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Surface of objects can have various character of
a roughness (fig. 1). The roughness, as a rule, is for-
med as a result of external mechanical (or another)
impacts on object, for example, polishing.  The sur-
face with the determined roughness turns out by im-
pact on object of the determined process.  For
example, diffraction gratings possess such surface.
The surface with a stochastic roughness is formed
at action on object of several processes some of
which are determined, and others are casual. The
surface with a chaotic roughness turns out at impact
on object of chaotic process, for example, a polis-
hing by a sand stream. In many cases it is possible

to present a roughness of surfaces of the first two
types as a combination of several diffraction gratings
with various options of their relative positioning
(fig. 2).

The simplest case – one diffraction grating use.
At approximation by several gratings there are
options of their relative positions, there is need to
enter concept of conjugation of gratings. Conjugation
defines mechanical ways of their imposing at each
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Classification of surfaces as roughness is carried out. The roughness can have the determined, sto-
chastic or chaotic character, depending on a method of their forming. In the work the problem of fin-
ding of normal vector to a surface and coordinates of a point of lighting by a laser beam for the case
of approximation of a roughness by a flat reflective diffraction grating is solved.
Keywords: surface, roughness, diffraction grating, coherent radiation.

ИСПОЛЬЗОВАНИЕ ДЕТЕРМИНИРОВАННЫХ СВОЙСТВ ШЕРОХОВАТОСТИ
ПОВЕРХНОСТИ В ИЗМЕРЕНИИ ГЕОМЕТРИЧЕСКОЙ ФОРМЫ ОБЪЕКТА

М.И. Дзюбенко, С.Н. Колпаков, И.В. Попов, А.А. Приёмко
Проведена классификация поверхностей по типу шероховатостей. Шероховатость в зависимости
от метода возникновения может иметь детерминированный, стохастический или хаотический
характер. В работе решена задача нахождения вектора нормали к поверхности и координаты
точки освещения лучом лазера для случая аппроксимации шероховатости плоской отража-
тельной дифракционной решёткой.
Ключевые слова: поверхность, шероховатость, дифракционная решетка, когерентное
излучение.

ВИКОРИСТАННЯ ДЕТЕРМІНОВАНИХ ВЛАСТИВОСТЕЙ ШОРСТКОСТІ
ПОВЕРХНІ У ВИМІРІ ГЕОМЕТРИЧНОЇ ФОРМИ ОБ’ЄКТУ
М.І. Дзюбенко, С.Н. Колпаков, І.В. Попов, А.А. Приемко

Проведена класифікація поверхонь за типом шорсткостей. Шорсткість залежно від методу ви-
никнення може мати детермінований, стохастичний або хаотичний  характер. У роботі виріше-
но завдання знаходження вектора нормалі до поверхні і координати точки освітлення променем
лазера для випадку апроксимації шорсткості плоскими відбивними дифракційними гратками.
Ключові слова: поверхня, шорсткість, дифракційні грати, когерентне випромінювання.

Fig. 1. Object surfaces classification.

Fig. 2. The approximation of the roughness of polished
surfaces by gratings.
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other. So, the diffraction pattern, received at in-
teraction of coherent radiation with similar surfaces,
represents quite determined structure (fig. 3) [1].

Diffraction maxima from each of gratings form a
diffraction curve.  The quantity of diffraction curves
in a diffraction pattern corresponds to the quantity
of the diffraction gratings which have taken part in
formation of a roughness of this surface. The
considered model of roughness gives the grounds
to apply the diffraction methods based on approach
of Fresnel-Kirchhoff [2, 3]. For the solution of a
number of tasks, as well, the geometrical theory of
diffraction is used [4].

The result of diffraction depends on a ratio of
the spatial sizes of a beam and object. When a
diameter of a beam is much smaller then the spatial
extent of object, the result of section of a beam and
a surface represents the tangent plane to this surface.
In this case the object surface unambiguously is
defined by a set of the tangent planes in each point
of a surface. For this case the primary measuring
information in the analysis of a geometrical form are

parameters of a normal to a surface in a point of
lighting and coordinate of this point.

In this work the theoretical and experimental
research of the diffraction picture, received as a result
of interaction of coherent radiation with a surface,
was made for the purpose of measurement of
parameters of a normal and coordinates of a point
of lighting.

Two options of the achievement of objective point
are possible. The first: the diffraction picture in the
aperture plane of the receiver is analyzed. In this
case the contradiction between the sizes of the
receiver and the picture demands permission. The
second option assumes formation of a diffraction
picture on the coordinate screen. In this work the
second case, as more interesting from the practical
point of view, is considered.

Let’s consider diffraction of coherent radiation
on one-dimensional reflecting grating for inclined
falling of a beam. Thus, the beam is focused arbitrarily
in relation to strokes of a grating (fig. 4). The flat
wave, which direction of distribution is defined by
corners θ and ϕ, falls on a grating. The angular
spectrum of diffracted light is described by the
following expression [5]:

( ) 2

1, ( , ,0)exp[ ( )]
(2 )x y x yF k k u x y i k x k y dxdy

∞

−∞

= − +
π ∫ ∫ .

(1)
There  u(x, y, 0) – an intensity of electric field in

a point (x, y, 0);
kx = k⋅cosθ, ky = k⋅cosϕ,  k = 2⋅π/λ;

 λ −  wave length of the used radiation.
The angular range of a falling flat wave looks like:

F1(kx, ky) = δ(kx)⋅δ(kx).               (2)

The angular spectrum of a field after diffraction
on a grating is equal to convolution of an angular
spectrum of a falling wave F1 and function of
reflection amplitude coefficient of a grating Φ(x) [5]:

( ) ( )1( , ) , ,x y x yF k k F k k d d
∞

−∞

= ξ η Φ − ξ − η ξ η∫ ∫ .

                                         (3)
For infinite uniform periodic structure the range

of coefficient of reflection is:

( ) ( ) 2,
n

x y n y x
n

nk k a k k
d

=∞

=−∞

π⋅ Φ = δ δ − 
 

∑ ,      (4)

where n – a number of a diffraction order;  d  –  a

a)

b)

Fig. 3. Diffraction patterns received from surfaces after
mechanical machining. a) – one polishing direction,
b) – polishing was made in two directions.
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grating period;  аn – coefficient of  Fourier   num-
ber of amplitude coefficient of reflection of a grating:

( )
2

2

1 2exp
d

n
d

n xa R x i dx
d d−

π⋅ ⋅ = −  
∫ .

R(x) – is defined by concrete model of diffraction
structure of a surface and the direction of beam falling
on it. Substituting (2) and (4) in (3) and carrying out
integration, we will receive an angular spectrum of a
field after diffraction on a grating [6]:

( ) ( )2, cos cos cosx y n y x
n

nF k k a k k k k
d

∞

=−∞

 π⋅ � �= δ − ϕ− − θ � �
 � �

∑ .
From the last expression we define directing

cosines of diffraction orders:
cosθn = cosθ, cosϕn = cosϕ − nλ/d,

2
2cos sin cosn

n
d
λ η = θ − ϕ − 

 
.       (5)

Apparently from (5), next ratio is true for any
orders: there kn – a single vector of n − order of
diffraction in the direction of distribution, i(1, 0, 0)
–  ort in the direction of the OX axis (fig. 4).

Thus, at normal falling of a beam on a surface the
diffraction maxima lie on a straight line. In this case
formation of diffraction orders is described by
classical laws of diffraction of a beam on a grating
[7, 8]. At diffraction of randomly focused beam all
diffraction orders lie on a surface of the circular angle,
which axis coincides with the OX axis, and the
corner at top is equal 2⋅β (fig. 5). It was confirmed
completely by experimental check [9].

Section of a similar surface by the plane of the
screen leads to that diffraction orders on the plane

of the receiver form diffraction maxima as the curve
of the second order (fig. 6).

The third formula in (5) defines the quantity of
diffraction orders at a beam assumed position
concerning grating strokes. Recognizing that a
radicand shouldn’t be negative, the maximum number
of diffraction orders is defined by the following
expression:

( )sinθ cosdN = +
λ

ϕ .

The system of coordinates, in which it is necessary
to define the position of a normal to a surface and
coordinates of a point of lighting, is formed by the
plane of the screen, on which the diffraction pattern
is formed, and a perpendicular to it. The position of
a beam in this system of coordinates is described
by the straight line equation:

Fig. 4. Diffraction on a grating. Fig. 5.  Surface, formed by diffraction orders.

Fig. 6.  Diffraction maxima at arbitrary falling of a beam on
a grating.
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b b b

xb yb zb

x x y y z z
u u u
− − −= = ,

there xb, yb, zb – coordinates of a point of the falling
of a beam on the screen; uxb, uyb, uzb – directing
cosines of the straight line, containing a beam.

The perpendicular to the screen forms an axis X,
the beginning of coordinate lies on the screen.
Therefore  xb = 0. Directing cosines of diffraction
orders (5) are found in the system of coordinates
formed by a diffraction grating. The analysis of a
diffraction pattern is kept in system of coordinates
formed by the screen. The equations of the plane,
that is tangent to a surface, also are in this coordinate
system. Therefore for the processing of a diffraction
pattern it is necessary to find coordinates of directing
vectors of diffraction orders in screen system of
coordinates.

The solution of this task assumes the definition
of a matrix of transition from one system of co-
ordinates to another. Thus, some properties of the
diffraction curves should be noted, allowing connect
coordinates of diffraction maxima on the screen with
coordinates of a point of lighting and parameters of
the tangent plane to a surface. As it was already
noted, diffraction orders form a circular conic surface
in space. As a result of a section of this surface by a
flat screen diffraction curves represent second order
curves. In this task the spatial position of a beam
was set so that diffraction curves have ellipse forms.
Cases of a parabola, hyperbole and straight line are
almost unrealizable. The parabolic form turns out in
case of a screen arrangement strictly parallel to a
forming conic surface, hyperbolic – strictly parallel
to a cone axis, the straight line turns out only when
the projection of an incident beam to a grating is
parallel to its strokes.

For transformation of coordinates of directing
vectors of diffraction orders the oblique-angled
system of coordinates formed by the screen and a
beam of the laser was interpolated. At first coor-
dinates were transformed from the system of coor-
dinates connected with a grating in system of coor-
dinates, connected with a beam, and then from this
system of coordinates to system of coordinates for-
med by the screen. Such two-level approaching
allowed us considerably reduce time of computing
procedures.

The matrix of transition Tb0 from the oblique-
angled system of coordinates, formed by a beam
and the screen, in rectangular system, formed by
the screen and a perpendicular to it, is:

0

cos cos cos
0 1 0
0 0 1

x y z
bT

δ δ δ 
=  
  

.

There δx, δy, δz − the angles between a falling
beam and axes of rectangular system of coordinates.

The following step is calculation of a matrix of
transition T from system of coordinates of a grating
in system of coordinates of a beam. For this purpose
it is necessary to find the equation of the straight line
containing diameter of an ellipse on the screen. The
ellipse, as a second order curve, unambiguously is
defined by coordinates of five points. The beam is
generator of conic surface. Therefore its point of
intersection with the screen lies on a considered
ellipse. Thus, for a complete definition of an ellipse
it is necessary to measure coordinates of four maxima
on a diffraction curve. The equation of the ellipse
passing through five points with coordinates (y1, z1),
(y2, z2), (y3, z3), (y4, z4), (y5, z5) looks like [10]:

2 2

2 2
1 1 1 1 1 1
2 2
2 2 2 2 2 2
2 2
3 3 3 3 3 3
2 2
4 4 4 4 4 4
2 2
5 5 5 5 5 5

1
1
1 01
1
1

y yz z y z
y y z z y z
y y z z y z
y y z z y z
y y z z y z
y y z z y z

=

Calculation of determinant of this matrix gives
the ellipse equation.

 There A, B, C, D, E – equation coefficients.
Passing simple, but quite bulky mathematical calcu-
lations, we will write down a matrix of transition T
from rectangular system of coordinates of a grating
to the oblique-angled system of coordinates formed
by a beam and the plane of the screen, consisting of
directing cosines of the axes, that form system of
coordinates, connected with a grating, in the system
of coordinates, connected with a beam:

xx xy xz

gb yx yy yz

zx zy zz

u u u
T u u u

u u u

 
 =
 
 

.

To find coordinates of directing vectors of
diffraction orders in the system of coordinates,
formed by the plane of the screen and a
perpendicular to it, the following equation must be
solved

1
0

t
b gb gX T Т X−  = ⋅  .              (6)

There X(ux, uy, uz) – a required directing vector;
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Хр(uxg, uyg, uzg) – a directing vector of diffraction
orders in system of grating coordinates, it is defined
by expressions (5).

Angles θ and ϕ, which define the position of a
normal to a surface in a lighting point, are in the
equation (6). Knowing coordinates (yn, zn) of n-th
diffraction maximum on the screen, it is possible to
write down the equation of n-th diffraction order

( ) ( ) ( ), , , , , ,
n n

x y y

y y z zx
u n u n u n

− −= =
ϕ θ ϕ θ ϕ θ .   (7)

The point of illumination of a surface with coor-
dinates (xb, yb, zb) belongs to a straight line (7),
therefore the following equalities have to be carried
out

( ) ( ) ( ), , , , , ,
b b n b n

x y y

x y y z z
u n u n u n

− −= =
ϕ θ ϕ θ ϕ θ .  (8)

From expression (8) it follows that coordinates
of three diffraction maxima completely define the
equation of the plane tangent to a surface in a lighting
point, and coordinates of this point. I.e. the system
decision

there n, m, h – the numbers of diffraction maxima,
allows to calculate (xb, yb, zb) and ϕ, θ – angles.

Substituting the found values of  θ and ϕ angles
in the equation (6) we find coordinates (uxk, uyk, uzk)
of directing vector of a normal to the tangent plane.
The required equation of the tangent plane is.

 Thus, the measured coordinates of three diffrac-
tion maxima in a diffraction pattern allow calculate
the coordinates of laser lighting point on a surface
and directing cosines of a vector of a normal to a
surface in a lighting point.

The roughness of a surface is approximated by a
reflective diffraction grating.  As model the reflective
diffraction grating with the period of 5 microns was

used.  Ne-Ne LG-208 laser forms a beam with a
diameter of 1.5 mm and divergence 1.2 mrad.  Wave
length of the laser radiation is 0.6328 microns.  The
screen represents diffusely reflecting plane, with the
coordinate grid put on it. In the experiment the graph
paper pasted on glass was used. The screen size is
350 to 280 mm.

The laser beam incidence was normal to the
screen. It allowed create in space three-dimensional
system of coordinates in which all measurements
have been carried out. The point of a beam inciden-
ce on the screen corresponded to the origin of co-
ordinates (fig. 7).

The diffraction grating was located on a small
rotary table perpendicular to the XOY plane. The
angle г was fixed by means of indication of a small
rotary table. It allowed install a grating with exact
knowledge of its spatial parameters. At this relative
positioning of a beam and the screen the attitude of
a point of lighting is defined completely by distance
l from the origin of coordinates to it. Thus, the point
of lighting has coordinates (l, 0, 0).

The true attitude of the grating plane is defined
by the equation.

True coordinates of a point of illumination on a
grating surface B(141.5, 0, 0).

As a result of diffraction the diffraction curve is
formed on the screen. The measured coordinates
of diffraction maxima are specified in tab. 1.

On the basis of these points coordinates and a
point of intersection of a beam with the screen the
equation of the ellipse approximating a diffraction
curve (fig.8) was received
−0.444y2+ 0.018yz−0.623z2+ 93.32y−2.236z = 0.

The algorithm of restoration of the equation of
the plane is based on theoretical conclusions pro-
duced above.
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Fig. 7. Scheme of experiment.

Table 1
Y,  mm 144.5 203.7 210 142.5
Z,  mm 82.5 31.5 0 –82.5

USE OF THE DETERMINED PROPERTIES OF A ROUGHNESS OF A SURFACE IN MEASUREMENT OF A GEOMETRICAL FORM OF OBJECT
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As a result the following equation of the plane of
a grating (fig. 9) has turned out. The values of the
measured coordinates of a point of lighting are
(139.2, 0, 0). So, the relative error of measurement
of coordinates was 1,6%. For the estimation of an
error of the restored plane position next corners
were calculated:

− between the true position of the plane and
measured one − 0.36, 0;

− between the restored plane and the plane of
coordinates XOY (the true plane is perpendicular
to XOY plane) – 90.29, 0.

The made experiments on restoration of the
equation of the plane in space completely confirmed
theoretical conclusions. Distinctions in spatial
positions of the true and restored planes are caused
by the following factors:

− inaccuracy of measurement of coordinates of
diffraction maxima on the screen because of their
ellipticity;

− divergence of laser radiation wasn’t considered
in calculations;

− intensity distribution in diffraction maxima
wasn’t considered in calculations;

− inaccuracy of measurement of true position of
a grating.

Fig. 8. Diffraction curve.

CONCLUSION
Approximation of roughness of a surface by in-
tegration of reflective diffraction gratings allowed to
measure normal parameters in a point of lighting by
a beam of the laser and coordinate of this point.
Measurements were made on the basis of the ana-
lysis of the diffraction field, received as a result of
interaction of coherent radiation with a surface. These
data from all surface of object allow measure its
geometrical form unambiguously.

The material presented in article can be of interest
for developers of monitoring systems of a geometrical
form of products of mechanical engineering, for
example shovels of gas-turbine engines.
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Injection photodiodes based on n+-n transitions
or Schottky barrier  are normally made of high re-
sistance semiconductors characterized by large
length of diffusive displacement, whereas thickness
of the base area (distance from the injected contact
to the second one) tremendously exceeds (several
times) the diffusive displacement length − “long dio-
des” [1]. Such type photodiodes operate in the mo-
de of high levels of injection.  The carrying capacity
of their base area is determined by injected carriers.
The injection photodiodes are developed and inve-
stigated on various types of semiconductors (doped
Germanium and Silicon, Gallium Arsenide and In-
dium Antimonide, solid alloys of A2B5 compounds
and other materials) [2]. However, there is virtually
no information in the literature on how to develop
injection photodiodes based on Si-CdS hetero-
structures. Such structures are characterized by
astonishing interrelation of electrical and photo-

electrical properties both of pertinent Si and CdS.
Such structures are characterized also by direct
optical transitions that help to obtain a high efficiency
of generation of electron-hole pairs.

The photosensitive n+CdS-nCdS-nSi structure
has been created by dusting of CdS-powders (in
quasi-closed system in vacuum 10−5 torr) on the sur-
face of silicon plate of n-type with the specific res-
istance ρ ≈ 15 Ohm⋅cm and thickness of 300 −
400 мm. Thus the source temperature was (CdS)
Tsource ≈ 800 − 850 °С, and on the substrate (nSi) it
was supported in limits ≈ 250 − 270 °С. The carried
out researches by means of microscope MII-4 have
shown, that films CdS consist of columnar grains to
be focused in the direction of the films growth and
disarranged on an azimuth. It has been established,
that the size of crystallites strongly depends on
technological modes and first of all on temperature
of  Si substrate. For example, made at   Tsubstrate=

УДК 53.043;53.023;539.234.
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It is shown that the nSi-nCdS-n+CdS heterostructures in operative (carrying) direction of current,
while being exposed to low intensity radiation, operate as injection photodiodes. Their current sensitivity
is Sλ ≈ 2.12 A/W  at λ = 0.625 µm, which effectively represents a 4.2 increase in compare to spectral
sensitivity of the ideal photo receiver at small wavelength of irradiation.
Keywords: heterostructure, film, spectrum, injection.

ИНЖЕКЦИОННЫЙ ФОТОДИОД НА ОСНОВЕ nSi-nCdS-n+CdS
ГЕТЕРОСТРУКТУРЫ

И.Б. Сапаев
Показано, что гетероструктуры  nSi-nCdS-n+CdS  в пропускном направлении тока при малых
уровнях освещения работают как инжекционный фотодиод. Они обладают токовой чувствите-
льностью Sλ ≈ 2.12 A/W  при λ = 0.625 µm, что в 4.2 раза превышает спектральную чувствитель-
ность идеального фотоприемника при этой длине волны излучения. Высокие значения Sλ обе-
спечивают высокую эффективность превращения световой энергии в электрическую при малых
уровнях освещенности.
Ключевые слова: гетероструктура, пленка, спектр, инжекционный.

ІНЖЕКЦІЙНИЙ ФОТОДІОД НА ОСНОВІ nSі-nCdS-n+CdS ГЕТЕРОСТРУКТУРИ
І.Б. Сапаєв

Показано, що гетероструктури nSі-nCdS-n+CdS у пропускному напрямку струму при малих
рівнях освітлення працюють як інжекційний фотодіод. Він має струмову чутливість Sλ ≈ 2.12
A/W при λ = 0.625 µm,  що в 4.2 разів перевищує спектральну чутливість ідеального фото-
приймача при цій довжині хвилі випромінювання. Високі значення Sл забезпечують високу ефек-
тивність перетворення світлової енергії в електричну при малих рівнях освітленості.
Ключові слова: гетероструктура, плівка, спектр, инжекційний.
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250 °С films CdS had the size of crystallites ≈0,8 –
1 мm which completely penetrated all thickness of
films d ≈1 µm. Thus, grown up CdS films were high-
resistant with specific resistance ρ ≥ 108 Ohm⋅сm.
Further, on CdS film was formed n+CdS layer by
thickness ∼ 500 C and current-collecting “П” −
figurative contact by means of vacuum evaporation
In.

The spectral distribution of the photocurrent of
such structure consists of two parts and its spectral
range stretches from λ ≈ 460 nm to λ ≈ 1200 nm
(fig. 1). In the first and the second parts of spectral
distribution the photocurrent has different polarity
that is caused with return inclusion of the barriers
created between n+CdS-nCdS and nCdS-nSi.

Besides the curve of spectral distribution of
photosensitivity shows, that between sulphide of
cadmium and of silicon with electronic conductivity
is available an isotype heterojunction containing a
small density of superficial conditions on section
border. Acknowledgement to that is that the structure
has the straightening factor of  more than two orders,
and occurrence of maximum in curve dependence
I/Io, λ at λ ≈ 955 nm; and tangent, made to it on re-
cession in long-wave area of the spectrum cuts on
abscissa axis the length of the wave, corresponding
to width of the forbidden zone of silicon.

The developed n+CdS-nCdS-nSi − hetero-
structure is characterized by rectification properties,
whereas the rectification coefficient defined as a ratio
of direct and reverse current at fixed voltage −
K = Iforward/Iback  (V = 5 V) makes up 2 orders (refer
to fig. 2). The direct direction of current in the struc-
ture is deemed to occur when “+” potential is applied
on the contact of Silicon surface whereas “−” pote-
ntial is applied on the reverse surface. The analysis
of the direct line of dark current-voltage of n+CdS-

nCdS-nSi heterostructures [3] clearly demonstrates
that the base of the structure is of high-resistance
and the ratio of thickness of base to the length of
diffusion of the minority current carriers amounts
∼ 4 at base thickness of (nCdS) ∼  1 µm,  that corres-
ponds to the diffusive length of minor carriers –
electrons  0.26 µm.  Thus, it is determined that
n+CdS-nCdS-nSi −−−−− heterostructures meet the re-
quirements set out for injection photodiodes [4].
Besides, the structure investigated is photo-sensitive.

Research of their current-voltage characteristics
in direct and reverse directions shows that there is
the strengthening of photocurrent. As one can judge
from fig. 3, the direct line of current-voltage cha-
racteristics obtained in darkness and while exposed
to light, practically do not differ from one another
judging by the shape of the line. However, the values
of photocurrent and dark current do indeed differ.

Comparing values of photocurrent and dark
current was done at the same voltage (V = 10 V).
They are reflected in tabl. 1. This table also reflects

Fig. 1. Spectral distribution of a photocurrent of  n+CdS-
nCdS-nSi heterostructure.

Fig. 2. Conventional direct (1) and reverse (2) sections of
current-voltage characteristics of nSi-nCdS-n+CdS hetero-
structure in semi-log scale at room temperatures.

Fig. 3. Dark and light current-voltage line of nSi-nCdS-
n+CdS  heterostructure: 1– dark, 2 – 0.05  Lux, 3 –1.25  Lux,
4 – 4  Lux, 5 – 20 mW/cm2.
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the photocurrent values and the current sensitivity
(Scurrent sensitivity) at different levels of illumination
(Е, lux). The data in the tabl. 1 clearly demonstrates
that the integrated sensitivity in the investigated
heterostructures has a high value. Moreover, it has
a maximum value at luminous flux of Е = 0.05 Lux,
wherby Scurrent sensitivity= 3720 A/Lm. For comparison
we should mark that the best industrial photo
receivers FD-7, FD-11 are characterized by
Scurrent sensitivity = (4 − 5) mA/lm [5].

Nevertheless, the current sensitivity still remains
high even at illumination with monochromatic light
of laser with the wavelength of λ = 0.625 µm and
power of 20 mW/cm2 , reaching ∼ 2.1 A/W. One
can incidentally conclude that we are actually
witnessing the photocurrent strengthening. This is
further evidenced by the fact that the current sen-

Таble 1
Dependences of the photocurrent (IPh) and

integrated sensitivity (Scurrent sensitivity) from light
exposure (Elux)

Е,
10–2 lux

Idark,
mА/cm2

IPh,
mА/cm2

Scurrent sensitivity,
А/lm

Scurrent sensitivity,
А/W

0 0.91 – – –
5 – 18.6 4.1·1053720

125 – 20.5 1.8·104164
400 – 22 6·10355

sitivity of such structure tends to be  ≈2.1 A/W,
whereas the ideal photo receiver at similar wave-
length  has the current sensitivity of ≈0.5 A/W  [5].
Under the ideal photo device, we understand the
one, which is free of effect of reflection from surface,
has the internal quantum efficiency ≈1 and all gene-
rated carriers participate in the process of photo-
current formation. Usually such photo receivers are
absent as they are idealized. That is why it is possible
to think that nSi-nCdS-n+CdS – heterostructure has
high spectrum sensitivity in the result of inner stren-
gthening of photocurrent.
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INTRODUCTION
One of the most important problems of modern
materials science is fabrication and construction of

new materials with unique functional properties [1–
8]. Nanostructure materials with high hardness, ela-
sticity modulus, thermal stability, wear and corrosion
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The work presents a comparative analysis of results obtained from samples of nanostructured
Ti-Si-N coatings. Element composition, defect structure, concentration of elements throughout the
depth of coating and morphology of films were studied using the techniques of slow positron beam
(SPB), X-ray photoelectron spectroscopy (XPS), Rutherford backscattering spectrometry (RBS),
proton microbeam (µ-PIXE), X-ray diffraction (XRD), scanning electron microscopy with energy −
dispersive analysis (SEM with EDS). Results of mentioned above experiments showed that changing
the substrate potential during deposition of coatings the stoichiometry and morphology of obtained
coatings changes too. After thermal treatment up to 600 °C the formation of two phases: solid solution
of TiN, and amorphous or quasi-amorphous α-SiNx (Si3N4) envelope was observed. During experiments
the grain size did not change significantly, while the extra energy was used for the completion of the
spinodal (phase) segregation.

СТРУКТУРА, СВОЙСТВА И МОРФОЛОГИЯ ТВЕРДЫХ
НАНОСТРУКТУРИРОВАННЫХ ПОКРЫТИЙ Ti-Si-N

М.В. Каверин, Б. Жоллыбеков
В работе представлен сравнительный анализ результатов, полученных на образцах нанострук-
турированных покрытий Ti-Si-N. Элементный состав, дефектная структура, концентрация эле-
ментов по глубине покрытия и морфология пленок были изучены с использованием таких мето-
дов как пучок медленных позитронов (SPB), рентгеновской фотоэлектронной спектроскопии
(РФЭС), резерфордовского обратного рассеяния (RBS), протонного микропучка (µ-PIXE), рент-
геноструктурного анализа (РСА), сканирующей электронной микроскопии с энергодисперси-
онным анализом (SEM с EDS). Результаты указанных выше экспериментов показали, что из-
менение потенциала подложки во время нанесения покрытий приводит к изменению стехио-
метрии и морфологии получаемых покрытий. Кроме того после термической обработки до
600 °С наблюдается образование двух фаз: твердого раствора TiN и аморфной или квазиамор-
фной фазы α-SiNх(Si3N4). В ходе экспериментов размер зерна не изменился, а дополнительная
термическая обработка способствовала завершению спинодальный (фазовой) сегрегации.

СТРУКТУРА, ВЛАСТИВОСТІ ТА МОРФОЛОГІЯ ТВЕРДИХ
НАНОСТРУКТУРОВАНИХ ПОКРИТТІВ Ti-Si-N

М.В. Каверін, Б. Жоллибеков
У роботі представлений порівняльний аналіз результатів, отриманих на зразках нанострукту-
рованих покриттів Ti-Si-N. Елементний склад, дефектна структура, концентрація елементів за
глибиноюпокриття та морфологія плівок були досліджені з використанням таких методів як
пучок повільних позитронів (SPB), рентгенівської фотоелектронної спектроскопії (РФЕС), резер-
фордівського зворотнього розсіювання (RBS), протонного мікропучка (µ-PIXE), рентгенострук-
турного аналізу (РСА), скануючої електронної мікроскопії з енергодисперсійним аналізом (SEM
з EDS). Результати зазначених вище експериментів показали, що змінювання потенціалу підклад-
ки під час нанесення покриттів призводить до змінювання стехіометрії та морфології одержаних
покриттів. Крім того після термічної обробки при 600 °С спостерігається утворення двох фаз:
твердого розчину TiN та аморфної або квазіаморфної фази α-SiNх(Si3N4). У ході експериментів
розмір зерна не змінився, а додаткова термічна обробка сприяла завершенню спінодальної
(фазової) сегрегації.

       Kaverin M.V., Zhollybekov B., 2013
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resistance belongs to such materials [9 – 11]. There
is a large variety of different coating’s systems, but
Ti-Si-N coatings stand separately due to its unique
properties and characteristics. That is why it is very
important to study such nanostructure coatings and
to obtain new information about structure of defects,
phase composition, physical and mechanical pro-
perties, and this task seems to be an actual problem
of modern physics of solids.

It is well known from literature [3, 5], that adding
of Si to the TiN coating leads to increasing of the
coating’s hardness and temperature resistance. At a
specified concentration of Si, which equals to (5 ÷
12)% it also leads to forming of two-phases com-
posite with TiN and α-SiNx phases.

EXPERIMENT DETAILS
We used a Cathodic-Arc-Vapor-Deposition device
“Bulat –3T” with HF generator [3, 5]. Potential bias
was applied to the substrate from HF generator of
pulsed damped oscillations, it frequency was less
than 1 MHz. The duration of each pulse was 60 µs;
repetition rate was about 10 kHz. The amount of
negative self-bias potential of the substrate caused
by HF diode effect was 2 ÷ 3 kV. Using steel 3
samples (2 mm thickness, 20 mm diameter, polished
surface), we deposited coatings on the device with
cathodic vacuum-arc vaporizer in high-frequency
discharge (two cathodes, made of Ti and Si). Atomic
Nitrogen was injected into the chamber. Thickness
of the obtained coating was near 2.2 µm.

For TiN coatings fabrication we used Ti of the
grade BT-1-00. Thickness of all coatings was
2.2 µm. Deposition parameters are presented in the
tabl. 1.

Phase composition and structure researching
were provided on the X-ray diffractometer DRON-
3M in CuKα irradiation using graphite monochro-

mator in secondary beam. Diffraction spectrums
were obtained in pointwise regime with a scanning
step 2 = 0.05 … 0.10. For stress analysis, we used
X-ray tensometry (“α-sin2 ψ”-method) and its mo-
difications, which are valid for coatings with strong
axial type texture [12, 13].

Elementary composition of the coatings was stu-
died using Rutherford backscattering of   4He+  ions
with 1.7 MeV energy, detector resolution  E = 13
keV, dispersion angle ≈1700. Also we used scan-
ning electron microscopy (SEM) with energy dis-
persion analysis (Jeol 7000F microscope, Japan) in
contrast of electrons and in direct and backscattering
electron reflection. For surface morphology inves-
tigations, we used atomic-force microscopy AFM
Objective to obtain 3D image of surface topography,
electron-ion scanning microscope Quanta 200 3D
with roentgen-fluorescent microanalyzer EDAX with
appropriate software, and automatic contact preci-
sion profilometer SURTRONIC 25.

Nanohardness and elastic modulus measure-
ments were done using trihedral Berkovich indentor
(Nano Indenter G200, TN, USA, Oak Ridge, Nano
Instruments Innovation Center). For analysis of
vacancy-type defects in the coating we used slow
positron beam (Halle, Germany). We measured S-
parameter of the Doppler broadening annihilation
peak (DBAP) by changing energy of the fallen po-
sitron beam from 1 KeV to 30 KeV, and that allo-
wed us to change the analysis depth [14,15].

The bonding states were determined using pho-
toelectron spectroscopy (XPS, Kratos AXIS Ultra)
with a monochromatic AlK (1486.71 eV, X-ray ra-
diation 15 kV/10 mA).

EXPERIMENTAL RESULTS AND
 DISCUSSION
Fragments of diffraction spectrums for Ti-Si-N
samples (as deposited and after annealing under the
temperature 600 °C for 30 min) are presented on
fig. 1. We calculated lattice parameter a0 = 0.42462
A  and found strong texture (111) (Ti, Si) N and
(222) (Ti, Si) N (see curves 1 and 2).

In addition, we detected small peaks from TiO2
(JCPDS-19-370). Volume fraction of oxides after
thermal annealing in the chamber is low and it is not
higher than 5%.

Stresses analysis showed, that there is high
compression deformation in (Ti, Si)N hard solution

Table 1
Physical and technical parameters of

deposition of coatings
Deposited

material Coating I, A PN,
Pa

Uhv,
V

Ub, B Remarks

Ti TiN 90 0.3 200 200
Pulse high-
frequency
technology

Ti + Si Ti-Si-N 100 0.3 200 –
Pulse high-
frequency
technology

Ti + Si Ti-Si-N 100 0.7 200 –
Pulse high-
frequency
technology
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(equals to – 2.6%) and it is reduced to the value of
– 2.3% after annealing.

Coherent-scattering region evaluation (using
Sherrer methodic) showed that size of nanograins
increased from 12.5 nm to 13 nm, and when initial
size of nanograins is 25 nm, it increased to (28 ÷
30) nm. In other words, due to annealing under the
temperature of 600 °C for 30 minutes, insignificant
changing of grain size is observed, and rest part of
energy was used on finishing of spinodal segregation
process, forming of monolayer α-Si3N4.

We can make an interim conclusion, that when
compression deformation and order of structuring
are high, annealing under the temperature of
600 °C for 30 minutes do not lead to catastrophic
changes both in phase composition, structure and
mode of deformation. Layer, made of (Ti, Si)N solid
solution, is formed, and silicon-nitrogen phase is also
formed around nanograins. In according to it, Si
concentration is reduced in solid solution; some
amount of  Ti  atoms creates TiO2 film on the coating’s
surface. Ti-Si-N coatings structure is characterized
by high level of microdeformations of lattice (more
than 1%) [9]. High value of microdeformations of
lattice probably indicates on inhomogeneity of
chemical structure in every phase of the coating.
Coatings have strong texture [6]. Condensation
compressive stresses leads to (111) texture forming
in (Ti, Si)N solid solution films. Using approximation
methods we defined average crystallites sizes of the
(Ti, Si)N solid solution, and it varies from 12.5 to
25 nm. The obtained coatings have next hardness:
TiN (H = 28 GPa, E = 312 GPa); Ti-Si-N (H = 38
÷ 39 GPa, E = 356 GPa).

In tabl. 2, we summarized results of tribological
investigations. It is clearly seen from this results, that

wear coefficient for TiN coating increases with tem-
perature increasing, but for Ti-Si-N coating wear
coefficient decreases to 0.69 (T = 500 °C), which
is approximately on 25% less, than under room
temperature.

Elementary analysis results are presented on
fig. 2, it was obtained using RBS method and EDS
(energy-dispersion spectroscopy). As it is clearly
seen from fig. 2a), Si concentration is less than 5
at.%, N concentration ≈ (35 ÷ 40) at.%, rest one is
Ti, and for fig. 2b) N concentration ≈ 50 at.%, Ti ≈
44 at.%, Si ≈ 5.5 at.%. Coating’s thickness equals
to 2.18 ± 0.01 µm in according to RBS data.

Fig. 1. Ti-Si-N coating’s X-ray diffraction patterns: 1) as
deposited; 2) after annealing under the temperature
600 °C for 30 min, vacuum P = 50 mbar.

Table 2
 Tribological properties of nanocomposite

coatings

Coating Tempera-
ture, °C

Wear fac-
tor, coa-

ting,
mm3/nm

Friction
coefficient

Wear coun-
ter  body
mm3/nm

Ti-Si-N
30 7.69⋅10–5 3.28⋅10–5 0.88
300 2.63⋅10–5 3.49⋅10–5 0.82
600 1.95⋅10–5 2.75⋅10–5 0.69

TiN
30 6.75⋅10–5 3.30⋅10–5 0.81
300 3.62⋅10–5 3.51⋅10–5 0.87
600 5.16⋅10–5 3.83⋅10–5 0.91

a)

b)

M.V. KAVERIN, B. ZHOLLYBEKOV

ФІП ФИП PSE, 2013, т. 11,  № 3, vol. 11, No. 3



ФІП ФИП PSE, 2013, т. 11,  № 3, vol. 11, No. 3266

RBS data confirms by EDX results, see fig. 2c).
Concentration of Si in the coating is 2.62 at.%, Ti
≈40.69 at.%, N ≈ 55.92 at.%. For another series
of samples (with Si concentration ≥ 5.8 at.%) we
provided investigations of Si-Nx connection using
XPS analysis. It showed high peak on 101.9 eV,
and it points directly on forming of Si-Nx connection
in this sample. But also we had a small peak, which
points on forming of a very few amount of Si-O on
103.9 eV (after annealing in the air under the tem-
perature of 600 °C for 30 min). Additional µ-PIXE
investigations showed SiN forming on TiN nano-
grains borders.

Images of the coating’s surface before and after
annealing, under the temperature 600 °C (for 30
min.) are presented on fig. 3. We can observe flat
“drops” of melted phase, no matter of HF stimu-
lation. We should note that part of plasma jet con-
sists of drop fractions, and we did not make analysis
of such fractions.

To obtain a real thickness of Ti-Si-N nanostruc-
ture coating and to norm the depth of slow positron
beam analysis, we cut a circle hole, through the coa-

ting thickness. As it is seen from fig. 3c), coating’s
thickness equals to 2.39 ÷ 2.41 µm. Calculation of
positrons penetration depth shows that Emax =
20 keV, it corresponds to 2.11 µm of thickness.
Even if we will take into account diffusion of ther-
malized positrons (it length is L ≈ 100 nm), we will
see that positron beam cannot reach interface
between coating and substrate. That is why profiles
of mean positron’s penetration depths give us in-
formation about vacancy-type defects on the whole
thickness of Ti-Si-N coating, but the interface border
is not really achieved by them.

c)

d)

Fig. 2. Energy spectrums for samples with Ti-Si-N coa-
tings; (a) bias potential –50 V, PN = 0.5 Pa (RBS), second
curve corresponds to etalon SiW curve (for comparing);
(b) bias potential –100 V, PN = 0.7 Pa (RBS); (c) bias po-
tential –50 V, PN = 0.5 Pa (EDX); (d) XPS spectra obtained
from Ti-Si-N coating.

a)

b)

c)

Fig. 3. Surface topography of the Ti-Si-N coating; (a) as
deposited state; (b) after annealing under the temperature
of 600 °C; (c) SEM-analysis of circle cross-section, which
was obtained using ion beam cutting.
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Positron annihilation method is the most effective,
responsive and reliable method of analysis of free
volumes in nanocrystalline materials (it has possible
interval of defect’s analysis in the range 10–6 ± 10–3

defects per atom) [14, 15]. Part of positrons can
be captured on the interface of two neighboring
nanograins or on boundary junction of three neigh-
boring nanocrystals. It gives us good opportunity to
solve one of the most complicated and interesting
problems of nanomaterials to understand structure
(including electron structure) of the interfaces bet-
ween nanograins, because length (volume) of such
interfaces influences a lot on properties of nano-
composite coatings [1 − 9].

Fig. 4 shows dependence of S-parameter on
energy, in other words, we can see profiles of defects
in Ti-Si-N coating before (black curve) and after
(red curve) thermal annealing under the temperature
of  600 °C (30 min).

Significant changes in electron and defect struc-
ture of the coating is clearly seen from this figure.
We should note, that defects concentration increases
on the whole thickness of the coating, all positrons
locates and annihilates on defects, which are situated
on the boundaries of nanograins. Depth of diffusion
of thermalized positrons is ≈100 nm, size of nano-
grains is (12.5 ÷ 13) nm, so we can say that almost
all positrons are captured on interface’s defects. As
approaching to the interface between coating and
substrate, S-parameter significantly increases, i.e.
defects also migrate to the interface between coating
and substrate due to thermal diffusion. Thickness
of this transition layer of defects is no more than
250 nm. Calculation of vacancy defects concentra-
tion was done using positron capture model with

two types of vacancy defects [12], and it showed
that defects concentration increases after annealing
from 5⋅1016 to 7.5⋅1017 cm–3, thermally activated
vacancies concentration also increases from 1⋅1016

to 5⋅1018 cm–3 (see red curve).
Loading and unloading curves are presented on

fig. 5.

Nanoindentor penetrates on the surface layer of
the Ti-Si-N coating (three different loadings). As it
is seen from calculations, based on Oliver-Pharr
methodic, an average hardness for such deposition
regimes is 38.7 GPa, elasticity modulus is 370 ±
12 GPa. Annealing under the temperature of 600
°C in vacuum leads to increasing of elasticity modulus
to values (430 − 448) GPa, it is connected with
finishing of process of spinodal segregation on the
boundaries of nanograins, i.e. with forming of thin
SiN (Si3N4) interlayer (amorphous and quasi
amorphous phases).

Fig. 4. Dependence of S-parameter on energy of positron
microbeam (black curve as deposited coating, red curve
annealed coating).

Fig. 5. Loading and unloading curves, obtained for
Ti-Si-N coating (U = –100 V, Pn = 0.7 Pa), indentation on
50, 100 and 150 nm depth.

a)
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Fig. 6 shows a surface topography of Ti-Si-N
nanostructured coatings. On the surface region of
25×25 µm can be seen a variation in depths.

Moreover, thermal annealing under the tempe-
rature of 600 °C in vacuum also changes Ti-Si-N
coating’s surface morphology (fig. 7).

We observed decreasing of an average rough-
ness size, increasing of amount of defects (it is
obvious from fig. 6).

After analysis we can say, that structure of defects
changes on nanograins interfaces due to annealing,
average roughness size decreases, nanohardness
increases on 20% (in comparison with as deposited
state) and it correlates with our previous works [13,
16]. Friction ratio decreases on 25% it is the main
difference as opposed to works [17 – 19].
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INTRODUCTION
In WWER reactors as in similar foreign reactors
PWR the clustered assemblies of absorber elements
of control protection system (CPS) serve as re-
gulators [1]. The clustered assemblies can be ope-
rated in automatic control regime of reactor power
and in the emergency protection regime. In the
standard absorber elements vibrocompacted boron
carbide powder (B4C) with a natural abundance of
the 10B isotope used as an absorbent material.
Cladding of absorber element diameter of 8.2 mm
and a wall thickness of 0.6 mm is made of steel
06Х18Н10Т. Immersion depth in the core of auto
regulation rods is from 1500 mm at the beginning of
the campaign to 300 mm at the end of the campaign
and emergency protection rods during normal
operation of the reactor are in the raised position at
a distance of  80 − 100 mm from the upper edge of
the core. Thus during reactor operation all the rods
of control protection system are in non-uniform

neutron field resulting in an uneven burnup of the
10В isotope in boron carbide range adjustment of
the absorber element. Their lower parts are at
greatest irradiation.

Rather small term the service of the standard
absorber elements of WWER-1000 (2 years in
automatic regime and 5 years in the emergency
protection regime) is connected both with significant
embrittlement of the steel cladding 06Х18Н10Т and
a swelling of the absorber due to the reaction 10В +
+ 1n  → 7Li  + 4Hе. At a burnup of the 10B isotope
mo-re than 40% the appreciable yield of free helium
occurs and swelling of boron carbide particles and
its force effect on cladding is beginning to affect.
Containing 10B isotopes (n, α)-absorbers are cha-
racterized by relatively low radiation resistance due
to the accumulation of large amount of gas products
and do not provide the operability in emergency
situations related to overheating.
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Visible progress in increasing service life the
clustered assemblies of  CPS can be achieved when
using a combined (n,α)-(n,γ)-absorber in the
absorber elements of CPS of pressurized water
reactors [2, 3]. As a result developed an interest to
hafnium relating to the number of (n, γ)-absorbers.
Hafnium in the absorber elements of CPS can
simultaneously perform functions the neutron
absorber and construction material. Fig. 1 shows
the absorber elements of various types.

Pure hafnium has a complex of physical-chemi-
cal and mechanical properties [4, 5] that allow using
it for the production of regulators intended for long-
term maintenance-free operation of nuclear reactors.

The cross-section of thermal neutron absorption
of hafnium is slowly reduced when operating in the
conditions of irradiation due to isotopic composition
of natural hafnium. According to preliminary esti-
mates service life of hafnium rods can be extended
to 15 years or more due to the peculiarities of  haf-
nium isotopes transmutation in the neutron flux [2].
The relative physical efficiency of Hf  in respect  to
the core of WWER-1000 is ∼ 80% of the efficiency
of boron carbide [6].

According to foreign and domestic researchers
[1, 6, 7] hafnium is an ideal material for control rods
in pressurized water reactors and can be successfully
used as an absorber rods of CPS WWER-1000
reactors.

In Ukraine the technology for obtaining of
hafnium including hydrometallurgical repartition
(the production of pure hafnium tetrafluoride − HfF4)
and metallurgical repartition (calcium thermal re-
duction of hafnium tetrafluoride and subsequent elec-
tron-beam melting (EBM)) is developed [8]. This
technology allows getting a metal with low content
of undesirable impurities influencing the metal plas-
ticity, its corrosive and radiation properties. Howe-
ver in some cases there is also some local nonuni-
formity in content nitrogen, iron, oxygen and silicon.

On the hafnium properties influence the impurity
contained therein. In particular this applies to the
interstitial impurities especially oxygen and nitrogen.
The data on the effect of oxygen content on the me-
chanical properties of hafnium are given in fig. 2 and

in tabl. 1 [9].

The necessary degree of hafnium purification
from metal impurities is achieved within 2 − 3 EBM.
Great difficulty in obtaining of nuclear grade haf-
nium is purification from interstitial impurities −
nitrogen and oxygen.

At high oxygen and nitrogen content in hafnium it
is almost impossible to mechanical treatment which
greatly limits its application in the form of products
for the nuclear power industry (rod, band, tube,
wire).

             a)                                           b)
Fig. 1. Absorber elements with boron carbide (a) and com-
bined (n, α)-(n, γ)-absorber (b).

Fig. 2. The values of microhardness Hµ and Brinell hard-
ness HB for hafnium with different oxygen content.

Table 1
The data of mechanical researches of hafnium

with different oxygen content
Oxygen content,

wt.% σв, МPа σ0.2, МPа δ, %

0.005 440.0 290.0 36.0
0.010 445.0 305.0 34.5
0.030 487.0 355.0 30.0
0.045 520.0 370.0 27.5

M.M. PYLYPENKO, A.A. DROBYSHEVSKAYA
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PURIFICATION FROM OXYGEN
To remove oxygen from hafnium during EBM was
suggested at a stage of reduction melting added into
metal a third component which would formed a vo-
latile oxide. This component should have a greater
affinity for oxygen than hafnium and its gaseous
suboxide should have greater volatility at the melting
temperature of hafnium than hafnium monoxide.

Based on the analysis of literature data and taking
into account obtained results of laboratory studies
aluminum was chosen as a hafnium deoxidizer [10,
11]. The calculation of deoxidizing ability of aluminum
showed that aluminum forms a volatile oxide which
then desorbed from the hafnium at EBM by reaction
2AlHf + [O] → (Al2O)gas. Aluminum was added into
hafnium on the reduction melting stage in an amount
of 0.2 − 0.25 wt.% and then roughing metal subjec-
ted to remelting by electron beam in vacuum 1⋅10–2

− 3⋅10–3 Pа. According to the experimental results
(tabl. 2) lower oxygen content is observed already
on the reduction stage and significantly – after elec-
tron beam melting [10, 11]. The oxygen content is
decreased almost three times (from 0.11 − 0.12 to
0.03 − 0.04 wt.%). The aluminum content in all
samples of hafnium obtained after electron beam
melting was (2 − 3)⋅10–3 wt.% regardless of the
aluminum additives were added or no.

Using the parameters obtained in laboratory
researches in factory conditions the hafnium ingots
purity of more than 99.94 wt.% were obtained at
the addition of aluminum on the reduction melting
stage after EBM with an impurity content: nitrogen
– 3.0⋅10–3 wt.%.; aluminum – 3.0⋅10–3 wt.%.; tung-
sten – 1.0⋅10–3 wt.%.; iron – 3.0⋅10–3 wt.%.; oxy-
gen – 4.0⋅10–2 wt.%.; silicon – 3⋅10–3 wt.%.; man-
ganese – 3.0⋅10–4 wt.%.; copper – 2.0⋅10–3 wt.%.;
nickel – 3.0⋅10–3 wt.%.; niobium – 2.0⋅10–3 wt.%.;

carbon – 3.0⋅10–3 wt.%.; chrome – 1.0⋅10–3 wt.%.
Hafnium obtained by using of aluminum additives
on the reduction stage after refining by EBM can
be successfully used as the construction material
of a nuclear reactor core.

REDUCING THE CONCENTRATION OF
NITROGEN IN HAFNIUM
One of the undesirable rigidly limited impurities at
obtaining hafnium is nitrogen. Its content in the metal
in accordance with the technical conditions should
not exceed 0.005 wt.%. Analysis of statistical data
about the behavior of nitrogen at obtaining hafnium
indicates that nitrogen content in the melting products
is always higher of its content in the starting materials
[12].

Comparison of the nitrogen content in the starting
materials and melting products allows concluding that
to 30% of nitrogen adsorbed goes into hafnium from
the unsublimated hafnium tetrafluoride. This fact
dictates the need for reduce the amount of nitrogen
adsorbed by hafnium tetrafluoride. To determine of
the character process of gas separation from the
sublimated and unsublimated hafnium tetrafluoride
experiments were carried out in the temperature
range 20 − 700 °C at a residual pressure 1.3⋅10–1 −
1.3⋅10–6 Pa.

Analysis of the residual gases spectra showed
that the main gases which desorbed during heating
hafnium tetrafluoride are nitrogen, carbon oxide,
water vapor, hydrogen fluoride and other gases [13,
14]. Change of the general pressure in the chamber
during heating of the unsublimated and sublimed
hafnium tetrafluoride is shown in fig. 3. It is noted
that amount of the gases desorbed from the sub-
limated and unsublimated hafnium tetrafluoride is
significantly different. From unsublimated hafnium

Table 2
Oxygen content in hafnium after electron

beam melting

Aluminum additive,
wt.%

Oxygen content in hafnium,
wt.%

roughing ingot after EBM

– 0.15 0.045
– 0.17 0.050

– 0.18 0.055
0.20 0.10 0.035
0.20 0.11 0.030
0.25 0.12 0.030

Fig. 3. Change of the total pressure in the chamber during
heating of unsublimated (1) and sublimed (2) hafnium
tetrafluoride.
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tetrafluoride a greater number of gaseous impurities
is desorbed (up to 3 wt.%) than from sublimated
(up to 0.5 wt.%). With increasing temperature the
maximum on curves of the total pressure change of
unsublimated hafnium tetrafluoride approximately
one hundred degree higher than of the sublimated.

The process of gas separation from unsublimated
hafnium tetrafluoride is more complex due to the
high content of the gas impurities in it and desorption
of gas impurities with mass numbers 36 (HFO) and
38 (HF H2O) (fig. 4). A comparison of the normali-
zed composition of gases desorbed from unsubli-
mated hafnium tetrafluoride with the composition of
gases desorbed from of sublimated hafnium tetra-
fluoride shows that content of water, nitrogen, car-
bon oxide and fluorine-containing impurities of the
unsublimated products is about 25%. The main gas
impurity desorbed from sublimated hafnium tetra-
fluoride is water.

The results obtained allow to conclude that for
reducing the nitrogen content in hafnium when using
sublimed hafnium tetrafluoride the preliminary
operation of vacuum thermal treatment in the tem-
perature range 300 − 600 °C is desirable and for
unsublimated hafnium tetrafluoride is necessarily.

Efficiency the use of vacuum thermal treatment
was shown in practice during the laboratory melting.
Nitrogen content in the obtained hafnium ingots
without the use of vacuum thermal treatment of haf-
nium tetrafluoride was varied in the range 0.005 −
0.019 wt.%. After vacuum thermal treatment the nit-
rogen content in alloys does not exceed 0.005 wt.%.

CONCLUSION
The results of studies on the hafnium refining pre-
sented in this paper show that the developed me-
thods of refining are highly effective for reducing the

amount of gas impurities. The use of aluminum as a
deoxidizing component on the reduction melting stage
of hafnium results in essential decrease the oxygen
content in the metal (to 0.03 − 0.04 wt.%) on the
electron beam melting stage. Carrying out of vacuum
thermal treatment of hafnium tetrafluoride before the
reduction melting in the temperature range of 300 −
600 °C provides a nitrogen content in the metal less
than 0.005 wt.%.

Thus the research results of refining hafnium allow
carrying out the scientific approach to obtaining of
hafnium with low oxygen and nitrogen content for
modern technologies and creating of construction
materials for nuclear reactors of the new generation
and other responsible applications.
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INTRODUCTION
Standard relaxation spectroscopy density of surface
states is based on the generation of thermal electrons,
which can be easily observed only at high
temperatures. This and the limited resolution of the
method. To improve the resolution of the used
method of expanding the range of density of surface
states in a row, the derivative of the ionization of an
electron from the surface level of energy [1 − 3].

( ) ( )
( )1 0

,
( )

,

n
i

i i
i

E t
Nss E Nss E

E T t=

∂ρ
=

∂∑ ,         (1)

where ( ) 1 exp tE  ρ = − − τ 
 [4] τ − the electron

lifetime in the place he used the relation

( ) 0, , exp EE T t
kT

 τ = τ  
 

.         (2)

As a result, it was found that when

 ( )0
0

( , , )E T t E E
Е

∂ρ = δ −
∂ .              (3)

The resulting delta function is asymmetric, so in
this situation, it took into account the additional
requirements [5].
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Studies of the generation-recombination process of electrons from the filled localized surface states
at the time of their lives. The applicability of the derivative of the Dirac distribution as δ-function at
low temperatures in order to study the temperature dependence of the spectrum of the density of sur-
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ОПРЕДЕЛЕНИЕ ЛОКАЛИЗОВАННЫХ ЭНЕРГЕТИЧЕСКИХ СОСТОЯНИЙ ПО
КВАЗИУРОВНЯМ ФЕРМИ С ИЗМЕНЕНИЕМ ВРЕМЕНИ

Г. Гулямов, Н.Ю. Шарибаев, У.И. Эркабоев
Исследован генерационно-рекомбинационный процесс электронов из заполненных локализо-
ванных поверхностных состояний по их времени жизни. Показана применимость производной
функции распределения Дирака как δ-функции при низких температурах для исследования
температурной зависимости спектра плотности поверхностных состояний. С целью повышения
точности получаемых результатов в работе предложен метод спектроскопии дискретных сос-
тояний по квазиуровням Ферми с изменением времени.
Ключевые слова: низкотемпературное локализованное состояние, спектроскопия дискретных
состояний, повышение точности результатов, дискретный спектр плотности состояний.

ВИЗНАЧЕННЯ ЛОКАЛІЗОВАНИХ ЕНЕРГЕТИЧНИХ СТАНІВ ЗА
КВАЗІРІВНЯМИ ФЕРМІ ЗІ ЗМІНЮВАННЯМ ЧАСУ

Г. Гулямов, Н.Ю. Шарібаєв, У.І. Еркабоєв
Досліджено генераційно-рекомбінаційний процес електронів із заповнених локалізованих по-
верхневих станів за часом їх життя. Показано застосовність похідної функції розподілу Дірака
як δ-функції за низьких температур для дослідження температурної залежності спектру густини
поверхневих станів. З метою підвищення точності одержаних результатів у роботі запропоновано
метод спектроскопії дискретних станів за квазірівнями Фермі зі змінюванням часу.
Ключові слова: низькотемпературний локалізований стан, спектроскопія дискретних станів,
підвищення точності результатів, дискретний спектр щільності станів.
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The purpose of this paper to show the suitability
of the derivative of the Fermi-Dirac distribution for
quasi-Fermi level from time to time as a delta func-
tion for the discrete spectrum of the density of surface
states and thus increase the resolution of the method.

QUASI-FERMI TIME
The density of surface states can be determined from
the loss of charge in a charge-coupled device [1,
2]. At time t = 0 from the surface layer completely
go all the free electrons. After starting generation of
thermal trapped electrons. Given the statistics of the
Shockley-Read-Hall process can be described as
follows [1, 2, 4]:
and            ρ(t, τ) = 1 − exp(−t/τ),                   (4)
where                      τ = 1/γnNc                                               (5)
electron lifetime. Equation (4) can be represented
as follows:

( ) ( ) ( )ln ln
, 1 exp exp

kT t kT
t

kT
 − τ 

ρ τ = − −   
   . (6)

If we consider that in this process each time the
surface layer is cleaned from the released electrons
generated from the traps, the changes over time
energy of the Fermi level Eft. In the future, this value
depends on the time t is denoted as the quasi-Fermi
level.

We introduce the notation:
Eτ = kTln(τ)                      (7)

electron energy of the lifetime τ and
Eft = kTln(t)                      (8)

quasi-Fermi energy by the time t.
Considering (7) and (8) may be (6) in the form:
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One can easily imagine the derivative ρ(Eft, Eτ)
on Eft  as a delta function at T → 0
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SPECTROSCOPY OF QUASI-FERMI
CHANGE IN TIME
The distributions function of the Fermi-Dirac
distribution for the generation of electrons:

1
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f
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−
τ − � �
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 �

              (11)

step function is known energy [6]. It is also known
that the derivative of the energy function of speed is
the Dirac delta function (see fig. 1) in T → 0 [6]. In
this case, the delta function is as follows:
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The resulting function (12) we substitute in (1)

and get:
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If we imagine that the quasi-Fermi Eft  level
changes throughout the segment gap in each relevant
electron energy Eτ  generated from the trap life time
τ, we get a peak delta function. Scanning energy Eft
for each specific temperature, perhaps because it is
theoretically possible to set the appropriate time τ
Eft∈ [ Ec, Ev]. Fig. 2 shows a range where the
shaded area are 10 discrete levels at different
temperatures. It is easy to notice that for the discrete
spectrum as in [1 − 4], we can use the derivative of
the Fermi-Dirac distribution on Eft a delta function.

TEMPERATURE DEPENDENCE OF THE
DENSITY OF SURFACE STATES AND
DISCRETE SPECTRA
We turn to the treatment of the density of surface
states. Fig. 3 shows the density of surface states of
[7], which shows the graphs of experimental and
theoretical fitting the density of states Nss(E, T)

Fig. 1. The derivative of a step function at the Fermi-Dirac
distribution of energy at different temperatures.
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obtained by the decomposition of the experimental
curve in a series of functions (12).

Analysis of fig. 3 Nss(E, T) shows that the
experimental plot at T = 300 K is easily decomposed
into a series of functions (12). Fig. 4 is a graph
theoretical model density of states that for T = 5 K.
From these figures one can see that even at a low
temperature in the graph clearly distinguish the
individual peaks.

When the temperature tends to zero, these peaks
are transformed into discrete levels, and the
continuous line Nss(E, T)  in the discrete energy
spectrum (see fig. 4). These changes Nss(E, T) are
due to the fact that the temperature is lowered by
reducing the thermal broadening of the energy levels
(12) becomes the Dirac delta function δ(E − E0).

Based on the study, it can be concluded that the
experimental continuous spectrum density of surface
states Nss(E, T) at a certain high temperature
relaxation method at low temperatures becomes a
discrete energy spectrum. Such a strong temperature
dependence of the density of surface states due to

the fact that the derivative of the Fermi-Dirac
distribution becomes a Dirac delta function.

The present method of determining the density
of the surface low-temperature conditions increases
the resolution of the transient spectroscopy and
surface levels of relaxation techniques used to
measure the energy spectrum of the density of states.

CONCLUSION
According to the study of surface electrons recharge
levels in their lifetime based on the principle of CCD
determined that the derivative of the ionization energy
of the electron is a ґ-function at T → 0. The
applicability of the derivative of the Dirac distribution
function of the energy of the quasi-Fermi level with
the time change as a δ-function at low temperatures
in order to study the temperature dependence of
the spectrum of the density of surface states. This
was possible because the derivative of a step function
is a δ-function. We propose a method of
spectroscopy of discrete states by quasi-Fermi level
with the change of time to improve the accuracy of
the results.
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At the present study the possibility of obtaining two compositions of Ca10(PO4)6F2 and Ca9Sr(PO4)6F2
fluoroapatites by both chemical deposition from solutions of the initial components and reaction in the
solid phase was investigated. Using X-ray diffraction (XRD) method was shown that the fluorapatite
synthesis based on calcium pyrophosphate with the addition of strontium takes place at lower tem-
peratures. Fluoroapatite formation obtained by precipitation process is the result of the reaction between
initial component solutions. At the process of heat treatment of obtained powders by XRD method
was found that compared with fluorapatite obtained by solid phase reaction, fluorapatite obtained by
precipitation method include less content of TCP phase. Maximum density (∼ 92 % of the theoretical
value) is reached for the sample heat treated at 1250 °C with the exposure time up to 6 hours for
fluorapatite obtained by precipitation and at a temperature 1200 °C with the exposure time up to 10
hours for fluorapatite prepared by reaction in the solid phase.
Keywords: structure modification, fluorapatite, X-ray diffraction, differential thermal analysis,
radioactive wastes immobilization
АНАЛИЗ ФТОРАПАТИТА, ПОЛУЧЕННОГО МЕТОДАМИ ХИМИЧЕСКОГО

ОСАЖДЕНИЯ И ТВЕРДОФАЗНОЙ РЕАКЦИИ
С.Ю. Саенко, В.А. Шкуропатенко, Р.В. Тарасов, Е.А. Прудывус,

С.А. Савина, А.В. Зыкова
В данной работе исследовалась возможность получения фторапатита двух составов
Ca10(PO4)6F2 и Ca9Sr(PO4)6F2 методом химического осаждения растворов исходных компо-
нентов и реакцией в твердой фазе. С помощью рентгенофазового анализа (РФА) показано,
что с добавлением стронция синтез фторапатита на основе пирофосфата кальция проходит
при более низких температурах. Образование фторапатита, полученного осаждением происхо-
дит в результате реакции между растворами исходных компонентов. При термообработке
полученных порошков методом РФА установлено, что по сравнению с фторапатитом, полу-
ченным с помощью твердофазной реакции, фторапатит, полученный осаждением содержит
меньшее количество ТКФ. Максимальное значение плотности (∼ 92% от теоретической)
достигнуто для образцов термообработанных при температуре  1250 °С и времени выдержки
6 часов для фторапатита, полученного осаждением и при температуре 1200 °С и времени выдержки
10 часов для фторапатита, полученного реакцией в твердой фазе.
Ключевые слова: радиоактивные отходы, иммобилизация, фторапатит, рентгенофазовый
анализ, дифференциально-термический анализ.

АНАЛІЗ ФТОРАПАТИТУ, ОТРИМАНОГО МЕТОДАМИ ХІМІЧНОГО
ОСАДЖЕННЯ ТА ТВЕРДОФАЗНОЇ РЕАКЦІЇ

С.Ю. Саєнко, В.А. Шкуропатенко, Р.В. Тарасов, С.О. Савіна,  
К.А. Прудивус, А.В. Зикова

У даній роботі досліджувалася можливість отримання фторапатиту двох складів Ca10(PO4)6F2
та Ca9Sr(PO4)6F2 методом хімічного осадження розчинів вихідних компонентів і реакцією в
твердій фазі. За допомогою рентгенофазового аналізу (РФА) показано, що з додаванням строн-
цію синтез фторапатиту на основі пірофосфата кальцію проходить при нижчих температурах.
Утворення фторапатиту, отриманого осадження відбувається в результаті реакції між розчинами
вихідних компонентів. При термообробці отриманих порошків методом РФА встановлено, що
у порівнянні з фторапатитом, отриманим реакцією в  твердій фазі, фторапатит, отриманий осад-
женням містить меншу кількість ТКФ. Максимальне значення щільності (∼ 92% від теоретичної)
досягнуте для зразків термооброблених при температурі  1250 °С і часі витримки 6 годин для
фторапатиту, отриманого осадженням і при температурі 1200 °С і часі витримки 10 годин для
фторапатиту, отриманого реакцією в твердій фазі.
Ключові слова: радіоактивні відходи, іммобілізація, фторапатит, рентгенофазовий аналіз,
диференціально-термічний аналіз.
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INTRODUCTION
The surface and bulk material structure modifications
are effective methods of modern innovative material
development. Various technologies such as sintering,
hot pressing, chemical precipitation and others are
used for obtaining new materials with tailored
properties.

The problem of radioactive waste accumulation
is one of the long-term and hazardous consequences
of nuclear programs. The most dangerous for the
biosphere are high-level wastes (HLW). The concept
of fractionation of HLW is developed according to
the fact that the half-life, biological hazards and
chemical properties of the HLW components vary
greatly. The concept of radioactive waste
immobilization into the crystalline matrices is based
on a matrices using such as mineral phases, which
have a natural analogs stable over long geological
time.

Recently experts from different countries carried
out multidisciplinary research of more than 30 such
crystalline compounds for immobilization of HLW.
There are durable and chemical stable minerals such
as zircon, pyrochlore, magnesium-aluminum spinel,
rare earth garnets, zirconolite, apatite, monazite, etc.
[1]. In different countries, the application of a variety
of rocks for geological disposal of the immobilized
HLW is expected, so often, for the same radionuc-
lides different waste forms were used for next com-
patibility with the disposal mineral phases and the
immobilization matrices.

The immobilization waste forms based on apatite
ceramic are considered as promising materials for
the immobilization of high-level waste due to a wide
range of iso- and heterovalent substitutions, high che-
mical and radiation resistance. Minerals and synthetic
compounds with apatite structure type form a large
family: A10(BO4)6X2 (A – Ca, Sr, Ba, Pb, Na, Cd,
Fe, K, Li, rare earth elements; B – P, Si, As, Cr , V,
S; X – F, Cl, OH, O, Br, CO3) [2].

One of the famous examples showing the che-
mical and radiation resistance of apatite in nature is
uranium deposit in Oklo (Gabon, Africa). The chain
reaction of uranium fission in the mineral formation
took place some two billion years ago. The crystals
of apatite are located in this place, characterized by
abnormal enrichment of 235U and fission products.
Consequently, the apatite-like compounds can
maintain the crystalline structure within a very long
time.

Apatite materials have also found an application
in many other fields, including biology, medicine,
electronics, etc. There are various technologies of
fluorapatite synthesis such as solid phase reactions,
precipitation from solution, sol-gel, hydrothermal
methods, and others. The aim of the present study
was to obtain calcium fluorapatite and fluorapatite
with strontium content by means of the solid phase
reaction and the precipitation of initial components
solutions

MATERIALS AND METHODS
For fluoroapatite Ca10(PO4)6F2 preparation by
means of the solid phase reaction the following com-
ponents such as calcium pyrophosphate Ca2P2O7,
calcium fluoride, CaF2, calcium carbonate CaCO3,
phosphoric acid H3PO4 were taken in the required
stoichiometry. Process of preparation of fluorapatite
was made by the following reaction [3]:

2Ca2P2O7 + CaF2 + 2H3PO4 + 3SaSO3 →
→ Ca10(PO4)6F2 + 3H2O + 5SO2↑ .         (1)

To obtain fine powder of calcium pyrophosphate
grinding carried out in a planetary mill Mono
“Pulverisette 6” with isopropyl alcohol.

Calcium pyrophosphate, calcium carbonate and
calcium fluoride were mixed in a mill environment in
isopropyl alcohol and dried at a temperature of
100 °C to a residual moisture content 3 – 5%. Fluo-
roapatite dried mixture was screened through a sieve
with a mesh size of 100 microns. For strontium
adding in the fluorapatite mixture the strontium nitrate
Sr(NO3)2 as an aqueous solution was used. Thus,
an uniform distribution of strontium nitrate in the
fluorapatite mixture was provided. Strontium
fluorapatite Ca9Sr(PO4)6F2 was obtained by
reaction:

2Ca2P2O7 + CaF2 + 2H3PO4 + 4CaCO3 +
+Sr(NO3)2→ Ca9Sr(PO4)6F2+3CO2↑+ 4H2O +

+ 2NO2 + (1/2)O2.                     (2)
For fluorapatite preparation by solutions pre-

cipitation method the following components  such
as calcium nitrate Ca(NO3)2·4H2O, disodium hyd-
rogen phosphate (NH4)2HPO4, ammonium fluoride
NH4F were taken in the required stoichiometry. The
preparation of Ca10(PO4)6F2 was performed accor-
ding to the following reaction:

10Ca(NO3)2 + 6(NH4)2HPO4 + 2NH4F +
 NH4OH + (1/2)O2→ Ca10(PO4)6F2  +
+ 14NN4NO3 + +5,5H2O + 7NO2↑ .       (3)

ANALYSES OF FLUORAPATITE PREPARED BY BOTH CHEMICAL PRECIPITATION AND SOLID PHASE REACTION METHODS



281

The process of calcium fluoroapatite preparation
by chemical precipitation method comprises the
following steps [4]:

−  Preparing of the aqueous solutions of the initial
components required concentration. A sample of
Ca(NO3)2⋅4H2O in distilled water was dissolved.
Separately, the samples of (NH4) 2HPO4 and NH4F
in distilled water were dissolved.

− Mixing the initial solutions. A solution of
(NH4)2HPO4 (0.3 M) and NH4F by drops, with
constant stirring, was poured in warm
Ca(NO3)2⋅4H2O (0,5 M) (50 °C) solution with
pH = 9 – 9.5 adjusted by adding ammonium
hydroxide NH4OH.

− Preparing of a calcium fluorapatite powder.
Flushing the precipitate, drying in air, grinding and
heat-treating of the obtained powder was carried
out in the temperature range 900 – 1250 °C for
1 hour.

The strontium incorporation into fluorapatite
structure was made by strontium nitrate Sr(NO3)2
adding to a solution of Ca(NO3)2·4H2O. The prepa-
ration of strontium containing fluorapatite was carried
out analogously to the preparation of calcium fluo-
rapatite:

9Ca(NO3)2 + Sr(NO3)2 + 6(NH4)2HPO4 +
+ 2NH4F + NH4OH + (1/2)O2 →

→ Ca9Sr(PO4)6F2 + 14NN4NO3 + 5.5 H2O +
+ 7NO2↑ .                                     (4)

The heat treatment of the powders was made in
air furnaces SUOL–0.25.1/12 – M1 and MP – 2U.
Thermogravimetric and differential thermal analysis
(TGA/DTA) was performed on derivatograph
Q – D 1500 at a temperature range 20 – 1000 °C,
with heating rate about 12 °C/min and termoana-
lizatore SDT Q600 V20.9 Build 20 in the tempe-
rature range 50 – 1300 °C, with heating rate about
10 °C/min. The phase analysis was made by the
phase X-ray diffraction method (XRD) (DRON –
1.5 with Cu radiation using a nickel selective filter).
Samples were prepared in the form of tablets with
diameter of 14 mm and height of 5 – 7 mm by doub-
le-side axial fluorapatite powder cold pressing
method in a hydraulic press. Pressing was carried
out in the pressure range 124 – 247 MPa.

The sintering of synthesized fluorapatite samples
in air was performed in the temperature range 900
– 1250 °C. The apparent bulk density (ρap) of the
samples after sintering was determined by hydrostatic
GOST 2409 – 95.

RESULTS AND DISCUSSION
Fluoroapatite obtained by solid phase reacti-
on.According to results of XRD analysis, only lines
of calcium pyrophosphate Ca2P2O7 after mixing of
the initial components were found (fig. 1a).

The results of thermal analysis of the fluoroapatite
Ca10 (PO4)6F2 mixture are shown in fig. 2.

Heat treatment of the original mixture up to
500 °C, according to X-ray studies, does not chan-
ge the phase composition. According to TG/DTA
analysis in the temperature range 120 – 280 °C there

a)

b)

Fig. 1. Diffraction peaks of Ca10(PO4)6F2 obtained by solid
phase reaction: а) – initial mixture; b) – termal treatment
at: Т = 1000 °С, τ = 1 hour.

Fig. 2. TG/DTA analysis of Ca10(PO4)6F2.

S.YU. SAENKO, V.А. SHKUROPATENKO, R.V. ТARASOV,  K.А. PRUDYVUS, S.А. SAVINA, A.V. ZYKOVA

ФІП ФИП PSE, 2013, т. 11,  № 3, vol. 11, No. 3



ФІП ФИП PSE, 2013, т. 11,  № 3, vol. 11, No. 3282

is a strong endothermic effect, which is associated
with the removal of adsorbed water and evidenced
by weight loss in the TG curves, and also lack of
visible change in the phase composition. Second
small endothermic peak in the DTA curve in the
temperature range 440 – 520 °C, apparently
associated with the start of decomposition of calcium
carbonate which is in a small amount in the mixture.
At the difractogram of the powder, which was heat-
treated at 600 °C, there is the appearance of lines
fluorapatite. At temperature about 700 °C, there is
a significant number of lines of fluorapatite, and
reducing the intensity of the lines Ca2P2O7. Total
synthesis of the fluorapatite with Ca2P2O7
destruction proceeds in the temperature range 900
– 1000 °C (fig. 1b). On the DTA curve at such
temperature range there is a fairly strong endothermic
effect. Furthermore the line of tricalcium phosphate
Ca3(PO4)2 (TCP) appears in addition to the lines of
the synthesized fluorapatite in the diffraction peaks.

The research of phase formation of fluorapatite
with strontium content demonstrate that heat
treatment of fluorapatite mixture up to 500 °C similar
to the case of the calcium fluoroapatite, does not
affect on the mixture phase composition. Also, similar
to the case of calcium fluoroapatite, on the DTA
curve endothermic peaks were observed, which
associated with removal of adsorbed water and the
start of decomposition of calcium carbonate.
Intensive synthesis of fluorapatite runs at 600 °C.
Total synthesis of fluorapatite with the initial phases
destruction occurs in the temperature range 800 –
900 °C (fig. 4) and is accompanied by the endother-
mic effect at the DTA curve. Similar to the calcium
fluoroapatite case the diffraction lines of TCP appear,
and its intensity decreases with increasing tempe-
rature up to 1000 °C (fig. 3).

The sintering in air at the temperature range 1100
– 1200 °C for 600 minutes residence time is

performed. The data of the relative density
measurements of the sintered samples in air are
shown in fig. 4.

The results demonstrate that the sintering
temperature increasing in air leads to increase in
density and there is the maximum value of relative
density for all investigated fluorapatite compositions
at the temperature 1200 °C.

Fluoroapatite obtained by chemical precipita-
tions method. Fig. 5 shows XRD data of powders
obtained by co-precipitation of solutions of the ini-
tial components, Ca10(PO4)6F2 calcium and
Ca9Sr(PO4)6F2 with strontium content fluorapatites.
At all diffraction lines are present only one phase –
Ca10(PO4)6F2 (fig. 1a) and Ca9Sr(PO4)6F2 (fig. 1b),
respectively. Previously the necessity of heat
treatment of resulting powder at 800 – 1000 °C for
1 hour for fluorapatite solid-phase synthesis by
calcium pyrophosphate Ca2P2O7 using, as a main
component, was shown. In contrast to fluorapatite,
obtained by reaction in the solid phase, the formation

Fig. 3.  Diffraction peaks of Ca9Sr(PO4)6F2 obtained by solid
phase reaction Т = 1000 °С, τ = 1 hour.

Fig. 4. The dependence of relative density of fluorapatite
samples obtained by solid phase reaction on sintering
temperature (τ = 600 min).

Fig. 5. Diffraction peaks of initial powders Ca10(PO4)6F2 (а)
and Ca9Sr(PO4)6F2 (b) obtained by chemical precipitation
method.
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of fluorapatite by chemical precipitation is directly
resulting of the reaction of the initial component
solutions.

The only endothermic peaks with minimum at
100 °C which correspond to remove adsorbed wa-
ter was observed at the DTA curve obtained by
chemical precipitation of powders Ca10(PO4)6F2
and Ca9Sr(PO4)6F2.

A small endothermic peak at the temperature
range 900 – 1000 °C in fig. 6 is observed and pro-
bably associated with the start of thermal decom-
position reaction for fluoroapatite [5]:

Ca10(PO4)6F2 → 3Ca3(PO4)2 + CaF2.    (5)
DTA data are confirmed by XRD data of fluo-

rapatite heat-treated powders obtained by chemical
precipitation from solutions The line of tricalcium
phosphate with low intensity was observed after heat
treatment of the powder of calcium fluoroapatite at
900 °C.

The increasing of the thermal treatment tem-
perature up to 1150 °C does not affect on the phase
composition of calcium fluoroapatite. In contrast to
the diffractogram of strontium containing fluorapatite
which has demonstrated the increasing of the
Ca3(PO4)2 lines number as compared to
Ca9Sr(PO4)6F2, heat-treated at 900 °C. The next
temperature increasing up to 1250 °C leads to the

disappearance of the tricalcium phosphate lines in
the diffraction pattern of calcium fluorapatite and the
reducing of intensity and number of lines in the
diffraction pattern of strontium containing fluorapatite
(fig. 7). It is known that chemical durability of phos-
phate materials decreases during process of fluo-
roapatite → hydroxyapatite → tricalcium phosp-
hate transformation [6].

Therefore, the content of TCP in the fluorapatite
matrices materials for next HLW immobilization
should be minimal. The samples were sintered in
the temperature range 1000 – 1250 °C for 6 hours
in air.  Fig. 8 shows the relative density fluoroapatite
Ca10(PO4)6F2 (a) and Ca9Sr(PO4)6F2 depending on
the sintering temperature.

The density measurement results found that at
the temperature 1250 °C the maximum value of the
relative density (90 – 92%) was observed both for
calcium fluoroapatite and fluorapatite containing
strontium.

a)

b)

Fig. 6. TG/DTA analysis of Ca10(PO4)6F2 (а) and
Ca9Sr(PO4)6F2 (b).

Fig. 7. Diffraction peaks of Ca10(PO4)6F2 (а) and
Ca9Sr(PO4)6F2 (b)  T = 1250 °С, τ = 1 hour.
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CONCLUSIONS
1.    The fluoroapatite compositions Ca10(PO4)6F2

and Ca9Sr(PO4)6F2 were prepared by both the
reaction in the solid phase and chemical pre-
cipitation methods.

2.     Found that in contrast to solid phase synthesis,
the formation of fluorapatite by chemical pre-
cipitation method is directly resulted on the initial
component solutions reaction.

3.     According to XRD and DTA/TG analysis using
was shown that heat treatment of obtained by
precipitation from solutions fluorapatite at a tem-
perature above 900 °C leads to formation of a
small amount of TCP.

4.    By sintering in air at temperatures of 1200 –
1250 °C the samples of calcium fluoroapatite
and strontium containing fluoroapatite with low

content of TCP and acceptable relative density
of 90 – 92% both in the case of solid phase
reaction and chemical precipitation were
prepared.

5.    The resulting material based on fluoroapatite
structures may be used as effective matrices for
strontium radionuclide immobilization.
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INTRODUCTION
Recently the technologies of constructional ceramics
production for the solution of various technical tasks
are widely developed all over the world. One of
leading position among studied materials possess
ceramic materials based on Al2O3 and ZrO2
(3% Y2O3) compounds [1 – 4].

Traditionally ceramic materials are produced
from powder materials by various methods using

such as formation and sintering. Depending on a
form and the size of products, their purpose and the
set properties apply different types of pressing, slip
casting in plaster molds, extrusion, casting under
pressure from thermoplastic slips, etc. [5].

The last operation of ceramics production is high-
temperature sintering at which there is a process of
consolidation of the formed samples. This process
is accompanied by density increase, and also shrin-
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The possibility of application of electroconsolidation for production of ultradenced ceramics based on
Al2O3 and ZrO2 (3% Y2O3) compounds is studied. As a result of the conducted researches optimum
values of process temperature at which the best parameters of Al2O3 and ZrO2 (3% Y2O3) ceramic
properties are reached: the apparent density – 3.98 and 6.08 g/cm3, bending strength – 350 and
800 MPa, fracture toughness – 4.0 and 8.0 МPa⋅m0.5 respectively are established. The researches of
a ceramics microstructure are found that high parameters of Al2O3 and ZrO2 (3% Y2O3) properties
are defined by dense and fine-crystalline structure.
Keywords: electroconsolidation, ceramic materials, mechanical properties, thermal shock resistance,
microstructure, SEM analysis.

ПРИМЕНЕНИЕ ЭЛЕКТРОКОНСОЛИДАЦИИ ПОРОШКОВЫХ
КОМПОНЕНТОВ ДЛЯ ПОЛУЧЕНИЯ ОСОБОПЛОТНОЙ КЕРАМИКИ

Al2O3 и ZrO2 (3% Y2O3)
С.Ю. Саенко, Е.А. Светличный, К.В. Лобач

Изучена возможность применения электроконсолидации для получения особоплотной керамики
на основе Al2O3 и ZrO2 (3% Y2O3). В результате проведенных исследований установлены оп-
тимальные значения температуры процесса, при которых достигаются наибольшие показатели
свойств керамики на основе Al2O3 и ZrO2 (3% Y2O3) кажущаяся плотность 3.98 и 6.08 г/см3,
предел прочности при изгибе 350 и 800 МПа, коэффициент интенсивности напряжений 4.0 и
8.0 МПа⋅м0,5 соответственно. Исследованиями микроструктуры керамики установлено, что
высокие показатели свойств Al2O3 и ZrO2 (3% Y2O3) определяются плотной и мелкокристал-
лической структурой.
Ключевые слова: электроконсолидация, керамические материалы, механические свойства,
термостойкость, микроструктура, SEM анализа.

ЗАСТУСОВАННЯ ЕЛЕКТРОКОНСОЛІДАЦІЇ ПОРОШКОВИХ КОМПОНЕНТІВ
ДЛЯ ОТРИМАННЯ ОСОБЛИВОЩІЛЬНОЇ КЕРАМІКИ Al2O3 та ZrO2 (3% Y2O3)

С.Ю. Саєнко, Є.О. Світличний, К.В. Лобач
Вивчена можливість щодо використання електроконсолідації для отримання особливощільної
кераміки на основі Al2O3 та ZrO2 (3% Y2O3). За результатами наведених досліджень встановлено
оптимальні значення температури процесу, при яких досягаються найбільші показники влас-
тивостей кераміки Al2O3 та ZrO2 (3% Y2O3): уявна щільність 3.98 та 6.08 г/см3, міцність на ви-
гин 350 та 800 МПа, коефіцієнт інтенсивності напруг 4.0 та 8.0 МПа⋅м0,5 відповідно. Дослід-
женнями мікроструктури було доведено, що високі показники властивостей Al2O3 та  ZrO2
(3% Y2O3) визначаються щільною та дрібнокристалічною структурою кераміки.
Ключові слова: електроконсолідація, керамічні матеріали, механічні властивості, термо-
стійкість, мікроструктура, SEM аналізу.
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kage of a green body. The kinetics of sintering and
final properties of the solid body significantly depends
on both properties of original powder from which
the product was formed and technology factors such
as temperature of sintering, speed of temperature
raising, exposure time at the maximum temperature
[6].

Last time for production ceramics with high
physicomechanical characteristics are using high-
disperse powders and ways of high-speed heating
which allow to optimize a combination of processes
of the maximum consolidation and the minimum
growth of grain during sintering process. There are
new methods of consolidation of powder materials:
the activated sintering under the influence of an
external field, high-speed hot isostatic pressing,
electropulse sintering under pressure, etc. [7, 8].

Among progressive methods of producing ce-
ramic materials one of perspective is electrocon-
solidation process. At electroconsolidation heating
is carried out by a direct transmission of an electric
current through the graphite elastic squeezed medium
in which one or several samples are placed. Purpose
of the medium is transfer of pressure created by
punches, and ensuring heating of preparations due
to heat allocated at passing of current. The speed of
heating of preparations can reach 200 °C/min. Thus
this process allows to carry out quasiisostatic hot
pressing of powder compositions for minimum short
terms with necessary isothermal endurance at the
maximum temperature up to 3000 °C. Means of ef-
fective control of process are necessary for the tech-
nology using.

In National science center Kharkov Institute of
Physics & Technology the equipment for realization
of process of electroconsolidation is developed. The
equipment provides opportunity to realize techno-
logical process of sintering of powder materials of
different structure, in the medium of inert gases and
in vacuum [9].

The purpose of this work is studying the possibi-
lity of application of electroconsolidation for pro-
duction of ultradenced ceramics on the basis of
Al2O3 and ZrO2 (3% Y2O3).

EXPERIMENTAL PROCEDURE
As the main raw materials were used powder of
alumina (3000 SDP, “Almatis”, Germany) with a size
of particles of 0.5 microns; and the powder ZrO2
(3% Y2O3) (PSZ-5.2 YB, Stanford Materials Cor-

poration, USA), with a size of particles of 0.04 –
0.07 microns.

For research carrying out the powders were filled
up in forms and formed samples by a method of
unaxial cold pressing under pressure of 100 MPa.
After formation alumina samples were sintered
(electroconsolidation) at a temperature 1500 and
1600 °C, with a speed of heating 100 °C/min and
endurance 30 minutes, and zirconia samples were
sintered at a temperature 1400 and 1500 °C with
similar values of speed of heating and exposure time.

Open porosity and apparent density of samples
were defined according to GOST 2409-95.

Bending strength was determined by a standard
method in compliance with DSTU 3716-98.
Determination of fracture toughness k1с was carried
out according to ASTM Standard C 1421-99.

For determination of thermal shock resistance
the EN 820-3:2004 standard was used, according
to which thermal stability characterized by difference
of temperatures ДТ, at which there was an emer-
gence of cracks in samples.

The researches of microstructure were con-
ducted on an electronic microscope of the trans-
lucent type.

RESULTS AND DISCUSSION
Properties of ceramic samples Al2O3 and ZrO2
(3% Y2O3) produced at various temperatures, in
comparison with analogous properties of import
analogs are given in the table. From the provided
data it is clear that the samples of Al2O3 produced
at a temperature 1500 °C, possess open porosity –
3 – 5%, their density makes 3.78 – 3.80 g/cm3. The
samples of Al2O3 produced at a temperature
1600 °C, are characterized by smaller porosity and
higher values of the density – 3.96 – 3.98 g/cm3

that conforms to requirements for ultradenced
ceramics.

The Al2O3 samples produced at a temperature
of 1500 °C, possess rather high parameters of
the main properties: σ = 260 – 290 MPa,
k1с = 3.0 MPa⋅m0.5, ∆Т = 300 °C, however is not
compared well with parameters of the samples pro-
duced at a temperature 1600 °C. The Al2O3 samples
produced at a temperature 1600 °C, possess pro-
perties which are compared well with the parameters
of the samples of import ceramics:  σ = 350 MPa,
k1с = 3.5 – 4.0 MPa⋅m0.5, ∆Т = 300 °C.
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Similarly properties of ZrO2 (3% Y2O3) samples
are changed. With increase in temperature of
electroconsolidation from 1400 to 1500 °C, open
porosity of samples disappears, their density
increases to 6.04 – 6.08 g/cm3, and the main
parameters of properties correspond to level of
import ceramics: σ = 800 MPa, k1с = 7.6 –
8.0 MPa⋅м0.5, ∆Т = 400 °C.

As properties of ceramics, substantially are
defined by its structure, for an explanation of the
received results the corresponding researches were
carried out.

In fig. 1 and fig. 2 the microstructure of ultraden-
ced ceramic Al2O3 and ZrO2 (3% Y2O3) is respecti-
vely shown.

From fig. 1 it is visible that the ceramics Al2O3
represents very fine-crystalline structure, with a
prevailing size of grains of 1 – 3 µm. Thus the
minimum size of grains of corundum makes 0.5 µm
and maximum – 6 µm. Grains have a crystallographic
facet that testifies about completion of process of
crystallization at a temperature of 1600 °C. Borders

of grains of corundum are very dense, thus on all
volume of a ceramic sample are noticed fine-
crystalline grains of spinel (MgO⋅Al2O3) with size ≤
0,5 µm.

From fig. 2 it is visible that the ceramic sample of
ZrO2 (3% Y2O3) also has fine-crystalline structure
which consists of well crystal grains of 0.2 – 2.6 µm in
size, with a prevailing size of grains of  1.5 microns.

As a result of the carried out researches, the pos-
sibility of application of electroconsolidation for
production ultradenced ceramics Al2O3 and ZrO2
(3% Y2O3) is established.

CONCLUSIONS
The possibility of application of electroconsolidation
for production of ultradenced ceramics on the basis
of Al2O3 and ZrO2 (3% Y2O3) is studied. As a result
of the conducted researches optimum values of
process temperature at which the best parameters
of properties of Al2O3 and ZrO2 (3% Y2O3) cera-
mics are reached: the apparent density – 3.98 and
6.08 g/cm3, bending strength – 350 and 800 MPa,

Table
Properties of ceramic samples Al2O3 and ZrO2
(3% Y2O3) in comparison with import analogs

Ceramic
brand

Properties of ceramic
Open
poro-

sity, %

Apparent
density, 

g/cm3

Bending
strength
у, MPa

Fracture
toughness
k1с, MPa·м0,5

Thermal
shock

resistan-
ce ДТ, °С

Al2O3
(1500 °С)

NSC
Kharkov

3 – 5 3.78 – 3.80260 –290 3.0 300

Al2O3
(1600 °С)

NSC
Kharkov

0 3.96  –3.98 350 3.6 –  4.0 300

Al2O3
Dynamic
ceramic
(Eng.)

0 3.95 350 4.0 –

NSC
Kharkov

ZrO2
(3% Y2O3)
(1400 °С)

2 – 5 5.80 – 5.86 680 6.0  – 6.4 400

NSC
Kharkov

ZrO2
(3% Y2O3)
(1500 °С)

0 6.04 – 6.08 800 7.6  – 8.0 400

ZrO2
(3% Y2O3)
Kyocera
(Japan)

0 6.00 750 7.0  – 8.0 400

Fig. 1. Microstructure of ultradenced ceramic Al2O3.

Fig. 2. Microstructure of ultradenced ceramic ZrO2
(3% Y2O3).
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fracture toughness – 4.0 and 8.0 МPa⋅m0.5 res-
pectively are established. The researches of a micro-
structure of ceramics demonstrate that high para-
meters of properties Al2O3 and ZrO2 (3% Y2O3)
ceramics are defined by dense and fine-crystalline
structure.

Developed ceramics are perspective for ap-
plication as constructional materials for various
spheres of science and engineering.
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INTRODUCTION
In [1 − 5] the temperature dependence of the density
of states determined by relaxation spectroscopy of
energy levels in semiconductors. It is shown that the
surface state density is temperature dependent. The
technique of determining the density of surface states.
It is shown that due to the thermal broadening of the
levels, the discrete spectrum with hanging tempe-
rature becomes a continuous energy spectrum. With

the expansion of the energy spectrum of the density
of states GN derivative function of the probability
of energy required energy levels, it was shown that
the magnitude of energy gap is temperature depen-
dent. The temperature dependence of the band gap
is determined by the temperature dependence of the
density of the energy state of the conduction band
and valence band of the semiconductor. Due to the
thermal broadening of the density of states near the
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With the help of mathematical modeling of the thermal broadening of the energy levels studied the
temperature dependence of the band gap semiconductors. In view of the temperature dependence of
the effective mass of the density of states obtained graphs temperature dependence of the band gap.
Investigated the effect of changes in the effective mass of charge carriers on the temperature de-
pendence of the band gap semiconductors. The theoretical results of mathematical modeling are
compared with experimental data for  Si. The theoretical results satisfactorily explain the experimental
results for Si.
Keywords: band gap, the effective density of states, the energy spectrum, the numerical
simulation and experiment.

О ТЕМПЕРАТУРНОЙ ЗАВИСИМОСТИ ШИРИНЫ ЗАПРЕЩЕННОЙ ЗОНЫ Si
Г. Гулямов, У.И. Эркабоев, Н.Ю. Шарибаев

С помощью математического моделирования процесса термического уширения энергетических
уровней исследована температурная зависимость ширины запрещенной зоны полупроводников.
С учетом температурной зависимости эффективной массы плотности состояний получены
графики температурной зависимости ширины запрещенной зоны. Исследовано влияние
изменения эффективной массы носителей зарядов на температурную зависимость ширины
запрещенной зоны в полупроводниках. Теоретические результаты математического моделиро-
вания сравниваются с экспериментальными данными для Si. Результаты теории удовлет-
ворительно объясняют экспериментальные результаты для Si.
Ключевые слова: ширина запрещенной зоны, эффективная масса плотности состояний,
энергетический спектр, численный эксперимент и моделирование.

ПРО ТЕМПЕРАТУРНУ ЗАЛЕЖНІСТЬ ШИРИНИ ЗАБОРОНЕНОЇ ЗОНИ Si
Г. Гулямов, У.І. Єркабоєв, Н.Ю. Шарібаев

За допомогою математичного моделювання процесу термічного розширення енергетичних
рівнів досліджена температурна залежність ширини забороненої зони напівпровідників. З
урахуванням температурної залежності ефективної маси густини станів отримані графіки
температурної залежності ширини забороненої зони. Досліджено вплив змінювання ефективної
маси носіїв зарядів на температурну залежність ширини забороненої зони в напівпровідниках.
Теоретичні результати математичного моделювання порівнюються з експериментальними
даними для Si. Результати теорії задовільно пояснюють експериментальні результати для Si.
Ключові слова: ширина забороненої зони, ефективна маса густини станів, енергетичний спектр,
чисельний експеримент і моделювання.
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bottom of the conduction band and valence band is
reduced band gap. In the calculation of the tempe-
rature dependence of the forbidden assumed for
simplicity that the density of states in the areas of
constant edge of the conduction band and valence
band are sharp and have a stepped shape. In these
studies it was assumed that the effective mass of the
density of states does not depend on the tempera-
ture. However, as shown by experiments [6], the
effective mass of the density of states depends on
the temperature. These changes are effective mass
changes the temperature dependence of the band-
gap.

However, in the real state of the semiconductor
density is a function of speed and energy band
structure of the sample is determined. Moreover,
the density of states is so general that it can be used
even when there is no Brillouin zone and sharp
boundaries of permitted and prohibited zones [7,
8].

Thus, for analysis of experimental results for
comparison between theory and experiment is
necessary to consider the specific form of the band
structure of the semiconductor and the dependence
of the effective mass of the charge carriers of the
temperature.

The aim of this work is to study the temperature
dependence of the band gap semiconductor with
the band structure and temperature dependence of
the effective mass of carriers and comparison of
theory with experiment.

THE TEMPERATURE DEPENDENCE OF
THE DENSITY OF STATES
In determining the band gap values   of the density
of states corresponding to the energy band gap
edges Ec and Ev denote by Nk the temperature de-
pendence of the density of states can be studied by
expanding the density of states in a series of GN(Ei,
E, T)-functions of the derivative of the ionization
energy of discrete states. The expansion has the
following form: [1 − 5]

( ) ( )
1

, ( ) , ,
n

s si i i
i

N E Т N E GN E E T
=

=∑ .   (1)

This is derived in turn from the integral expression:

( ) ( ) ( )0 0, , ,
c

v

E

E

N E Т N E E Е T dE= ρ�     (2)

N(Е0, T) – the number of electrons generated from
quantum states with energy less than E0, with a con-
tinuous distribution in energy levels. We apply this
method of expansion for the density of states in the
conduction band of the semiconductor. For a qua-
dratic dispersion law for the density of states of the
conduction band is given by [9]

0( ) n cN E N E E= − , ( )3/2* 2
0 4 2 /n nN m h= π .

(3)
Similarly, for the valence band

0( ) p pN E N E E= − , ( )3/2* 2
0 4 2 /p pN m h= π .

(4)
As in the theory of non-crystalline semicon-

ductors [7, 8] to determine the allowed and for-
bidden energy bands, we use the concept of density
of states. Formulation (3) and (4) into (2) we obtain
a model that describes the temperature dependence
of the density of states near the band edges. With
this in mind, we expand  Ns(E, T) in a series of
GN(Ei, E, T)-functions. In the following form:

for the conduction band:

( ) ( )0
1

, , ,
n

sn n i c i
i

N E Т N E E GN E E T E
=

= − ∆∑

 at  E > Ec;                            (5)
for the valence band:

( ) ( )0
1

, , ,
n

sp p p i i
i

N E Т N E E GN E E T E
=

= − ∆∑

at E > Ev;                              (6)
for the gap:
Nss(E) = 0  at  Ec > E > Ev,  ∆E = 1/n.      (7)

The values   of the density of states corresponding
to the energy band gap edges Ec and Ev is denoted
by Nk. Then the energy position of the edges of the
gap are determined by solving the following tran-
scendental equations

( )
1

( ) , ,
n

sn i i k
i

N E GN E E T E N
=

∆ =∑ ,

( )
1

( ) , ,
n

s p i i k
i

N E GN E E T E N
=

∆ =∑ ,       (8)

where  ∆E = 1/n.
The solution of equation (8) determines the values

at a given border gap Ec(T) and Ev(T), as a function
of temperature T. Nk parameter of the problem and
is determined experimentally. Then the band gap
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Eg(T) at a given temperature is defined as the dif-
ference between the values   of Ec(T) and Ev(T) (9).
Here Ec(T) energy of the bottom of the conduction
band, Ev(T) − the energy of the valence band. It
follows that the method of determining the accuracy
of the experiment and the important factors in de-
termining the width of the gap. Indeed the band gap,
determined by optical methods − “optical width” of
the band gap can not match the value of the band
gap, determined by the temperature dependence of
the resistance of the semiconductor. One of the rea-
sons is that different values for Nk optical and elect-
rical measuring techniques.

THE TEMPERATURE DEPENDENCE OF
THE BAND GAP AND TO COMPARE
THEORY WITH EXPERIMENT
In [6] established that the Si effective mass density
of states depends on the temperature. Fig. 1 shows
the temperature dependence of the effective mass
of the density of states in Si m/m0 from [6]. Using
the data of fig. 1 using the model calculated the chan-
ge in the band gap as a function of temperature.

Fig. 2 shows plots of the temperature depen-
dence of the band gap of Si for the changes in the
effective mass of the density of states taken from
fig. 1 [6]. Fig. 2 shows that taking into account the
temperature dependence of the effective mass
significantly affect the results of the calculations.

Fig. 2 shows the results of the broken linear
calculations and taking into account the temperature
dependence of the electron effective mass. The same
figure shows the theoretical linear continuous

temperature dependence of the band gap, taking
into account the change in the effective mass of the
electron and hole in the temperature range (0 K −
500 K). Experimental results for silicon taken from
[6] are represented by dots. As can be seen from
fig. 2 records the temperature dependence of the
effective mass of electrons and holes are properly
explain the temperature dependence of the band gap
of silicon in the given temperature range. Thus,
changes in the effective mass of the density of states
with temperature can greatly affect the temperature
dependence of the bandgap.

CONCLUSION
In this temperature range (0 K; 500 K) mathematical
modeling of the temperature dependence of the band
gap is satisfactorily described by a parabolic
dispersion law. Experimental results of changing
bandgap silicon [6] within the precision of the
measurements with the theoretical calculations.
Comparison of theory and experiment shows that
the thermal broadening of the energy levels described
by a GN-function satisfactorily describes the process
of the temperature dependence of the band gap in
Si. The temperature dependence of the energy
spectrum of the density of states of semiconductors,
taking into account the temperature dependence of
the effective mass of the density of states. The
temperature dependence of the band gap for the
changes in the effective mass of the density of states.
With the help of numerical experiments show that at
temperatures T > 50 K change in the effective mass

Fig. 1. The temperature dependence of the effective mass
of the density of states in m/m0 Si. [6]. ♦  − experiment [6];
___  calculations for m*

n = m(T),  m*
p = m(T); − − calculations

for  m*
n = const; m*

p = const.

Fig. 2. Schedule - the temperature dependence of the band
gap for Si. ♦  − experiment [6]; −−  calculations for
m*

n = m(T),  m*
p = m(T);  − − calculations for  m*

n = const;
m*

p = const.
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of the density of states with increasing  T a significant
effect on the temperature dependence of the band
gap.
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INTRODUCTION
Investigations of fundamental principles and basic
mechanisms of structural phase transitions in solids
are the most important component in development
of new materials for use in modern high technology.
Currently, a variety of composite materials, including
those containing silicides of refractory metals, are
increasingly replacing traditional structural and func-

tional materials for the creation of new technologies,
machines, mechanisms and devices in various fields
of science and technology [1, 2]. This is largely due
to the implementation of previously unattainable
complex and/or the level of physical and mechanical,
electro-physical, thermal, and other properties in
such materials, which allows us to solve relevant
technical and consumer problems: from reducing
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This paper is an attempt to apply the multi-scale approach to the study of silicide coatings on
molybdenum. Macro- and microstructure of silicide coatings largely determines mechanical and cor-
rosion properties of molybdenum-protective coating composites. To prevent unacceptable changes, it
is necessary to foresee the evolution of structure during formation of the coating and during operation
of the composite. This paper analyzes the factors that determine degradation of properties of the
coatings at different hierarchical levels. The requirements for the macro- and microstructure of the
silicides with a view to achieving better thermal properties of the protective coating have been for-
mulated.
Keywords: molybdenum, coatings, silicides, micro- and macrostructure

ОПТИМИЗАЦИЯ СТРУКТУРЫ СИЛИЦИДНЫХ ПОКРЫТИЙ НА ОСНОВЕ
МУЛЬТИМАСШТАБНОГО ПОДХОДА

С.В. Литовченко, В.М. Береснев, В.А. Чишкала, А.Е. Дмитренко,
У.С. Немченко, В.В. Бурковская

В работе предпринята попытка применения мультимасштабного подхода к изучению си-
лицидных покрытий на молибдене. Макро- и микроструктура силицидного покрытия во многом
определяет механические и коррозионные свойства композитов молибден – защитное покрытие.
Для предотвращения недопустимых изменений необходимо предвидеть эволюцию структуры
при формировании покрытия и в процессе эксплуатации композита. В работе проанализированы
факторы, определяющие деградацию защитных свойств покрытия на разных иерархических
уровнях. Сформулированы требования к макро- и микроструктуре силицидов с целью дости-
жения более совершенных термических свойств защитного покрытия.
Ключевые слова: молибден, покрытия, силициды, микроструктура, макроструктура.

ОПТИМІЗАЦІЯ СТРУКТУРИ СИЛІЦИДНИХ ПОКРИТТІВ НА ОСНОВІ
МУЛЬТИМАСШТАБНОГО ПІДХОДУ

С.В. Литовченко, В.М. Береснєв, В.О. Чишкала, О.Є. Дмитренко,
У.С. Нємченко, В.В. Бурковська

У роботі зроблена спроба застосування мультимасштабного підходу до вивчення силіцидних
покриттів на молібдені. Макро- і мікроструктура силіцидних покриттів багато у чому визначає
механічні та корозійні властивості композитів молібден – захисне покриття. Для запобігання
неприпустимих змін необхідно передбачити еволюцію структури при формуванні покриття і в
процесі експлуатації композиту. У роботі проаналізовано чинники, що визначають деградацію
захисних властивостей покриття на різних ієрархічних рівнях. Сформульовані вимоги до макро-
і мікроструктури силіцидів з метою досягнення досконаліших термічних властивостей захисного
покриття.
Ключові слова: молібден, покриття, силіциди, мікроструктура, макроструктура.
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weight and intake of metals to enhancing their dura-
bility, performance and efficiency.

Development of new and improvement of known
materials is based on the results of two related areas
of work – experimental and theoretical. In theo-
retical studies, the so-called cybernetic (experi-
mental-statistical) and multilevel or multiscale
approaches are distinguished. In the latter case, the
material is represented in the form of a complex
system – design, where the individual elements of
the structure play a role of subordinate components
(sub-systems, sub-structures), and conduct a direct
simulation of the behavior of the material under the
combined influence of external damaging factors
including the internal geometry, properties, and
interaction of elements. In this simulation, various
approaches of continuum mechanics involving
numerical or discrete techniques are used [3, 4].

In experimental studies of the mechanisms of
formation and evolution of the structure of materials
as well as structural phase transitions in them, it is of
high importance to take into account the full range
of external influences arising during operation (heat
treatment, irradiation, corrosion, etc.). Combined
external impact initiates the interference processes
in materials, which can lead to the formation of quasi-
stable states and can influence the formation of
defects or other local irregularities in the original
structure of the material [5, 6].

In this paper, a multiscale hierarchical approach
is applied to the experimental studies of the possibility
of raising long-term operational stability of the
molybdenum-silicide coating composite material.

GENERAL CHARACTERISTICS OF
SILICIDE COATINGS AND MULTI-SCALE
ELEMENTS IN THEM
Silicide coatings are the most effective means of
protection of refractory metals, particularly molybd-
enum from high-temperature oxidation [7, 8].
Silicides are used due to their heat resistance, ability
to retain sufficient mechanical properties within a
wide temperature range, higher conductivity and
compatibility of silicide obtaining operation with a
total production technology of the final products.
Furthermore, silicides have a number of advantages,
e.g. a high melting point, a wide range of resistivity,
ability to form epitaxial layers forming the Schottky
barrier of the predetermined value, possibility to
grow the oxide film on the silicide. [9] At tempe-
ratures above 1500 °С in oxygenated atmospheres

on the surface of the silicides the oxide film consisting
of practically pure silicon dioxide SiO2 is formed.
This film provides a high heat resistance of silici-
de coatings, preventing penetration of oxygen to the
metal surface.

Increased use of silicide coatings is constrained
by a number of negative factors, significant of which
is the lack of stability at high temperatures. This
instability is caused by the initial thermodynamic
instability of the substrate-coating system and its
tendency for chemical reactions [10].

To achieve the best performance characteristics
of molybdenum products with coatings, it is impor-
tant to fully define the connection between the com-
position, structure and properties of the coatings,
to simulate the optimal coating and develop a tech-
nology of its formation. At the same time, the si-
mulation should take a large scale of object into ac-
count – from the macro-scale of the whole coating
and its individual layers (with the size of hundreds of
micrometers, fig. 1) to sub-micron elements (crys-

Fig. 1. Macroscale elements of the molybdenum substrate
– two-phase silicide coating composition: 1 – MoSi2;
2 – Mo5Si3, 3 – Мо.
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tallites of eutectic mixtures, fig. 2) and the smallest
nanoscale  objects  (pores,  microcracks   nucleus,
interstitial atoms and molecules, vacancy clusters,
fig. 3).

b)

Fig. 2. Submicron elements of the MoSi2-Mo5Si3 eutectic
mixture.

Fig. 3. Elements of the smallest scale in the silicide coating:
а) – cluster of pores, b) – impurity.
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a)

b)

It is known that the best coating from the
perspective of uniform stress distribution, bonding
strength and the greatest thermodynamic stability is
a diffusion layer which is a continuous series of solid
solutions [11]. Such a layer, for example, is formed
in a place of contact of molybdenum and tungsten
under high annealing (about 2000 °C) in vacuum.
The same is observed while chromium-plating of
molybdenum, tungsten and other metals. However,
there is a relatively small amount of systems where
due to the counter diffusion the monophase layer
with continuously varying  concentration of the do-
ping component is implemented. This concentration
continuously varies from the boundary value (at one
boundary) to zero (at the other boundary).

OPTIMIZATION  OF  MACRO-AND
MICROSTRUCTURE  OF  SILICIDE
COATINGS
In many cases, including molybdenum siliconizing,
multiphase compositions consisting of the layers of
chemical compounds and sequentially arranged
bounded solid solutions are formed.

When modeling a coating at macro level in sys-
tems with intermediate compounds (namely Mo-Si
relates to such systems, where there are stable com-
pounds of MoSi2, Mo5Si3, Mo3Si  [12, 13]) it is
necessary to strive for creating a composition the
structure of which is very close to continuos series
of  solutions. This can be is achieved through me-
eting several requirements simultaneously.

Firstly, the greatest concentration of  silicon  must
be on the surface of the coating. Implementation of
this condition ensures rapid formation of an oxide
film of SiO2 and achievement of the desired pro-
tective effect.

Secondly, the concentration of silicon from the
side of the molybdenum substrate should be the
lowest, this will slow down the diffusive dissolution
of the silicides inside it.

Thirdly, to achieve and maintain a reliable ad-
hesive interaction between the coating and the sub-
strate, it is necessary to relieve the mechanical stress
in the system during formation of the coating as well
as during the operation of the substrate-coating
composite as much as possible.

Meeting the above requirements for the molyb-
denum-silicon system means that the silicide coating
must be multiphase, and it is preferable to carry out
its formation sequentially, starting from the lowest
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silicide phases (phases with the less silicon atoms in
the molecules of silicides).

The implementation of the proposed scheme to
form a coating provides minimal changes in specific
volumes on the phase boundaries and the lowest
difference between the thermal expansion coef-
ficients of the individual layers with a common
boundary.

It should be noted that during the establishment
of diffusion coatings the phase composition is often
determined by the rate of their formation. In most
cases, due to economic considerations, they tradi-
tionally tend to maximize the saturation velocity [14].
During siliconizing at high saturation speeds, the
coating consists mostly from the higher silicide phase,
i.e. the phase richest in silicon. In the studied system
it is molybdenum disilicide MoSi2. Since the specific
volume ratio of this phase and the base metal
(molybdenum) are significantly different, in the
process of saturation, the coating is exposed to
significant stresses relaxation of which leads to the
formation of micro-and macro-cracks, pores and
other defects. During operation of the coating, the
amount of defects increases, they combine into larger
formations, which leads to a rapid loss of protective
effect of the coating. It is therefore extremely
important to organize the technological process of
coating deposition in a way to provide a gradual
decrease of stress by the thickness of the coating.
The stated comments also lead us to conclusion
about the reasonability of forming a coating through
the lower silicide phases [15].

Currently, lower molybdenum silicides are used
mainly as individual additives in composite materials
[16, 17], which is a consequence of rather
widespread belief of their insufficient heat resistance.
The standard approach to the formation of silicide
coatings is the formation of sufficiently thick (500
microns or more) layers, the significant (most
frequently – the major) part of which is represented
by disilicide (fig. 4).

During the further use of the product with such
coating, only its minor part is used as intended (i. e.,
to form an oxide layer of SiO2 on the surface), and
the rest turns into lower silicides as a result of diffusion
reaction, which is activated by the high performance
temperatures [18]. The process of redistribution of
silicide phases in the coating is accompanied with
the mechanical stress of alternating sign (tensile stress

and compressive stress), which is due to the natural
thermodynamic and structural properties of individual
silicide phases [19]. These stresses can lead to a
failure of uniformity of the coating.

The specific list of macroscale factors may be
adjusted depending on the actual operating
conditions (e.g., the case of coatings with different
configuration and structure on different parts of the
same product can be implemented in the presence
of a temperature gradient on the surface of a product
or different curvature of the surface on different
areas).

Optimal modeling of the structure of the silicide
coating on the microscale primarily requires creation
of such a crystallite composition which can reduce

a)

b)

Fig. 4. Disilicide layers in the coatings on molybdenum:
а) – almost entirely disilicide coating with the thickness
of 450 microns, MIM-8 microscope; b) – complex coating
on molybdenum (1) with an inner layer of silicide Mo5Si3
(2) and an outer layer of about 200 microns of molybdenum
disilicide (3), Quanta 200 SEM.
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the grain boundary flow of silicon, slow down the
diffusion phase dissolution and increase efficiency
of the coating without significant phase
transformations in it. In this sense, a coating with a
fine-grained structure of the silicide formed by
equiaxed (spherical or polyhedral) grains has the best
potential. In our view, the better stability would be
provided by a microstructure with grains elongated
along the phase boundaries, and not oriented
perpendicular to them (fig. 5).

Much attention is paid to the fight against diffuse
dissolving of disilicide phase and increase of the
protective effect of the coating [20]. Attempts of
insertion of additional elements to the composition
of the coating, which form the barrier layers from
the foreign substances to slow the diffusive disso-
lution of the higher phase, gave some positive result
at moderate temperatures (up to 1650 – 1700 °C).
At higher temperatures, the material of the barrier
layer rapidly pollutes the protective film of silicon
dioxide, and the heat resistance of the coating is
sharply reduced [21].

Point insertion of additional chemical elements in
the form of individual embedded or substituted atoms
with formation of sub-micron inclusions of third
phases of nanoscale inclusions of individual atoms
will eliminate the negative factors that are inherent in
conventional barrier layers, but the experimental data
of such modification of the coating are practically
absent. There is  another model approach, viz. crea-
tion of chemically-related barrier layers in the coat
submicron scale ing, which are obtained without the

insertion of additional chemical elements. Examples
of such layers are eutectic mixtures of nano- and
submicron particles of various molybdenum silicides,
as well as their solid solutions [22]. One of the op-
tions to obtain such compositions (fig. 6) can be
contact melting of different silicide layers [23], co-
sputtering of elements, f ollowed by condensation
and reactionary diffusion or there can be some other
methods.

CONCLUSION
Multi-level hierarchical approach (multiscale
approach) is an important tool for optimizing the
structure of composite materials. To achieve the best
performance of materials in different operational
conditions it is necessary to know the full range of
both structural characteristics of the composite
material, and environmental factors, which initiate
evolution of the structure at each hierarchical level.
Such knowledge allows to choose the acceptable
level of degradation for each structural level and
thereby simulate a coating with optimal structure-
phase state.

The factors determining the implementation and
changes in the structure of molybdenum silicides,
are the initial structure of the substrate, material
defect, stress-strain state of the material, method of
processing, temperature, composition and the source
of diffusion impurities. The requirements to the
chemical composition of individual areas of the
coating, to the sequence of phase layers and to the
microstructure of the layers have been formulated.

Fig. 5. Large-block silicide coating (2) on molybdenum
(1), Quanta 200.

Fig. 6. The result of contact melting of silicides: MoSi2 -
Mo5Si3 eutectic layer in silicide coatings on molybdenum,
Quanta 200.
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The options of the construction of the coating with
improved stability have been proposed.

For a system of molybdenum-silicide coating,
practically in all cases, the best combination is a multi-
layer multi-phase silicide coating with a gradual
decrease in the concentration of silicon from the
surface to the substrate.
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INTRODUCTION
Ion-plasma deposition methods by means of sput-
tering targets, which consist of metals or their ni-
trides, carbides and borides, can generate a wide
range of multi-component coatings. In many papers

[1 − 3] various variants of such structures and their
properties have been considered.

Prospects for the use of multi-component coat-
ings containing wear-resisting and antifriction com-
ponents are associated with the possibility of ob-
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By means of the magnetron sputtering method using the DC and pulsed voltages applied to the target,
the coatings based on AlN-TiB2-TiSi2 ceramics were obtained. An amorphous-like structure of the
obtained coatings was revealed. It had the area of ordering ~ 1 nm and the viscoplasticity coefficient
of 0.07. The hardness of the coatings reaches 15.3 GPa, and the modulus of elasticity is 206 GPa.
The coatings are characterized by high adhesion strength to the substrate.
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Магнетронным методом распыления, с применением постоянного и импульсного напряжений
на мишень, получены покрытия на основе керамики AlN-TiB2-TiSi2. Выявлено аморфноподобную
структуру сформированных покрытий с областью упорядочения ~ 1 нм и коэффициентом вяз-
копластичности 0,07. Твердость покрытий достигает 15,3 ГПа, а модуль упругости составляет
206 ГПа. Покрытия характеризуются высокой адгезионной прочностью по отношению к
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taining a new composite structures having the de-
sired physical and mechanical properties. The most
common and effective systems of coatings forma-
tion are systems based on magnetron sputtering tech-
niques [4, 5]. During the deposition process, the
amorphous structure can be formed along with the
reduction of the size of the grain and obtaining new
chemical compounds. This promotes a significant
improve to the physical and mechanical properties
of the coatings.

In the current work, the possibility of applying
the method of magnetron sputtering of high-temper-
ature composite ceramics and formation of coat-
ings on their basis have been explored. The physi-
cal and mechanical properties of the coatings have
been studied.

EQUIPMENT AND METHODS OF
INVESTIGATION
Operational volume was a vacuum chamber made
of stainless steel with a diameter of 75 cm and a
volume of  ∼ 96 liters. The scheme of the installa-
tion is shown in fig. 1.

As the sputtered material we used ceramics
(AlN-TiB2-TiSi2) with a diameter ∼  80 mm and
thickness of 4 mm.

The coatings were deposited on the polished
surface of the samples of steel 45 and on the sur-
face of the silicon samples. Samples were fixed on
the substrate, which was located above on a dis-

tance of 70 mm from the surface of the sputtering
target. For comparison of the results of research,
two modes of deposition have been used: at a con-
stant voltage applied to the target and in pulsed
mode.

DEPOSITION PARAMETERS
The DC voltage applied to the sputtering target was
400 V, current ∼ 200 mA; deposition time 95 min;
bias potential on the substrate was ∼ 200 V. The
partial pressure in the chamber during the coating
deposition was PAr = 0.1 Pa. Before the deposition
of the coatings, the cleaning of the samples in a glow
discharge for 15 minutes at PAr = 0.08 Pa has been
implemented.

The pulse voltage applied to the sputtering tar-
get was 700 V, current ∼ 2.0 A; deposition time
35 min; potential bias on the substrate was ∼ 200 V.
The partial pressure in the chamber during coating
deposition was PAr = 0.1 Pa. Before the deposition
of coatings, the cleaning of the samples in a glow
discharge for 15 minutes at PAr = 0.08 Pa has been
implemented.

The surface morphology of the coated samples
was studied using a scanning electron microscope
FEI Quanta 600 FEG. Nanohardness measurements
were carried out using NanoIndenter II (MTS Sys-
tems, USA) installation. It was equipped with a
three-sided Berkovich pyramid. To study the
structural elements, the method of atomic force mi-
croscopy (AFM) was used.

EXPERIMENTAL RESULTS AND DIS-
CUSSION
Fig. 2 and fig. 3 show microphotographs of the sur-
face of the coatings, as well as the fractorgaphy im-

Fig. 1. Scheme of the installation for magnetron sputtering
of multicomponent systems: 1 – vacuum chamber, 2 – planar
magnetron, 3 – sputtering target, 4 – substrate holder, 5 –
substrate, 6 – Langmuir probe, 7 – quartz thickness and
the deposition rate measuring instrument, 8 – pumping, 9
– observation window, 10 – water cooling, 11 – operational
gas buffing, 12 – system of control and data acquisition,
13 – photometer, 14 – ignition block, 15 – impulse power
supply unit, 16 – constant power supply unit.

a)
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ages of the fracture. The analysis of the images shows
that the use of magnetron sputtering for the evapo-
ration of the ceramic targets of compound compo-
sition leads to the fact of presence of a drop com-
ponent in a small amount on the surface. The analy-
sis of the published data suggests that the main fac-
tor determining the presence of the drop compo-
nent is the low thermal conductivity of the vapor-
ized components composing the target [6].

Even with intensive cooling of the target, the tem-
perature of the evaporating surface increases be-
cause of the low thermal conductivity of the eva-
porable components: λAlN= 160 − 250 W/(m⋅K)
[7]; λTiB2= 64,4 W/(m⋅K) [7]; λTiSi2= 45,9W/(m⋅K)
[8], which leads to the generation of microdrops
fraction [9]. Fig. 4 shows the results of energy dis-
persion microanalysis of the surface of the coatings
based on AlN-TiB2-TiSi2.

The results of elemental microanalysis of the coat-
ing show that when applying a pulsed voltage to the
sputtering target, the reduction of content boron,
nitrogen, aluminum and silicon takes place (see fig.

b)

Fig. 2. Image of the surface topography of the AlN-TiB2-
TiSi2 coating: a) – under DC, b) – pulsed magnetron sput-
tering.

a)

b)

Fig. 3. Fractography images of the fractures of the AlN-
TiB2-TiSi2 coatings: a) – obtained at a DC (tdep = 95 min),
b) – impulse magnetron sputtering (tdep = 35 min).

a)

b)

Fig. 4. The elemental composition of coatings based on
AlN-TiB2-TiSi2: a) – in a DC voltage conditions, b) – in a
pulsed voltage conditions.
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5b). As for titanium, the selective sputtering of tita-
nium atoms is less apparent compared with the coat-
ings produced under conditions of DC applied to
the target. The presence of oxygen and carbon in
the coating is apparently due to the presence of the
residual atmosphere in the vacuum system.

AlN-TiB2-TiSi2 coatings, obtained in this work,
had an amorphous structure with a broad “halo” on
the XRD spectra after the deposition. It had a
center in the area of the diffraction angle 2θ = 38°.
The size of the ordering area was about Rm = 10 D
= 1 nm, i.e., the obtained structure can be attribut-
ed to the amorphous cluster class.

Electron microscopy studies of the surface of the
coating using reflection and transmission, confirm the
presence of the ultrafine structure which is close to
amorphous. This is evidenced by the nature of the
diffraction pattern (fig. 5).

Analysis of the mechanical characteristics, car-
ried out by the nanoindentation method showed that
in the initial state the obtained coatings have
nanohardness H = 15.3 GPa and the elasticity mod-
ulus E = 206 GPa. The index of viscoplasticity [10]
for the system we obtained the system was ∼  0.07,
thus striving to the amorphous state of the material.

To obtain a high adhesive strength of the coating
to the substrate, according to the literature [11], two
factors are required: 1 – mechanical contact between
the coating and the substrate, 2 – the chemical in-
teraction on the border of two contacting surfaces.
Mechanical interaction is determined by the rough-
ness of the contacting surfaces, and the chemical
interaction is determined by the interatomic interac-
tion on the border of the contacting bodies. The high
degree of activation can be obtained by surface
treatment by the glow discharge and pulse process-
ing before the deposition, which leads to the activa-

tion of the atoms interacting at the boundary of the
contacting materials.

The adhesion of coatings based on ceramic sys-
tem AlN-TiB2-TiSi2, obtained by the pulse magne-
tron sputtering, to a steel substrate is estimated [12]
by the area of the chop which was obtained during
the joint local plastic deformation of the coating and
its substrate through the penetration of Rockwell
indenter at a load of 1470 N. The quality of adhe-
sion determined by this method indicates the pres-
ence of chops and peeling around the imprint (see
fig. 6).

Coatings of the system AlN-TiB2-TiSi2, formed
on a steel substrate, are characterized by the suffi-
cient quality (see Fig. 6a) in the area around the
imprint after the penetration of the indenter into the

Fig. 5. Electron microscopic image of the coating AlN-
TiB2-TiSi2.

a)

b)

Fig. 6. Image of the area of the indenter imprint on samples
of steel with a coating: a) – general view, b) – fragment of
the imprint.
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deep. Peeling the coating from the substrate was
not revealed. The obtained coatings based on ce-
ramics AlN-TiB2-TiSi2, which have amorphous-like
structure [13] can be effectively used to protect the
surfaces of the rubbing details from the oxidation
wear.

SUMMARY
1.    In conditions of applying DC voltage and pulse

voltage to the target, the composite coatings
based on ceramic compounds AlN-TiB2-TiSi2
were developed.

2.   X-ray diffraction analysis revealed an amor-
phous-like structure of the coating with the area
of ordering about 1 nm and viscoplasticity co-
efficient of 0.07.

3.    The mechanical properties of the coatings are
characterized by the hardness of 15.3 GPa,
modulus of elasticity of 206 GPa and a high
adhesive strength with respect to the substrate.

4.   Tribological properties of the obtained amor-
phous-like coatings based on the ceramic com-
pounds AlN-TiB2-TiSi2 are promising for using
them as protective coatings for the rubbing sur-
faces of machine details.
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INTRODUCTION
Rare-eart (RE) monoantimonides  continue to
receive a great deal of attention owing to their
interesting properties which have not yet studied in
sufficient detal  [1 − 8]. These little-studied materials
include dysprosium  monoantimonide. In this work
are  presented the technology of preparation of
DySb crystalline thin films and study of the optical
properties at room temperature  in the photon energy
range 0.05 − 5.5 eV.

EXPERIMENT
Single-phase films DySb have been  prepared by
vacuum-thermal evaporation from two independent
sources of  Dy and Sb. As substrates we used glass-
ceramic, fused silica and (111) oriented single-crystal
Si plates.  The sourse materials used were 99.9%

DyM-1 dysprosium and  99.9999% antimony. Du-
ring the growth process the vacuum in the deposition
chamber was  ∼ 10−5 Pa. In the all of the growth
runs, the substrate temperature was maintained  from
1050 to 1110 K. The axis of the Dy and Sb eva-
porators made an angle of   ∼ 35° with the normal
to the substrate surface. The source-substrate
separation  was 42 mm for Dy and  56 mm for Sb.
Angles evaporators Dy and Sb against the normal
of the substrate are the same and composes ∼ 35°.
The thickness of the prepared films varied in the
range 1.2 − 2.1 µm, the deposition rate was
∼ 68 D/s

The phase composition and crystallinite of the
films were cheked by  by X-ray diffraction (XRD).
XRD pattern  were taken at CuKα radiation with
a nickel filter, in the mode of recording a rate of
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4⋅10−2 deg/s and eleqtron diffraction. Electron
diffraction patterns were obtained in reflection at an
accelerating voltage of (75 – 100)⋅102 V. The sur-
face of the films was examined by X-ray fluores-
cence analysis (Camebax-Microbeam system).
Their elemental analysis was determined by electron
X-ray microanalysis.

Optical properties of dysprosium monoanti-
monide  are studied poorly.  In [9], only are  resear-
ched   reflection spectra of crystals and powder  of
DySb.   In this paper, at room temperature in the
photon energy of 0.05 eV − 5.5, reflection  and
absorption  spectra  are studied.  By the Kramers-
Kronig relations were calculated spectra of the main
optical parameters such as  real  and imaginary parts
of the dielectric constant, the loss function.

RESULTS AND DISCUSSION
By XRD and electron diffraction  methods were
investigated influence of temperature of a substrate
in the range of 1050 to 1110 K and also the material
of a substrate on crystallinity and phase structure of
prefared films. Experiments have shown that the
substrate material have no effect on the crystallinite
and phase composition of the films. Films stay in the
open air for 4 − 6 days causes change of color of
films  and the appearance of additional peaks on
XRD pattern,  not belong DySb, indicating  the
instability of films in air.

Fig.1 shows  a typical the  electronogramm and

fig. 2 XRD pattern of  an DySb film.  Analysis of
XRD and electron diffraction  data indicated that
the film grown at this temperature  consisted  DySb
(cubic structure  of  NaCl-type ) with lattice  para-
meters  6.14 D   in good agreement with those  of
bulk  DySb crystals  6.150 D [9].

X-ray microanalysis showed that the film
contained 49.8% Dy and 52.2% Sb.

In secondary X – rays the surface of the prepared
films has been removed. The atoms of Dy and Sb
are distributed on a surface of films in regular intervals
enough at visible from fig. 3 (1) an (2) accordingly.

Fig. 1. Electron diffraction pattern of a thin DySb film
(fused silica substrate, film thickness of 1.9 mm).

Fig. 2. XRD pattern of a thin  DySb film (glass ceramic
substrate, film thickness of 1.8 microns).

I.G. TABATADZE, Z.U. JABUA, A.V. GIGINEISHVILI

2

Fig. 3. The image of distribution of Dy (1) and Sb (2) atoms
on a surface of a thin DySb film in  secondary X-rays
(×400).
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On  the reflection spectrum (fig. 4) are  some
features, such as: a deep minimum of about
0.28 eV which is accompanied with a pronounced
long-wavelength edge of the reflection, well-formed
reflection   band with a maximum at 0.50 eV,  a mi-
nimum at 0.22 eV and the structure at 1.67 eV. De-
pending on the spectral absorption coefficient
(fig. 4.)  strong absorption is observed in the re-
gion of relative transparency proximity 0.46 eV,
0.23 eV  for  the structure and the sharp increase in
the absorption coefficient at energies below
0.12 eV.

The interpretation of the optical spectra of  DySb
is difficult because there are no data on the energy
band structure. It is possible  to say only that a deep
minimum of reflection and the associated increase
in long-wave reflection is undoubtedly associated
with plasma oscillations of charge carriers. Very
difficult is  interpret of the structural features of the
spectra at energies close to 0.5 eV. On the one hand,
we can assume that the same reflection spectra of
crystals SmSb [10], in this region of the spectrum  a
decisive role plays  the fundamental absorption  with
interband transition  energy 0.50 eV. For an
assessment of width of the forbidden zone it is
necessary to consider the amendment connected
with an arrangement of level of Fermi which
corresponds to full regeneration. On the other hand,

there are several objections to this explanation: when
the carrier concentration is high ∼ 3⋅1021 cm−3 and
the effective mass of the order of the free charge
carrier is m0 (at X point of  Brilyuen zone exists
conduction  d  zone), the Fermi energy (0.75 eV)
1.5 times are more   than energy of interzonal  tran-
sitions  and if  in the  trivalent  rare earth elements
compounds it is observed  the reflection  strip with
a width  few eV, in the  DySb  films  half-width of
the reflection  strip which can be attributed  with the
electron  interband transitions, is  only 0.41 eV.

These remarks to some extent, may be rejected
if interpretation of the  optical spectra in the vicinity
of the Fermi level admit the possibility of the
existence of subbands d, f and f-d with very high
density of states. In this case, apparently, the
structure  of  the optical  spectra of about 0.5 eV
determined transitions of f  and  f-d nature.

On the basis of the spectral dependence of the
coefficients of reflection and absorption spectra were
calculated real µ1 and imaginary µ2 part of the per-
mittivity (fig. 5) and the  refractive n  and   absorp-

tion k  index (fig. 6) and the loss function  Imε−1

(fig. 7).
Fig.  5 shows that in the deep infrared region

ε1 aspires to very large negative values, which means
that  in the optical processes essential role played

Fig. 4. Spectra of the reflection (R) and absorption (α) of
a thin DySb film.

Fig. 5. Spectra of the real (ε1) and imaginary (ε2) part of the
dielectric permitivity of a thin DySb films.
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free charge carriers. After that  ε1 changes a sign
three times: twice with a positive slope (dε1/dω > 0)
at 0.15  eV and 0.38 eV, that will  well  be coordina-
ted  with position  of  the  maximum  energy  loss
function  accordingly, the energy of 0.38 eV probably
corresponds to a plasma resonance. In the   DySb
films  because of the proximity of this energy  and
energy of the band absorption, damping is large,
excited plasma oscillations damped and the “true”
plasma frequency should be higher than the estimated
frequency.

Characterized by relatively low-energy position
of the main absorption band is clearly seen in the
spectra of the absorption  coefficient and the
imaginary part of permittivity.  In a place with that
three factors: very sharp increase of the  k  and  ε2
in the long-wavelength part of the spectrum; the
existence of a well-formed structure  in  spectrum

of  n and ε1;  the change of the sign of  ε1  with negative
slope (dε1/dω < 0)  at energy 0.18 eV   suggest a
significant contribution of intraband transitions and
complex structure of the zone of DySb thin films.

CONCLUSION
The first  process has been developed for the growth
of thin  crystalline DySb fiLms (cubic symmetry,
NaCl structure, lattice parameters a = 6.14 D)   by
vacuum-thermal evaporation of the two independent
components. At room temperature in the photon
energy range 0.05 − 5.5 eV spectra of reflection
and absorption are  measured. Are calculated spect-
ra of the real and imaginary part of the dielectric
constant, the loss function, the coefficient of reflection
and absorption. It is shown that deep minimum on
the reflection spectrum at 0.28 eV corresponds to
the plasma energy minimum. It is suggested that the
formation of the spectral dependence is dominated
by intraband transitions.
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soft Equation с параметрами: основной математи-
ческий символ – 12 пт, индекс – 6 пт. Формат пе-
ременных в тексте и формулах должен быть иден-
тичным (желательно курсивом, греческие сим-
волы – прямые).
10. Электронный вариант иллюстраций представ-
ляется в отдельных файлах в одном из следую-
щих форматов: tif, cdr (CorelDraw 11) черно-белые
или с  градацией серого, поименованные фамилией
первого автора.
11. Иллюстрации к рукописи (рисунки, фото, таб-
лицы), по какой-либо причине не предоставляе-
мые в электронном виде, должны быть аккуратно
выполнены на белой бумаге или представлены в
виде качественных фотографий. Их размеры не
должны превышать формат А4. На оборотной
стороне каждой иллюстрации указывается ее
порядковый номер, подрисуночная надпись и
фамилия первого автора.
12. Перечень ссылок подается языком оригинала,
составляется в порядке упоминания в тексте и в
соответствии с требованиями ВАК Украины на
библиографическое описание (см. приложение).
13. Авторы сообщают о себе следующие сведе-
ния: фамилию, имя, отчество, служебный и до-
машний адрес, телефон, факс, e-mail, указывают
с кем из авторов предпочтительнее вести пере-
писку.
Рукописи направляются по адресу:
Научный физико-технологический центр МОН и
НАН Украины,  пл. Свободы, 6, г. Харьков, 61022,
a/я 4499, Украина,
E-mail: journal_pse@ukr.net
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ПРАВИЛА ОФОРМЛЕННЯ РУКОПИСІВ
У поданій роботі чітко й послідовно викладаю-
ться оригінальні, отримані автором  (авторами)
результати, що раніше не публікувалися. Рукопис
не не має перебувати на розгляді до публікації в
іншому видавництві.
1. Роздрукований рукопис, з підписами всіх авто-
рів, надається в 1 прим. однією з мов: українсь-
кою, російською або англійською. Електронний
варіант рукопису подається на магнітному або оп-
тичному носії, або (що зручніше) надсилається
по E-mail.
2. До рукопису додаються такі документи: на-
правлення від установи, де виконана робота; заява
на ім’я головного редактора з відомостями про
авторів; експертний висновок про можливість
опублікування роботи у відкритій пресі (для гро-
мадян України); зовнішня рецензія, підписана док-
тором наук.
3. Послідовність розміщення матеріалу рукопису:
індекс за універсальною десятковою класифіка-
цією (УДК); назва статті; ініціали й прізвище ав-
тора (авторів); повні поштові адреси установ, у
яких виконана робота; анотація та ключові слова;
текст; перелік посилань; ілюстрації; підписи до
рисунків і таблиць.
4. Назва статті, ініціали та прізвище автора (ав-
торів), анотація  та ключові слова подається ук-
раїнською (для громадян України), російською
(для громадян СНД) і англійською (для всіх ав-
торів) мовами. Обсяг анотації не перевищує 100
слів.
5. Текст рукопису бажано структурувати розді-
лами: ВСТУП, де коротко формулюються перед-
історія проблеми та мета даного дослідження.
Основна частина публікації,  містить постановку
задачі, експериментальний і/або теоретичний
опис досліджень. Висновок, у якому викладено
результати досліджень, висновки, перспективи
розвитку досліджень і  можливі застосування.
6. Повний обсяг оглядової статті не повинен пере-
вищувати 60-ти сторінок, оригінальної  статті –
20 сторінок, короткого повідомлення – 5-ти сто-
рінок.
7. Всі фізичні величини подаються в одиницях
системи СІ.
8. Вимоги до оформлення рукопису.  Параметри
сторінки: формат – А4 (210×297 мм). Поля:
праворуч – 10 мм, інші – 20 мм. Шрифт: Times
New Roman, міжрядковий інтервал – полуторний.
Назва статті – прописними, кегль 14. Автори, ано-
тація, текст рукопису, формули, перелік посилань,
підпису до рисунків і таблиць – кегль 12.
9. Електронна версія рукопису подається у фор-
маті Microsoft Office Word (версії – не вище MS
Word 2003). Для запису формул бажано застосо-
вувати вбудований редактор формул Microsoft
Equation з параметрами: основний математичний
символ – 12 пт; індекс – 6 пт. Формат змінних у

тексті й формулах мають бути ідентичними (ба-
жано курсивом, грецькі символи – прямі).
10. Електронний варіант ілюстрацій подається в
окремих файлах  одним із форматів: tif, cdr
(CorelDraw 11) черно-білі або  з градацією сірого,
пронумеровані та пойменовані прізвищем першого
автора.
11. Ілюстрації до рукопису (рисунки, фото, таб-
лиці), що якоїсь причини не можуть бути надані в
електронному вигляді, мають бути акуратно
виконані на білому папері або подані у вигляді
якісних фотографій. Їхні розміри не повинні
перевищувати формат А4. На зворотному боці
кожної ілюстрації вказується її порядковий номер,
підпис до рисунку і прізвище першого автора.
12. Перелік посилань подається мовою оригіналу,
складається в порядку посилання в тексті й від-
повідно до вимог ВАК України на бібліографіч-
ний опис (див. додаток).
13. Автори повідомляють про себе такі відо-
мості: прізвище, ім’я, по батькові, службова й
домашня адреси, телефон, факс, E-mail, указують
автора з ким з  зручніше вести переписку.
Рукописи надсилаються на адресу:
Науковий фізико-технологічний центр МОН  і
НАН України,  м. Свбоди, 6, м. Харків, 61022,
а/с 4499, Україна
 E-mail: journal_pse@ukr.net
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