHUTHU.
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