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SELF-CONSISTENT CALCULATIONS OF WORK FUNCTION, SHOTTKY
BARRIER HEIGHTS AND SURFACE ENERGY OF METAL NANOFILMS

IN DIELECTRIC CONFINEMENT

We suggest a method for the self-consistent calculations of characteristics of metal films in
dielectric environment. Within a modified Kohn-Sham method and stabilized jellium model, the
most interesting case of asymmetric metal-dielectric sandwiches is considered, for which di-
electric media are different from the two sides of the film. As an example, we focus on Na, Al
and Pb. We calculate the spectrum, electron work function, and surface energy of polycrystal-
line and crystalline films placed into passive isolators. We find that a dielectric environment
generally leads to the decrease of both the electron work function and surface energy. It is
revealed that the change of the work function is determined only by the average of dielectric
constants from both sides of the film. We introduced the position of a conductivity band in the
dielectric as a parameter in the self-consistency procedure and performed calculations, using

image potential, for the aluminum film with ideal interfaces vacuum/Al(111)/Si0 5,

vacuum/Al(111)/AlO and sandwiches SiO/Al(111)/AlO. As a result, effective potential pro-
files and the Schottky barrier heights were calculated.

Keywords: metal nanofilm, dielectric, work function, surface energy, Schottky barrier

height.

1. INTRODUCTION

Thin metal films and flat islands on semiconductor or
dielectric substrates can be considered as two-dimensional
electron systems with properties, which are of interest both
from the fundamental point of view and from the perspective
of their application in nanoscale electronic devices.

There are a limited number of experimental works focused
on quantum size effects in such systems (for reviews, see
[1-9]) due to difficulties in sample fabrication, as well as
because of lack of suitable experimental methods. One of
the most important characteristics of metal nanostructures
is electron work function.

As a rule, calculations of electron work functions for
films are performed for the idealized case of films in vacuum.
Similarly to clusters, this quantity defines an ionization
potential. There are different methods, which enable one to
calculate electron structure of slabs (in vacuum) consisting
of few monoatomic layers (ML). Let us combine them into
three groups according to the complexity of computations:

© Babich A. V., Pogosov V. V., Vakula P. V., 2013

I — the Sommerfeld electrons in-a-box model (analytical
calculations, slabs and wires) [10—15]; II — self-consistent
calculations within various versions of jellium model (slabs
and wires) [16-20]; Il — ab initio calculations (slabs) [21—
24]. The obtained results are illustrated in Fig. 1 for all these
three groups. An important ingredient of approaches within
group III is the monolayer number in the film (see dots in

Fig. 1). For groups I and II, L changes continuously.
In group I, the Fermi energy (kinetic energy) eg(L) is

counted from the flat bottom of conductivity band, while
the work function W (L) is counted from the vacuum level.
Therefore, their size dependencies are «asymmetric». In
addition to quantum oscillations, these quantities contain
monotonic size contributions, which, at small film
thicknesses, fogether show up through inequalities
O0<W(L)<W, and ep(L)>¢ep >0, where W, and &g
correspond to the three dimensional (3D) metal (allowing
for the energy counting for ).
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Fig. 1. Illustration of the computation results for groups I, II
and III (data for group I are deduced from [12])

In [25, 26], an asymptotic behavior of electron chemical
potential for spherical clusters of radius R was determined,
from which it follows that

W(R)=W, —%<W0, (1)

where ¢; =2,5eV - q for simple metals, a, = h2/(me?). Ttis
expectable that such a monotonic contribution must appear
for films also. However, in contrast to the case of group I,
self-consistent calculations of groups Il and III (see Fig. 1),
at small film thickness, point out to the suppression of
monotonic dependence (having an asymptotic (1)) by
corrections of higher orders of smallness. For instance,

*
compensation of terms — ¢;/L + cZ/L2 occursat L = c5/cy,

and L' is large, provided ¢, >> ¢, > 0.

Experimental results also do not allow to draw unambiguous
conclusions on the character of monotonic component of
W (L): in experiments [3], it is absent (Yb films on Si substrate),
while, according to [2, 5], it coincides with the one of group L.
Note that the comparison of a measured work function for the
sandwich consisting of Ag film on Fe(100) in [2, 5] with
calculated results for slabs in vacuum is rather relative.

Ifthe film placed on the substrate is considered, in order
to determine characteristics of contacts in the easiest case, it
is necessary to know the dielectric constant x as well as the
position of conductivity band —Y (% is the electron affinity)
in dielectric material. The approximation y =0 was widely
used to the work function, polarizability and surface plasmon
resonance of jellium spheres and wires embedded in different
dielectric matrices (see [19, 27-29] and references therein).

The aim of this work is to compute energy characteristics
of metal films in dielectrics. We suggest a method for self-
consistent calculations of equilibrium profiles of electron
concentration, effective potential, energy spectrum, and
integral characteristics of metal films in dielectrics and
dielectric substrates. The developed method is based on a
stabilized jellium model [30] and Ical density approximation
for exchange-correlation potential [31], which were used by
us before [32] to analyze characteristics of semi-infinite metal

with dielectric coating. For our problem, in the spirit of Serena
et al. [33], we introduce the nonlocal potential matched at
the image-plane positions to the local exchange-correlation
potential. We also introduce the position of a conductivity
band in the dielectric as a parameter in the self-consistency
procedure and performed calculations the effective potential
profiles and the Schottky barrier heights for the vacuum/
Al(111)/8i0,, vacuum/Al(111)/Al, O3 and sandwich
SiO , /Al(111)/Al, O3.

This paper is organized as follows. In Section II, we
formulate our model. In Section III, we presents our main
results and provide a discussion of them. We conclude in
Section IV.

2. MODEL

Let us consider a metallic film of thickness L at zero
temperature. We direct z-axis perpendicularly to the film
surface (Fig. 2 (@), A >> L).

Principal identities for the film can be obtained within a
model of a rectangular well for conduction electrons. To
perform a preliminary analysis, we suppose that the bottom
of the potential well is flat and we count energies starting
from its value. Final expression for the kinetic energies of
conduction electrons depends only on energy differences;
therefore, energies counting in such a way is allowed.

Fig. 2. (a) — Scheme of the film in dielectric environment; (b)

and (c) — split semi-infinite metal samples, which have been in

contact with dielectrics before the splitting. Split parts form a
sandwich in figure 2 (@)
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We study a film of thickness L comparable in magnitude

to the Fermi wavelength XF =2n/ IFF of an electron in 3D
metal. The longitudinal sizes of the sample are assumed to
be considerably larger than the film thickness (L= L, L, ),

which leads to the pronounced quantization of the
transverse component of the electron momentum. The three-
dimensional Schrodinger equation for a quantum box can
be separated into one-dimensional equations.

The eigenenergies are given by

ki
i TE&; +l kH k)%-i-k}zj, (2)

I
where ¢; is the eigenvalue of the i-th perpendicular state y; (z)
(hereafter the Hartree atomic units are used: i=m =e=1).
The eigenvalue ¢, is the bottom of the i-th subband. For finite
and periodic systems in the z-direction Dirichlet and periodic
boundary conditions are used, respectively. Therefore,

possible allowed electron states k,ky,k, form a system of
parallel planes in the k-space, k, = k;.

Occupation of electron states starts from the point
{0,0, kl} and follows an increase of radius-vector. As a

result, it turns out that all the occupied states are contained
within the area of k-space, confined between the plane
k. = kj and semi-sphere of radius kp = /2&f (see Fig. 3).

The number of states dZ in each of the circles, formed
by the intersection of Fermi semi-sphere with planes k, = k;
of area S=L,L,, within the interval of wave vectors
(k;,k, + dk;) and taking into account both possible spin
projections, is dZ (kH) =28d (nk||2) / (275)2. The maximum
value of & in each circle numbered by 7, is equal to the circle

radius k) = (k% - kl-z)l/ 2. In order to find the number of

the occupied states, which coincides with the number of
valence electrons N in the film, one should integrate dZ
over k in each circle, and then sum up contributions of all
the circles:

Fig. 3. Scheme for the occupation of electronic states in the &
space

i i=1

30
S & 2
V=2 (f) k) = {leF Sk J G)

Taking into account an expression for electron kinetic

energy %(k”2 +ki2)’ the total kinetic energy of electron

subsystem equals

g iF k(i

!

S21t

dk||k||(kn2+ki2) Z"Fm{ 04 J(“)

=1

where ip is the number of the last occupied or partially
occupied subband.

In the frame of density-functional theory and stabilized
jellium model (SJ), the total energy of metal sample is
represented by the functional of nonhomogeneous electron
concentration n(r):

ESJ[n(r)]:Ts'i_Exc-i_EH+EpS+EM’ (5)

where T is the (non-interacting) electron kinetic energy,
E . is the exchange-correlation energy, Ey is the Hartree
(electrostatic) energy, £ _ is the pseudopotential (Ashcroft)
correction, and E); is the Madelung energy. The sum of
first three terms in expression (5) corresponds to the energy
of «ordinary» jellium, Ej. The average energy per valence
electron in the bulk of metal is &gj y = Egj j[#]/ N, where N
is a total number of free electrons of concentration 7, defined
by valence and atomic density.

The positive (ionic) charge distribution can be modeled
by the step function

p(2)=n6(L/2=|z]. ©)

Solving the Kohn-Sham equations

1
_Evz\l’t ( + Veff |:Z n ]W: =& \lll ) @

Verr [2:1(2)] = §(2) + vy (2) + (V) . O(L/ 2= z]) (8)

together with the Poisson equation

V2(z) = —— = [n(2)-p(2)], ©)

K(z)

with the step function

l; z<—-A/2—-L/2<z<L/2,z>A/2,
K;; —A/2<z<-L/2,
L/2<z<A/2,

K(z) = (10)

Ky

we obtain the single electron wave function and the
eigenvalue ¢; self-consistently.
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It is generally believed that the more «physical» potential,
the better the result of computations for the location of the
Fermi energy (as the eigenvalue of the highest occupied state).
One of the limitations of the method of effective potentials in
LDA is its failure in reproducing a correct behavior of image
potentials outside metal surfaces (see [34] and references
therein). Therefore, for our problem, in the spirit of the work

[33], we introduce the nonlocal potential vﬁ} (z) matched at
the image-plane positions to the local exchange-correlation

potential viP (2) = d[n(2)e, . (2)]/ dn(2):
v)IC\JcL’I(z), z< Zl,
Ve (2) = v)];cD(z), Z'<z<7",

NL,
Ve ' (Z)a

(11)
z>7",
where 7! = —L/2—Z(l), Z" = L/2+z(r), and the image-

plane positions (z(l)’r > () are counted from the left and right
sides of film surfaces,

~Zhn
BRI | CICErA YICN) Sl
> 1+ | > (12)
A
—(z=Z")/n
1-[1+(z=Z")/(4\,)]e r
v)IC\(I;L,rZ_Xr_ [1+( )/ ( r)] . (13)

4k, (z=2Z")
For instance, far from the surface, (13) has a correct

asymptotic behavior {—y' —[4e,(z—Z" )73, which is an
image potential. From the condition of matching of potential
(11) as well as its first derivatives in the image planes from
left and right sides, we obtain simple relations:

3
- LD, 1 Lry’
16 [vye (Z S

}\‘1:

Ny

|dv, P (2)/ dz e 16

=K. (14)
e @)+ 9

The second relation in (14) is treated as an equation for

Z(l)’r. The values of at the left and right sides out of the film
are calculated self-consistently by solving at every iteration
the Kohn-Sham equations. In this way the effective potential
is matched self-consistently to its image-potential-like form
at large distances. The result of the work [33] for the semi-
infinite metal is reproduced k =1and X =0,

The term (8v)y,.. in (8), which makes it possible to
distinguish different crystal faces, represents the difference
between the potential of the ionic lattice and the electrostatic
potential of the positively charged background averaged
over the Wigner-Seitz cell:

10

(OV) tace = (8V)ws — ESTM + %dz j , (V)ws = _ﬁ‘f_‘,‘(;_:a
where d is the distance between the atomic planes parallel
to the surface. The term (3v)yyg describes a polycrystalline
sample [30]. In equation (10) €| and &, are dielectric constants
of isolators from the left and right side of the film, respectively.

The electron density profile n(z) is expressed through

the wave functions y;(z)

1 iikz v (Z)|2

m(2) =—= 2 k(i) —7og . (15)
[Tzl

2n 5

Values of i and & are determined by the solution of the
equation

'F
nli+) g —ipep =0; i=12,..,ip; & <&, (16)
i=1
which follows from the normalization condition (3) and
definition of the Fermi energy. In this equation, the
integration over £, is already performed and therefore the
summation is made only over the subband number.

In nanofilms, the spatial oscillation of a electronic density
is significant throughout the sample. Therefore, energies
are counted from the vacuum level, which is the energy of
the electron inrest in the area | z [>> A /2. For bound states,
energies are negative, including ep.

We use iterative procedure (see Appendix) allowing us
to solve self-consistently the system of equations (7), (9),
(15) and to find optimal profiles n(z), ¢(z), as well as
spectrum of one-particle energies. As a result, metal/vacuum
and metal/dielectric work functions are defined in the form

W =—¢g, 17)

W(;’r = —aF(K,Xl’r)—Xl’r. (18)

There are two situations, when | €f [> Xl’r and < xl’r.
The value Wy is the Schottky barrier height.

Let us consider a scheme for the surface energy
determination (see figure 2 (b) and (c)) for the film of
thickness L in a dielectric environment.

First, we take a semi-infinite metal (Me ) covered by a

dielectric (K;). Let us denote the energy of such a sample as
E{Me,, | «,}. We now split the sample and move the parts,
as shown in Fig. 2 (). As a result, two new surfaces of the
same area S are formed, which are in a contact with the
vacuum (x =1). We denote the energies of these two parts
as E{Me,, |1} and E{1|Me; ), | k,}, while the irreversible
work A, which is needed to form them, as

EiMey |1+ E{1[Mep; [k j— EiMey [k . (19)
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Let us stress that, as a result of these manipulations,
the «fabricated» sandwich represents a film of thickness
L/2 > d on the dielectric substrate in vacuum (air).

Similar manipulations with another sample (Fig. 2 (¢))
require a work

E{l[Meyj+E{k) [Mep; |1} - E{x) [Mey}.  (20)
Next, a simplifying step is taken in separating the total
energy of the system into bulk and surface contributions,

assuming that the former is the same for a thin film as for a
semi-infinite film (see, for example, [18])

E=E+ES,

Then, bulk components E® do compensate in the
expressions (19) and (20). In each case considered above,
the specific surface energy Y equals 4/2.§. When the width
of the film tends to infinity, the term E® for the slab
approaches the surface components of the semi-infinite
system.

The work needed to «create» a film on a dielectric is

1
A{x | Mey ), |1}:E[ES{K|MCL/2 [1}+

+E%{1|Me,, } — E*{x | Me,, }]. 1)

Now, we join two sandwiches by their free surfaces. We
obtain a film shown in Fig. 2 (a). The work to create it can be
represented as the energy of adhesion of such two pieces
with the minus sign

1
Afx) [Mey |‘<r}:5[ES{K1 |Mey [x,}—

—E®{ky [Mep )y [1}—E*{1|Mep )y [k, }]. (22)

Electron density profiles and potentials for each of the
contributions in the expressions (21) and (22) are different,
so that they must be calculated self-consistently and
separately.

As similar to the definition for the semi-infinite metal [35,

32], E* for the film is determined by the difference between
the total film energy (5) and the energy of homogeneous
metal (stabilized jellium) of the same volume:

E®{x| | Me |x,} = Eqy(L)— SLinggy =
L/2

=2S{YJ +(Wface | dz[n(z)—ﬁ]} (23)
-L/2

By using equation (4), quantum-mechanical definition
of an energy

k== [ dzyi(2)VPy,(2),

—00

as well as the definition given by equation (23), we obtain
an expression for the first component of V:

1 &, (1 i i
¥s = ggkﬁm [ﬁ?m - Ldzwi(z)vzwi(Z) —5 L% (24)

where £, = 3];};2/ 10 is the kinetic energy per 1 electron for
bulk. The remaining components are

Yre =%jjidzn(z)sxc[n(z)]—%Lﬁsxc(ﬁ); 25
v =5 [ @0 -p(a)] 6)

For asymmetric sandwiches, {x; |Me; |«x,} , due tothe
formal division on the doubled area, the surface energy is
calculated «in average». This is the consequence of the
definition of v through the integral of tangential component
of pressure tensor over z from —oo to + oo. The pressure
tensor contains the nonelectrostatic part and the Maxwell
stress tensor (see, for example, [36]).

3. RESULTS AND DISCUSSION

We perform calculations for both polycrystalline and
crystalline films made of Na, Al and Pb, with electron

concentration 7 =3/ 471:rS3 with corresponding electron
parameter 7, = 3,99;2,07 and 2,30 @(. The minimal thickness
of «crystalline» sandwiches should be not less than 2d. It
must be equal to 44 for {¢; |Me|¢,}, only in the case Eq.
(22)is used. dis comparable to Ay /2 (Ap =13,06, 6,78 and
7,53 for Na, Al and Pb, respectively).

Let us firstly perform calculations: (i) taking into account
formulas (11)—~(14), in which it is formally assumed that % =0
and vye = vio; (i) using (11)~(14) and 1, # 0.

(i) For symmetric sandwich the effect of a dielectric
coating on the surfaces is reduced to the «elongation» of
the electron distribution tail and the effective potential
beyond the surface of a metal (polycrystalline films {1| Al |1}
and {3| Al|3} on Fig. 4). The calculations were performed
for k=1,...,12. Inside the film one can see the Friedel
oscillations of electron density with peaks near geometrical
boundaries. The period of oscillations is close to XF /2
and only weakly depends on the presence of dielectric
coatings. The situation is similar for Na and Pb films.

At the boundaries between the metal film and the
coatings, there are jumps in the derivative of the electrostatic

potential ¢'(z), which disappear, provided the dielectric
constants of the coatings are equal to 1. These jumps are
due to the boundary conditions (28) at z = +L/2. The jumps
are also reflected on v, (2) profile, since ¢(z) is one of its
components. In addition, at the borders, there are another
Jjumps of not only the derivative v ¢'(z), but also of Vs (2)

11
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profile itself for any values of « , including x = 1. Such jumps
have another origin compared to the first ones. This fact is
linked to some features of the model [30], namely to the
presence of the effective potential component

<8v>fac o O(L/2-|z]) . These nonphysical jumps should not
be taken into account in the estimation of the effective force

Fotr (2) = —Vvegr (2).

Itis seen from Fig. 4 that force orientations are opposite
at both sides of the film, so that the film in whole must be
stressed. The existence of the force should lead to the
increase of spacings between some lattice planes d, while
spacings between other planes must become narrower.

The depth of the potential well, in which the electrons
are located in metal film, decreases «in average» with
increasing ¢ and, as a result, the electron work function

W =—eg (Kl,r,xl” =0) also decreases (see Fig. 5).

Film spectra {1]|Al; |1} are presented in Fig. 5. For
comparison, in the same figure, we also provide the results
obtained within the electrons-in-a-box model with the well
depth Uy = —(W, + &) <0.

It is seen from Fig. 5 that the dependence of the eigenstate
energies on the film thickness, within the SJ model, is
oscillating and decreasing. For subbands with large numbers
i =10,11, there are gaps due to the algorithm instability in
the vicinity of the vacuum level. Within the rectangular-box

1.2

B qnjas AL
CRCARAAS || '

AVIANE
R A A

WAV ARYE

n(z)m

: z (a,) ’

Energy (eV)

-25 -15 5 5 15 25
z (ay,)

Fig. 4. The results of self-consistent calculations of the profiles
of the one-electron effective potential Vesy (2), and the
electrostatic potential ¢(z) for sandwiches: {1|Al |1},

{1|Al|5} and {3|Al|3} with L =2k

12

i
e

_Energy (eV)

o
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-16.2
4
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L (ay)
Fig. 5. Results of calculation for the energy spectrum

(subbands) and Fermi energy €p(L) of the film {1|Al|1} by
the self-consisting method (solid lines) and in rectangular-box
model (dashed lines)
model, this dependence is only decreasing. Due to smoother
edges of the self-consistent well, it contains more subbands
compared to the model of a rectangular box. Difference in
subbands numbers significantly affects calculated dielectric

function and optical conductivity of the nanofilm [14].

Within the rectangular-box model, in contrast to the SJ
model, eg(L) is always located above one for 3D metal.
Amplitudes of oscillations decrease as L increases. Within
both models, maximum Fermi energies (minimum work
functions (17)) correspond to the points, in which curves of
eigenenergies intersect Fermi energies. Within the SJ model,
in contrast to the rectangular-box model, minimum Fermi
energies correspond to the points, in which Fermi energy is
located between two nearest eigenenergies (magic film
thicknesses similar to magic numbers in clusters).

Asymmetric sandwiches {xj | Me|«,} and {l1|Me|x},
which contacts the air or vacuum, are of particular interest
from the viewpoint of experimental investigation due to the
perspective of their use in technological applications (see,
for example, [5]).

Let us consider both electron density and potential profiles
for the polycrystalline film {1|Al|5}. Presence of a dielectric
at the right side of the film leads to the asymmetry of electron
distribution (see the insets in Fig. 4), so that there appears a
hump in both the electrostatic and effective potential at the
left side above the vacuum level. This should result, for
example, in the anisotropy of a field emission along the z-axis.
It is worth mentioning that bottoms of wells for sandwiches
{1|Al|5} and {3|Al|3} are essentially the same, some
difference appears only in «tails» of potential profiles.

It is of interest to compare heights of humps at
L=10;12;13,5 and 20; 22; 23,5 ag. These thicknesses
correspond to the minimum, maximum, minimum of the
dependence W (L) for {1|Al|5}. It turns out that, with the
increase of L, the hump height weakly oscillates and decays
similarlyto the work function, but maxima of the hump height
corresponds to minima of the W (L). For the values of L, as
given above, these heights are 0,176; 0,148; 0,170 and 0,158;
0,139; 0,156 eV, respectively.
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In order to analyze such a behavior of potential profiles, it
is necessary to go beyond the isotropic model based on a
defined (6) distribution of homogeneous positively charged
background, i.e. one has to take into account not only the
reaction of the electron subsystem, but also the reaction of the
ion subsystem to the presence of a dielectric. Spacings between
the lattice planes are determined by the balance of forces from
the right and left sides for each plane. A simplest realization of
this idea is to disregard variations of spacings between the
lattice planes and to vary the profile of the ion jellium distribution
(6). We found that such a procedure leads to a significant
deformation of the well bottom, but does not result to
considerable changes of both the spectrum and hump height.

Figs. 6 and 7 show results of our calculations of both the
electron work function and surface energy for crystalline
sandwiches using expression (23). Horizontal lines
correspond to semiinfinite samples. In contrast to the surface
energy, size dependences W (L) have deep and pronounced

2 3 4 5 6
T T T T
{1|Nall} '

bee(11 0)

/{Nzlxlﬁ.ﬁj

fcc,(lll)

W (eV)
:

minima. It is easier to analyze them using a simple model
[12]. Amplitudes of largest work function «oscillations» are
smaller than 0,5 eV. By considering dependencies for
different metals, it is easy to see that all the differences are
due to values of 7. For the Al, which has the smallest 7,
work function oscillations are maximum, while the period is
minimum. Positions of both maxima and minima depend
weakly on € of a dielectric and slightly shift towards smaller
L with the increase K.

In contrast to the work function, surface energy
oscillations can be approximated by analytical dependences

sin(2kwL +
ES{x|Me; |x} = ES{Me,, |g}+ry,

with I" and ¢. Maxima of function W (L), y(L) , correspond
to «magicy film thicknesses, which are defined by maximum
occupation of a given subband.
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The unexpectable result of self-consistent calculations
is a coincidence of dependencies W (L) for sandwiches
{1|Me|12} and {6,5|Me|6,5}. Computations for
{I|Me|5}and {3|Me|3} give a similar result. This means
that the electron work function for asymmetric sandwiches
{x; |Me |, } coincides with high accuracy with the work
function for symmetric sandwiches {{x) | Me |(x)} with the

1
averaged value (k) = E(Kl +Kp).

Work function has both the bulk and surface
contributions. Because bulk metal contributions W (L) for
sandwiches {1|Me; |12} (like to vacuum/metal/Si) and
{6,5|Me; | 6,5} are the same by definition, also the same
are contributions of dipole surface barriers. We here imply
the total contribution of both sides of a sandwich, since the
work function is an «isotropic» characteristics [37].
A coincidence of work functions is most likely a geometric
effect. This feature will be addressed elsewhere.

For surface energies, such a coincidence does not exist.
It is not difficult to perform calculations according to
formulas (21) and (22), if Y are known.

The results obtained by using the developed iteration
procedure enable us to draw a conclusion about its
efficiency. Moreover, one can follow the behavior of electron
spatial profiles and potentials, as well as calculate a
spectrum. The results in y = 0 and LDA approximation the
provide reference data for simplified treatments.

(i) Let us apply this approach ( # 0) to study an energetics
of three samples with «ideal» interfaces: the film Al(111) on
SiO, and on Al,0O3, and the sandwich SiO,/Al/Al,O3. For

such a structure we use values from Table 1. y' =0 and

1 . . .
ky=land X" for vacuum/metal interface. For illustrative
purposes, in Fig. 6 we present results of self-consistent
calculations of potential profiles.

It turned out that all approaches give the same potential
well depth as well as its profile near the bottom. Dependences
v,.(z) at the left side of the film (in vacuum) are essentially
the same according to approaches (i) and (ii), while for the
right side of the plane they differ due to the presence of the
conductivity band (y # 0) in the dielectric.

It should be noted that the use of nonlocal exchange-
correlation potential in the iterative procedure leads to the
essential disappearance of the potential hump in the
effective potential (but not in the electrostatic one), which
appears at the left side of the film, see Fig. 4.

In Table 2, we decided to present our data, which
correspond to the scheme (ii) only. In all the approaches (i)
and (ii), ep and surface energies differ from each other by

less than 1 percent, while values of matching parameters
can be rather different: for instance, zj=5,95 and

AT =0,998 for ML = 1 the film Al(111) on SiO, of the
method (i). As a result, we conclude that our manipulations
with the exchange-correlation potential did not lead to any
noticeable changes of the Fermi level position, i.e.
ep ()" = 0) = 5 (), % 0).

We also performed computations for infinite-size systems
(L = o0): Wy =2,00and 1,48 eV for Al/SiO, and A/A1,03,
respectively. However, in these calculations, it is not taken into
account that the vacuum/metal interface exists at the left side
of the samples. Therefore, the comparison with the data of
Table 2 is not possible, since results do depend on the average
dielectric constant of two media (i), and not only on k.

Our results point out that it is possible to control the
Schottky barrier by tuning the metal film thickness (in the
metal-insulator-semiconductor devices the thickness of gate
insulating film is a tool to control the current in the channel
[40]). For the evaluation of Fowler-Nordheim tunneling current
[41], it is necessary to know a spatial profile of the effective
potential, which should be added to the external electrostatic

potential Qext (2), starting from points atz = Z Lr

Let us compare our results with experimental data. The
calculated work function for the interface Al(111)/vacuum
is4,12 eV; the experimental one € (3.11,4.26 )eV [42]; and
4,28 eV for polycrystalline Al [43]. Recommended y = 3,03
and 3,3 eV in [44], corresponding for SiO, and Al,O3, differ
from data in Table 1. The measured Schottky barrier height [44]
for AwAl,Ozequals 3,5+ 0,1€V. Note that experimental values
of work function for Au and Al in Ref. [42] are close to each
other, while they differ by almost 1 eV, according to Ref. [43].

On the other hand, the measured Schottky barrier heights
in Ref. [45] for Al, Ag and Cu, placed on thick (by thickness 35
nm) film ofA1203, equal 1,66; 1,72 and 1,80 eV, respectively. It
is in accordance with 1,5 eV for AI/Al, O3 [39] and the results
from Table 2. As we see, experimental data are rather diverse.

An important question is under which conditions our
approach becomes questionable. When |, [< ¢, our
model does not work. In accordance with Fig. 5 and Table 1,
values Wy €(0,4;0,75) eV for Al/Si, Pb/Si [39] and
Wy €(0,49;0,6) eV for thick films of Ti (L € (50,90) nm) on
the Si-substrate [46] should correspond to the regime
lep [< Xl,r. The efficient approach in this case is the local
density formalism pseudopotential method [47, 48, 49, 50].
In our approach, it is also not possible to take into account
the role of virtual gap states and defects in metal-dielectric
contacts [51]. Nevertheless, we expect that our method
provides a correct estimate for the size dependence of

Table 1. The examles of simplest coating and substrates [38, 39]

Material He Ne Ar Kr Xe Si0, Al,O4 Si
K 1,10 1,20 1,50 1,65 1,90 4 9 13
v.eV | -10 | 0,10 | 020 | 045 | 0,68 1.1 135 4.05

14
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Fig. 8. The self-consistent profiles of electrostatic, exchange-
correlation and effective potentials for the sandwiches vacuum/
Al(111)/AlyO3 and SiO»/Al(111)/Al,O3. The thickness of film

L=3ML. IML=4,4a

characteristics of films in contact with dielectrics, for which
K and X are not large.

The effect of temperature was studied earlier in Ref. [26]
when determining ionization potential of metallic cluster. It
turns out that the effect is not significant at room
temperatures, as it can be expected. For the film-dielectric

contact, of importance is the ratio of —x" and the Fermi
energy. If these quantities are comparable, the result should
be sensitive to the system temperature.

4. SUMMARY AND CONCLUSIONS

We proposed a method for the self-consistent
calculations of spectra, electron work function, and surface
energy of metal films placed into passive dielectrics. As
typical examples, we considered Na, Al, and Pb films.

The effective force acting on the film from the outside is
due to the inhomogeneous electron distribution. This force
should lead to film stressing in a transverse direction. The
effect of the stressing generally becomes more significant
with the increase of the film thickness.

In contrast to the surface energy, size dependencies of
work function have deep and strongly pronounced minima.
The smaller 7, the more difficult the problem of numerical
analysis of size dependencies in the vicinities of these minima.

With the increase of film thickness up to few Ap, size
variations of both the work function and surface energy
occur near their average values (for symmetric sandwiches,
these values correspond to 3D metals and do not contain
significant monotonous size contributions). Dielectric
environment generally leads to the decrease of electron work
function and surface energy.

Table 2. Calculated values for film Al(111) of thickness L (in monolayers) on SiO, (upper numbers), A1203
(middle numbers), and the sandwiche Si02/A1203 (lower numbers)

L » ML Z(l) , Ao Z(r) ) Al , o AL, Qo W(il ,eV Wdr, eV v, erg/cm2
1,05 3,35 0,977 0,706 3,43 2,33 821
1 1,00 4,25 0,962 0,518 3,01 1,66 760
3,30 4,15 0,707 0,519 1,79 1,54 607
0,95 2,85 0,946 0,643 3,26 2,16 755
2 0,95 3,60 0,945 0,474 2,84 1,49 704
2,35 3,60 0,640 0,479 1,62 1,37 548
0,85 2,60 0,921 0,606 2,94 1,84 734
3 0,85 3,50 0,919 0,476 2,63 1,28 696
2,95 3,80 0,672 0,512 1,56 1,31 562
0,90 3,05 0,933 0,683 3,23 2,13 779
4 0,95 4,05 0,948 0,531 2,86 1,51 735
3,10 4,05 0,688 0,535 1,69 1,44 578
0,90 2,95 0,932 0,661 323 2,13 764
5 0,95 3,85 0,948 0,507 2,84 1,49 716
3,00 3,85 0,671 0,512 1,65 1,40 556
0,90 2,85 0,934 0,651 3,13 2,03 751
6 0,90 3,65 0,933 0,489 2,73 1,38 705
2,85 3,65 0,645 0,491 1,54 1,29 550
0,90 2,95 0,934 0,669 3,17 2,07 770
7 0,90 3,90 0,933 0,520 2,30 1,45 726
3,05 3,95 0,684 0,527 1,65 1,40 569
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We also considered asymmetric metal-dielectric sandwiches
characterized by different dielectrics at both sides of the film. One
ofthe examples of such systems is a film on the dielectric substrate.
We found that the presence of a dielectric from one side ofthe film
leads to such a «deformation» of electron distribution that there
appears a «hump» above the vacuum level both in the electrostatic
and effective potentials. The asymmetry of potential profile should
lead to an anisotropy of the field emission. In addition to size
dependencies, the shift of the work function is generally determined
by the average dielectric constants of environments.

We introduced the position of a conductivity band in
the dielectric as a parameter in the self-consistency
procedure and performed calculations for the aluminum film
on SiO , and Al,O3, using a nonlocal exchange-correlation
potential. As a result, profiles of electron concentration,
effective potential, and energy spectrum were calculated.

Finally, let us formulate some methodological
conclusions:

(1) An introduction of nonlocal potential, as well as the
position of conductivity band in dielectric material does not
lead to significant changes of Fermi level of a metal film
contacting with a dielectric.

(1) Accounting for the conductivity band in a dielectric
and self-consistency condition for the potential well shape,
one changes the spectrum (subbands number), as well as
the density of states. Therefore, matrix elements of optical
transitions are also changed, which leads to the modification
of optical absorption coefficient [ 14]. Equilibrium profile of
electrons and electrostatic potential is needed to calculate
the field emission of electrons as well as annihilation
characteristics of positrons in nanostructures.

We thank W. V. Pogosov for reading the manuscript.

APPENIX: SELF-CONSISTENCY PROCEDURE

The initial approximation #(z) is chosen for solving the
Kohn-Sham equations in the form of a one-parametric trial

function n?) (z) =nf(z), where

1 LI +le(z+L/2)/k’

z<-L/ 2,
2
oL L i |z|<L/2,
/=9 2 2
_%ef(zu/z)/x L O S Y

A is the variational parameter, which is found through the
minimization of surface energy. Solution by a direct variational
method is an independent problem, which is not addressed in
this paper (for simple metals A is closed tolay). As aresult of
integration of equation (9), within the initial approximation,
we obtain ¢V (2) = —4min? £(2).

Each wave function y(z) is constructed as

()= { Viefi (2),

Vright (2), 2> 2,

z< 2z,
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under the condition of continuity of functions
Vieft (Z0) = Wright (20), as well as of their derivatives
Vieft(20) = Wright (20). z( is an arbitrary point in the

interval z € [-L/2;+L/2], while y.5(z) and \I/right(Z) are
functions, which are found by a numerical solution of Eq.
(7) by the Numerov’s method from z = z_to z = zZ and
from z =z to z = z), respectively. It is sufficient to take
values z = F(L+20)ay. In these points, the potential
profile vegr (2) is cut off. The boundary conditions (7) here
are determined by the behavior of the wave function ¥ under

the barrier from the left (ez\/@) and right (e_z\/@) sides
from the slab (|z[>z; |) respectively. Boundary
conditions provide wave function, as well as its derivative
at z = z_. This peculiarity of our computations is due to
the fact that errors of the numerical method for the wave

function Wright(2) and yy.q(z) near the right and left
boundaries of the interval grow, since the round-off errors
also increase and lead to the instability of the algorithm
under the motion towards the exponential damping.

In order to solve the system of equations (7), (9) and (15)
self-consistently, with relatively small number of iteration
steps, the Poisson equation (9) should be modified, in
particular, by introducing a perturbation [52].

Equation (9) is solved by the Lagrange method in the
form

G 201 — g AT () T 20(-1)
O g7 = ¢ K(Z)[nf p}ﬂ)’ 27)

with the boundary conditions

O (2) =0, (), il () =05 (@) z=-L1/2,
0D ()= (=), OV () =k (2); z=L/2,
¢(./) (z)=0, d)(.f)’(z):();

out out

(28)

Z = Foo.

The term q2 ¢ was introduced as a small perturbation;
dout (2) and ¢y, () are potentials outside and inside the film,
respectively. In equation (27), at each step of the iteration
j=1,2,3,..., electrostatic potential profile depends not only
on the electronic concentration profile, but also on its own
profile at the previous iteration. It is convenient to take ¢
equal to electron wave number at the Fermi sphere

kg = Gn?m)3 of homogeneous electron liquid.

In view of the multimolecular thicknesses of dielectric
coatings on the metal film surfaces and rapid fall of the
electron distribution outside of a film (approximately at a
distance of 1015 @y ), we formally neglected the effect ofa
thickness of the coatings, whose minimum thicknesses must
be much greater than that ofa monatomic (molecular) layer
ofadielectric. The solution of equation (27) for A — oo has
the simple form
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z e—qz‘ Z 47 _
I 3 f1dZ'+ 4y e + —J- 3 fdZ+ By e ¥, z<-L/2,
24 24
z  —qz Z z
o@=1 | e’ frde + 4y % 4| = ! frd+ By | |zI<L/2, )
_L/2 -L/2
© —qz' Ooeqz'

- ez fydz'+ Ay [eF +

z

where £, (z) = ~4n[n(z)~p()ID,, —¢*¢(z) and
D,
values B, =0 and A; =0 immediately follows from the
condition of finiteness of potentials far away from the film.

Values of other coefficients 4 and B are found from the
solution of the system of equations (28):

= Kfl ,1’Kr‘1 for m =1,2,3, respectively. The choice of

_ —L/2 q(z’+L) -L/2 —qz'
= o e e [ e,
1+ Ky 1+ Ky - 2q e 2q
L2 !
2B 1 9= ’
3= 1 2 _1 .[ fde +
+ K, + K, _L2 q
l—x. % g4(z-1) ' © 07 '
+ L . fydz = [ = fydz.
tRepp A4 L2
Let’s introduce notation
-L/2 ‘
Jry =Y | N2 (1F ;) j dze¥ fi + Yy (1+ )1+, )%
—00
L/2
7qZV
x [ dZe™ fo + Yy (1+5))(1-K,) %
-L/2
L/2 ‘ 0 ‘
X J dze¥ f + Y42k, (1+ %)) sz’e_qu3 . (30)
-L/2 L/2

where
Yo = 24q[(1-x))(1-k,)e % —(1+ 1)1+ K, )7
Then Ay =Jyyfor Y3 =115 4 = e and By, =J.,

for Y24 = 1,)/1 = eqL = Yv:;l.
In the case of the symmetric sandwich x; =x, the
accurateness of calculations is verified by examination the

stationarity conditions n'(z) =0 and (pi(fl)’(z) =0 in the
center of the slab (z = ().
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Ba6uu A. B.!, TTorocos B. B.2, Bakyna II. B.3

"Kanz. ¢pus.-Mar. HayK, JOLEHT, 3aOPOKCKUH HAIMOHAIBHBIN TEXHMYECKUI YHUBEPCUTET, YKpanHa

2JI-p du3.-mar. HayK, nmpodeccop, 3aMOPOKCKUH HAIIMOHAIBHBIN TEXHUYECKUN YHHUBEPCUTET, YKpauHa

3 AcucTeHT, 3alOopOXKCKHI HAIIMOHAIIbHBIN TEXHUYECKUI YHUBEPCHUTET, YKpauHa

CAMOCOINIACOBAHHBIE PACUETHI PABOTBI BBIXOJA, BEICOThI BAPBEPA IIOTTKHA ¥ MOBEPXHOCTHOM
SHEPT'MU MATAJIVIMYECKUX HAHOIIJIEHOK B JUDJIEKTPUYECKOM OKPY X KEHUU

IMpennoxkeH MeTO CaMOCOIIACOBAHHBIX BHIUMCIICHHH XapaKTePHCTUK METAUINYECKOH IIGHKU B TUAJIEKTpUKax. B pamkax Mmonuduim-
poBannoro merona Kona-Illama u Mozenu cTaOMIIBHOTO jKelle pacCuMTaH HauOoee MHTEPEeCHBIH (aCHMMETPHYHBIN) Cllydall MeTaul-
JIUJIEKTPHYECKUX CAHIBUYEI: pa3HBIX AMAIEKTPUKOB 110 o0e cropoHs! IuieHkH. Ha mpumepe Al u Na BrepBble BBIUUCICHBI CIIEKTP,
paboTa BEIX0/1a JJIEKTPOHOB U IOBEPXHOCTHAS SHEPIHs HOJIMKPUCTAJUIMIECKUX IUICHOK, IIOMEIIEHHBIX B IIACCHBHBIE H30JATOPHI. [lndieK-
TPUUYECKOE OKPYXKEHHE B L[EJIOM IIPUBOAUT K OTPULIATEIHLHOMY MU3MCHCHUIO PabOoThI BBIXOIA JIEKTPOHOB M IOBEPXHOCTHOH IHEPIUH.
ITomMyMO pa3MepHBIX U3MEHEHUH CABUT PabOTHI BBIXOJIA ONIPEEIIeTCs CpeHeapU(pMETHISCKIM 3HAYEHUEM JUAIEKTPUUSCKUX KOHCTAHT
okpyxatonux cpe. C yderoM cuil H300paKeHHs M 30HbI IIPOBOAUMOCTH JUIIEKTPHKA BHIIIOIHEHBI CAMOCOIVIACOBAHHEIC BBIYUCIICHUS
npo¢uiiell NOTEeHIUaIoB, padoT BeIxoga U OapbepoB I1IoTTKM 11 HAHOIUICHOK ATIOMHMHHS C MJCaIbHBIMU HHTepdeiicaMu Bakyym/
Al(111)/SiO,, Bakyym/ Al(111)/Al,O3 u cannsuda SiO5/Al(111)/Al,053.

KuroueBble c10Ba: MeTaIMuecKue HAHOIIGHKH, AUDJIEKTPUK, paboTa BBIXO/a, HOBEPXHOCTHAsI SHEPrHs, BbicoTa Oapbepa IllorTku.

Ba6iu A. B.!, Tlorocos B. B.2, Bakyna II. B.?

"Kanz. i3.-Mar. HayK, JOLEHT, 3anopi3bKHil HAllIOHATBHUM TeXHIYHUI yHIBepcUTeT, YKpaiHa

2JI-p di3.-mar. Hayk, npodecop, 3anopi3bKuil HAOHATLHUN TeXHIYHUH YHIBepcHTET, YKpaiHa

3 AcucrenT, 3anopi3bKuil HaliOHAbHUI TeXHIYHUI yHiBepcHTeT, YKpaina

CAMOY3TO/IKEHI PO3PAXYHKH POBOTH BUXO/Y, BUCOTH BAP’€PY IIOTTKI I IOBEPXHEBOI EHEPI'Ii
METAJIEBUX HAHOILJTIBOK B JIEJIEKTPHYHOMY OTOYEHHI

3anpornoHOBaHO METOJ CaMOY3TOPKEHUX O0UMCIIEHb XapaKTepUCTHK METalIeBol ILTIBKY B AieJIeKTpuKax. B pamkax moxudikoBaHoro
merony Kona-Illema i Mozeni cTaGiIbHOTO JKelie po3paxOBaHUK HaWOUIbIN I[iKaBUH (aCHMETPUYHHI) BUIIATOK MeTal-AielNeKTPUIHUX
CEH/IBIUIB: PI3HUX AieTEKTPUKIB 1o o6uBi croponu miiBkyu. Ha mpuxiani Al i Na Brepiie po3paxoBaHi CIIEKTp, poOOTa BUXOY €JIEeKT-
POHIB i HOBEpXHEBA €Hepris HOJIKPUCTATIYHHX ILTIBOK, IIOMIIIICHUX B NTACUBHI 30JATOpH. JlieIeKTpU4HEe OTOYECHHS B IILUIOMY IIPU3BOAUTH
JI0 HEraTMBHOI 3MIiHM POOOTH BUXOMY €JIEKTPOHIB i moBepxHeBoi eHeprii. KpiM po3MipHHX 3MiH 3CyB poOOTH BHXOJY BH3HAYa€ThCS
cepeHbOAPU(METHYHUM 3HAUCHHSM JIEIeKTPUYHMX KOHCTAHT HABKOJMIIHIX CEpPelOBHI. 3 ypaxyBaHHSM CHJI 300pa)KCHHsS Ta 30HU
IIPOBIIHOCTI JieJIeKTPUKa BUKOHAHI CaMOY3TO/KeHI 004YHCIIeHHs MpoQiliB MOTeHIialiB, podit Buxony i Oap’epiB LlloTTki 1uist HaHOMII-

BOK alIOMiHil0 3 ineansuumu inrepdeiicamu Bakyym Al(111)/SiO 5, Baxyym/ Al(111)/AlO i canasiua SiO/Al(111)/AIO.

KorouoBi ciioBa: MeraneBi HaHOILIIBKY, JieNIEKTPHUK, poOOTa BUXOMY, IOBEpXHEBa eHepris, Bucora 6ap’epy ILloTTki.
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ANEKTPOOANHAMUYECKUA PACYET JIMHEMHOWN ®AP
C COITIACYIOWEWN NEPUOONYECKON CTPYKTYPOM

B crarbe mpecTaBieH 3JIEKTPOAMHAMUYCCKHI aITOPUTM pacueTa OCCKOHEUHOM TMHEHHO
BosiHBOIHOW DAP ¢ cormacyromeit nepuognueckoit crpykrypoit (CIIC). Pacuer nmposeneH c
HCTIONIb30BaHHEM METOJIa HHTETPAILHOTO YPAaBHEHUS HA OCHOBE BBIJICICHUS TPOHHU3BIBAIOIICH
obnactu. M3 momydeHHBIX YUCICHHBIX PE3YIbTATOB CIAESAYET, uTo cortacoBanue AP ymydraercst
MIPHU OMpeNeNeHHBIX reoMeTpuueckunx pazmepax CIIC u ee pacmoioKeHHH.

KuarwueBsble ciioBa: HUHTErpaJibHOC YPaBHEHUE, (1)a3PIpOBaHHa$[ AHTCHHAas pCUICTKaA, (byHKIlI/IH

I'puna, npoHuskiBaromas 061acTb.

BBEJIEHUE

CornacoBanue ®AP ¢ BHEIIHIM IPOCTPAHCTBOM SIBJIS-
ercd BakHOH 3agadell. CymiecTBYIOT pa3iaH4YHbIE METOABI
YIIy4IlIEHHs COINIACOBAHMSA 3a CUET MPUMEHEHUS] MarHUTO-
JIMJIEKTPHUYECKUX BCTABOK M cJI0eB, nuadparm [1], namyk-
TUBHBIX IITHIPEH, IMIICIAHCHBIX (raHmeB [2] u T. 1. B man-
HOH paboTe paccMaTpHuBaeTcsi IPUMEHEHNE COIacyole-
ro ycrpoiictBa B Buae CIIC. CIIC mpencrasisier coOoit
MOJPEIIETKY C TAKUMHU XK€ MONEPEUHbIMH pa3MepaMu, Kak
1y OCHOBHOM aHTE€HHOM PEIIETKH, HAXOAIIYIOCS Ha OIIpe-
JIEIIEHHOM PACCTOSHUM HaJl OCHOBHOM PELIETKOI.

ITOCTAHOBKA 3AJTAYN

Ha puc. 1 npeacraBieHa reoMeTpusi LEHTPAIBHON STYEH-
K1 OecKOHEUHOH THHEeHHO# BomHOBOMHOM DAP, cranupyro-
mieit B H-mmmockoctu.

Jist permennst 3apa4un 00 U3ITy9eHUH pa300beM BCIO CIIOXK-
HYIO 00JIACTH OMpeneNeHNs] 3JIEKTPOMArHUTHOTO OIS Ha
Tpu 00J1aCTH:
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Puc. 1. T'eomeTpust eHTpaIbHOH stueiiku 6eckoHeuHoit DAP ¢
coracyromei cTpykTypoi
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I mporu3kIBatomas obIacTe — PEryIsIpHBIN BOTHOBOL,
TIPOZJICHHBIH B OECKOHEYHOCTh!

<x<

w
— —, —00<z<+m,
2 2
Il vacTuunas obnacTs — «xaHai daoke» KOHEUHON JIJIH-
HEIL

[T vacTrynas 001acTh — BHEITHEE TPOCTPAHCTBO U3ITY-
YEHMUS:

PEILIEHME 3AJJAYA

Ucnonb3ys Bropyto Teopemy ['puHa, MOTyd4UM HHTET-
paNbHOE TIPENCTAaBIICHHUE TSI TIOTHOTO TIOJIST IIPOHU3BIBATO-
11eit 0071aCTH ¢ yIeTOM paBEHCTBA MTONEH B OOIIIX 00IacTsIX
niepecederus [3]:

1 Az
E{(n2)=E] (x2)+
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B npuBeneHHOM HHTErpaIbHOM NIPEACTABICHUN TaHICH-
LUAIIbHBIE COCTABIIAIONINE HANPSHKEHHOCTH MIEKTPHUECKO-
ro nonst Bo II u 11l obxactu MoryT OBITH ITPEACTABIICHBI B
BHJE psnoB Dypbe:

o0
E;I ()C,Z) _ Z ( nWe—CfCFLW-(z+zl) + RZWQC]-CFLM;(Z+ZI))' FDW(X),
MF=-o0

0
L1 —CJ-CFLyp-
Ey ()C,Z)= z T3We MFZFDw(X)
MF=—o0

rne 12y, R2)p, T3, — KOMIUIEKCHBIE aMIUIUTYOHBIE KO-
5 QUIMENTSI, TOIEKAIINE ONPENETEHHIo; D, (X) —
OPTOHOPMHUPOBAHHEIE IIOIIEPEYHBIE COOCTBEHHBIE (PYHKIINU
«kanana Onoke», CFL  — NOCTOSHHAS PACTIPOCTPAHEHHS
BOJIHBI B O0JIACTH M3ITy4EHUS:

\/4.¥7(2~E~F<sin(i)+2']l/ﬂ“nj2’4_TE22[2.75.F-sin(2)+2~W~nj2

>

CFLyge =

_C]\/[z-n»F-sin(?+2.W-nj2_4%2,4%2<(2.n-F-sim1(1)+2.W-nj2

rae CJ —+/—1, 6 — yroa ckaHupoBaHUSL.
IMoste CTOPOHHErO UCTOYHMKA ¢ (ha30BOM IUIOCKOCTHIO
OTCUeTa, PacIoIOKEHHOM PU z=—22, CIEIYIOIIee:

E; (x,2)=1- WDy (x)- e & Mh(z+2D),

@Oynkuus [puna B «ucrokoodpasHoi» (opme mMeer
[ (S1%{01117178:3701

G (x,z3x',2) = Mg_l WDy (%) - WDy (X)) fasG (2, 2)s

e WDy (x), WDy5(x") — monepeunsie cobcTBeHHBIE
(YHKIMH IIPSIMOYTONEHOTO BOJTHOBOZA, YIOBICTBOPSIIOLINE
TPaHMYHBIM yeroBusiM Jlupuxie, f} - (z,z") —1ponons-
Hasi KOMITOHEHTA JJIs1 COOTBETCTBYIOIIECH MON00IacTH (QyHK-
tmn I'puna nepsoid obnactu, CWL - — NOCToAHHAs pac-
NPOCTPAHEHHMS BOJTHEI B BOJTHOBOJHOM KaHaJe:

[oncraBmnss B MHTErpaisHOE TipeacTaBieHne (1) Bbipa-
KeHWs 1t GyHKIMU [ prHa, NCTOYHUKA CTOPOHHETO OIS U
HaNPsDKEHHOCTH eKTpudeckoro mons Bo 11 u 111 obnactsix,
a Takke (PUKCHpyS MmocaenoBaTeNsHO B 00enx Jactax (1)
TOYKH HaOmoneHus rnpu z=z2; —z1; 0, momyanm cucremy
WHTETPAITBHBIX YPaBHEHHI OTHOCHTEIIBHO TPEX HEN3BECTHBIX

22

T2y R2)r, T3y . Ilpumenus npouenypy I'anepkuna,
HOJIy4UM CUCTEMY JIMHEHHBIX areOpauuecKux ypaBHEeHUi
(CJIAY).

Permme momygennyro CJIAY, onpenennm ko3¢ duimeHT
OTpaXKEHHs JUTsl BOHBI H| | PU HCMIONB30BAHIH PABEHCTBA TaH-
TEHIINATIBHBIX KOMIIOHEHT 3JIEKTPHYECKOTO MO IIPH z=—Z2.

YNCJIEHHBIE PE3YJIBTATBI

Pe3ynbTarel 4MCIEHHOTO pacdyeTa HpEeACTaBICHBl Ha
puc. 2—6. Onpezenenne oNTUMaJILHOTO pazmepa z2/A ¢ To4-
K{ 3peHHs] MUHIMAaJIbHO BO3MOXKHOTO Koddduimenra or-
PaKeHHS IIPOBOAMIOCH JUISl KAXKJ0T0 (PMKCHPOBAHHOTO 3HA-
yenus z1/\ (c marom 0,05). KpuBsle npruBeneHs! 11 3Ha4e-
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Puc. 2. 3aBucumocts Monyist KO3 GHIIEHTa OTPAKEHUS OT
yIila CKaHUPOBAHUS

F=05714\W=F: 1 z21=22=0,
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4 21=01, 22=0,25\ 5. 21=0,05,22=0,25\

Q@ 04
%
0=
=
=]
i Y
g
= 02
=
m i)
=] 5
w I..
é 01 = s
S | B b
P 10 20 an a0 0 1]

VTOJI CKaHHP OBAHHS, TPaIyChl
Puc. 3. 3aBucuMocTb MOy KO3 UIMEHTa OTPaKEHHS OT
ymia ckannposannst  F=0,5714,W=0937-F:1. z1=22=0;
2. z1=0,05A, 22=02 3. z1=015\, z2=0,3k
4. zZ1=0,1n, z2=0,3); 5. z1=0,05,2z2=0,251
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HUH z1/A, IpH KOTOPBIX HAOIIOAAETCS YMEHBIICHNE KOI (-
¢unmenTa oTpaXkeHus majaromei BomHbl. Kak BuaHO 13
pucyHKOB 2—6 Manoe 3Hauenue z1/A=0,05 obGecneunBaer
HanMeHbIINH KO3 UIMEHT OTpaxkeHHs, 38 UCKITIOUEHHEM
KpHBBIX Ha prc. 5. [Tpy 6onpImmx 3HaYeHUSIX z2/A BOSHUKAET
00JIBIIIOE OTPaKEHHUE 1A IAI0IIEH BOIHBI.
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Puc. 4. 3aBucumocts Monyitst KO3 GHIEHTa OTPAXKEHUS OT
ymia CKaHUpPOBaHUs

F=0,05,W=0937-F: 1. z1=22=0;
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Puc. 5. 3aBucumMocTb Monyist ko3 duIeHTa OTpakeH s OT
yIja CKaHHpOBaHUS F= 0, 57147\., W= 0, 88-F:1. z1=z2= 0;

2 z1=015n z2=035\ 3. z1=0,25 z2=0,45
4. z21=0,35, z2=0,5% 5. z1=0,45\, z2=0,6\
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Puc. 6. 3aBucumocts Monyist KO3 GHIIMEHTa OTPAXKEHUS OT
yIla CKaHUpPOBaHUs

F=0,6205L,W =0,88-F:1. z1=2z2=0; 2. z1=0,25\,
22=0,35% 3. zZ1=0,15,22=03); 4. z1=0,11,22=0,3;
5. z1=0,051,22 = 0,25

J11s1 yKa3aHHBIX OTHOCHTEBHBIX TOJIIIMH CTEHOK BOJTHO-
BOJIOB MOJTy4€HBI ONITUMAJIBHBIE Pa3MephI IIPOMEKYTOUHOMH
obnactu z1/A=0,05; z2/A=0,25. M ciydas: WX=0,5028/A,
PX=0,5714/A\ naunyumiee coriacoBaHue HaOIIOAAETCS IPU
z1/A=0,45; z2/A=0.6.

BbIBO/JbI

UucneHHoe uccnenoBanue cornacoBanuss @AP ¢ BHe-
ITHUM ITPOCTPAHCTBOM IOKa3aJI0, 9TO IPH ONPEAETEHHBIX
pasmepa CIIC u ee pacnoioKeHnH, ONpeaesieMbIX B pe-
3yNIBTaTE IEKTPOANHAMUYECKOTO PAacyeTa, HCIOIb30BaHNE
9TOTO COTIACYIOIIETO YCTPOUCTBA CTAHOBUTCSA A(P(PEKTUB-
HBIM. J7151 pacCMOTpeHHBIX BXOMHBIX mapameTpoB AP (Hop-
MHUPOBAHHBIX K JUIMHE BOJIHBI TEOMETPUIECKHX Pa3MEPOB)
ObLUTH yrcieHHo onpeneneHsl mapamerpsl CIIC, obecrieun-
BaloIIHe cormacoBanue. B cpeqaeM xoadduitueHT orpaxe-
Hus pu uctionszoBadnu CIIC ymensmaercs B 3—4 pa3a B
Jara3oHe yrioB ckanuposaHus ot 0° 1o 60°.
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EJEKTPOJIMHAMIYHUAN PO3PAXYHOK JIIHIHHOI ®AP 3 Y3rOIKYIOUYOIO NEPIOJUYHOIO CTPYKTYPOIO
B craTTi npencraBineHo eNeKTPOANHAMIYHUIT alNrOpUTM PO3paxyHKy HecKiHYeHHOI JiHiHHOT xBuneBogHoi GAP 3 y3romkyouoro

nepioguunor cTpykTyporo (VIIC). Po3paxyHOK MpOBEICHO 3 BUKOPUCTAHHSIM METOMY IHTEIPATBLHOrO PIBHSIHHS HAa OCHOBI BHJIUICHHS
MIPOHU3YFOYOT 00JIaCTi. 3 OTPUMAHKX YUCEIBbHHUX PE3YIbTATIB BUTIKAE , 0 y3ro/pkeHHs MAP mominiyeThes Npyu NEBHUX FEOMETPUIHUX
po3mipax YIIC Ta il po3ranryBaHHi.

KurouoBi cioBa: iHTerpanbHe piBHSHHS, (ha3oBaHA aHTEHH peliTka, GpyHKuis ['piHa, mpoHU3yroda 061acTh.

Marchenko S. V.!, Morozov V. M.2

!Senjor teacher, Dniprodzerzhins’k State Technical University, Ukraine

Candidat of physics amd mathematics sciences, Dnipropetrovsk National University, Ukraine

ELECTRODYNAMICS CALCULATION OF LINEAR PAAWITH MATCHING PERIODICALSTRUCTURE

Matching of PAA with external space is an important problem. There are various methods of improvement of matching by usage of

magnito-dielectric inserts and layers, diaphragms [1], inductive irises, impedance flanges [2], etc. In this work use of the matching device
in the matching periodical structure (MPS) is considered. The MPS represents a subarray with the same cross sizes as the main antenna
array ones, being at a certain distance over the main antennas. Calculation is carried out with integral equation method based on splitting
of penetrating area.

Numerical research of matching of PAA with external space showed that MPS improve matching at defined sizes and its arrangement.

The parameters of MPS providing matching were numerically determined. On average the reflection coefficient when using MPS
decreases by 3—4 times in the range of angles of scan from 0° to 60°.
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NOKALUUA B ABYXCINOMHON CPELQE NPU NMOMOLUU YNPOLWEHHbIX
AATYHUKOB

B crarbe B ABYMEpHOH NOCTaHOBKE M3yd4aeTcsl MPOIecC ABMXKEHUs (GpPOHTA BOJIHBI,
€03/1aBaEMOH TOYEUHBIM HUCTOUHUKOM. MICTOUHMK paCIIOIOKEH B OJHOM M3 CIIOEB JABYXCIOMHON
cpelbl ¢ NPsMOJIMHENHON rpaHuLiel pasaena cpel. Llenbto saBiseTcs onpeneaeHue NoI0KeH s
HCTOYHMKA M3JIydEHHs U BPEMEHH Hauala U3JIy4eHHUs 10 JaHHBIM JATYMKOB, PACIIONIOKEHHBIX
BO BTOpOH Cpezie Ha OIHOM IpsAMOM, apajulelbHOI rpaHule pasaena cped. Ilpu orHomenun
CKOpOCTEeH pacIpoCTpaHEHUs CUTHala B clodx, 6mu3koM k 0,75, 3agada CBOAUTCS K PELICHHIO
CUCTEMBI IMHEHHBIX ypaBHeHul. [IpuBeneH npumep pacuera.

KnaioueBrble ci10Ba: 3a1aua JIOKaluu, ﬂByXCHOﬁHaﬂ cpe€aa, annpokcumanus, q)pOHT BOJIHEI,

YIPOIICHHBIA TaT4YHK.

BBEJEHUE

[Ipobnemam ompeneneHust MOIOKEHU 00bEKTa 110 pe-
3yNbTaTaM JAHHBIX, MTOTYYCHHBIX MHOTOIO3UIIMOHHBIMHU
N3MEPHUTENEHBIMH CHCTEMaMH, MTOCBSIIIIEHO HEMAJIO UccIIe-
JIOBaHHUH. DTO OOBSACHACTCS MX IIMPOKHM IPUMEHEHUEM B
Pa3INYHBIX 00ACTSIX: paHOJIOKAIINH, CEHCMOIOT Y, AKyC-
THKE, TUIPOAKYCTUKH, (PU3UKH 3JIEMEHTAPHBIX YaCTHII, aCT-
poHOMUH U APYTUX [1]. MHOrOmo3uroHHas paIioIOKaIi-
OHHasl CTaHIMSI — 3TO JIF00ask CUCTEMa PaNOTOKAIIMOHHBIX
CTaHIMI WY OTIEIbHBIX O3ULMH, Pa3HECEHHBIX B IPOCTPAH-
CTBE, B KOTOPOW COBMECTHO 00pabaThIBaeTCs MoydaeMast
nHpOopMaIust 06 oOdbekre HabroneHus. ViMmeHHo Onaroma-
Psl COBMECTHO# 00paboTke MH(POPMAIINN O KaXKTOH IIEJH,
JIOCTUTAIOTCSI OCHOBHBIE NMMPEUMYIIIECTBA MHOTOIIO3HIIHOH-
HOM paJIMOJIOKALIMOHHOM CTaHLIMH.

B ciryuae maccuBHOM JIOKauy OOBIYHO U3y9arOTCS CITY-
Yau, KOIza AATIYMKH OTIPEACIISIOT HIIH PACCTOSHHE /10 LIEIH,
WJIN HAallpaBJICHNE HAa ICTOYHHK CUT'HAIA, WU U TO ¥ IPYroe
[2—5]. [Tpu HammYwrK TpaHUIEl pa3/esna Cpex MEeX Iy UCTOU-
HHUKOM M3JTy4EHHS 1 JaTIMKOM 33]a49a CTAHOBUTCS HAMHOTO
cnoxnee [ 1, 8].

OpHIM 13 COCOO0B CHU3UTH CTOMMOCTB JIOKAIIHOHHBIX
CHCTEM U YBEJTMUUTH MX HAJISKHOCTD SBIISETCS IPUMEHEHNE

© Bemnuxo E. B., 2013

Ooree POCTHIX JaTYUKOB. B mpencrasienHoit padoTe pac-
CMaTpHBAETCs CIydai, Korna JaTduKn (PUKCHPYIOT TOJIBKO
BpeMs Ipuxoza (PpOHTa BOIHBI, IPUYEM BpeMsl, KOrza Ha-
YaJl pacHpOCTPAHATHCS CUTHAJI, CUUTACTCS] HEM3BECTHBIM.
IMomoOHbIe 3axaun 17151 OTHOPOIHBIX CPEJ] PACCMaTPHBAIIICH
B paborax [6, 7]. 111 MHOTOCITOHHBIX Cpe]] ITyOTMKAITIH, OITH-
CBIBAOLIHE CIOCOOBI PEIICHNUS TOCTABICHHOH 3a/1a1uH aBTO-
Py HEN3BECTHBI.

Hawnbomnee O113K0 K TEMAaTHKE CTAaTbU MPUMBIKAET My0-
nukanys [9], B KOTOpOit aBTOPHI CBOIMIIH 33/1a9y JIOKAIUHU B
JIBYXCIIOWHOM Cpeie P TOMOIIH YIIPOLIEHHBIX JATIHKOB K
YHCJICHHON HEJIMHEHHOW ONTHMM3AINN C BRIOOPOM HYJIe-
BOTO IPUOJIMKEHHNS B BUIE PELIEHHS IS OJJHOPOIHOM cpe-
161, [Ipr 3TOM, 4TO CYIIECTBEHHO, CUMTAIOCH, YTO YacTh
JTATYNKOB PACIIONOXKEHA B TOH K€ Cpefe, e U MCTOYHUK
CHTHaJIA.

OU3BUYECKASA ITIOCTAHOBKA 3A/1AYN

PaccMorpum mI10CKOCTb, pa3aesieHHYIO IPSIMON Ha B
TOIYIUIOCKOCTH, KOTOPBIE OTIIMYAIOTCSl CKOPOCTIMHU PacIpo-
CTpaHEHHsI CUTHaNA (HAIpUMep, aKyCTH4eckoro). B ompe-
JIEJIEHHBIA MOMEHT BPEMEHU B HEKOTOPOU TOUKE BKIIOUAET-
Cs1 ICTOYHUK, OT KOTOPOTO BO BCE CTOPOHBI HAUMHAET pac-
NIPOCTpaHAThCS Kpyrosas BoiaHa. Ha nmHnmM pasznena cpen
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BOJTHA MeHseT popMy B ciuty 3akoHa CHenmyca. Bo Bropoit
Cpezie Ha OfHOM MPSAMON PACHONIOXKEHBI JATIYUKH, KOTOpPBIE
(uKcHpyIOT BpeMs nprxona BotHbL. CTaBUTCS 3a/1a4a orpe-
JIEJIEHHs] NCTOYHHMKA M3JIy4eHUs] U BPEMEHH, KOITla CUTHAI
Ha4YMHAET pacnpocTpaHsaThesl. KonnuecTBo qaTdmnkoB 7 > 3.

MATEMATHYECKAS ITIOCTAHOBKA 3A/1AYHA

Jlunus y = 0 sBnsieTcs TMHAEH pa3ena cpe, IpuIeM B
obnactu y < 0 ckopocTb BOJIHBI PaBHA V. PaccMorpum Boi-
Hy, KOTOpasi B MOMEHT BpeMeHN ¢ = Ty HAUMHAET paclpocT-

pansitscst ¢ Touxu A(r, k) (h> 0) co ckopoctsio vy. B o6ma-

crr y < 0B TOUKAX, M (xi, Vi ), i =1..n, HAXOAATCS JATUHKH.
B nanHoii cTaThe OrpaHUYUMCS CITydaeM, Korna JaTYMKH Ha-
XOJIATCS Ha TIPSIMOK Y = M, TO €CThb ; = @ IpH i =1, n. OOBIY-
HO JATYMKU ONPEAENSIOT CABUT YACTOThI IPUHSITOrO U UC-
XOIHOI'O CUTHAJIOB, HA OCHOBAHHUU Yero JIeJIaeTCs BEIBOJ O
PacCTOSIHUM, IPOMIEHHOM CUTHAJIOM. B 1aHHOM cTaThe Mbl
paccMaTpuBaeM YIpOIIEHHbIE AATYUKHU, KOTOPBIE OMpese-
JISIFOT TOJIBKO MOMEHT BPEMEHH #; IPOXOKAEHUs (poHTa
BOJIHBI. HeoOXomuMo 10 M3BECTHBIM BEIMYUHAM X;,V;,;

HaUTH KOOPAWHATHI HICTOUHHKA A(r, h) u Bpems Ty. IIpu pe-
LIEHUH 33]1a44 CYATAEM, YTO UMEET MeCTO 3akoH CHenuyca:

vy sin
§=-2— _W

vy sing

[MocTponm napamerpuyeckoe ypaBHeHHE (pOHTA BOJI-

HBI, KOTOPBII HAXOAUTCS B HIDKHEH MOITYIUIOCKOCTU. BBenem
cieytoIre 0003HaYeHHsI: P — yroy naeHus BOJIHbI Ha Tpa-
HUITy pa3/ielNia CIoeB, Y — yroll IpesIoMIIEHHs Iy4a, (12) -
JUIUHA ITyTH JIy4a B BEpXHEM (HIDKHEM) CJIO€, ¢; — BpeMs, 3a
KOTOpOe€ TO4Ka (hpOHTa BONIHBI IIPEOAONEBAET MYTh [;, B —
TOYKa IIPEIOMIJICHMSA JTyda, P — NPOCSKIMI BEKTOpa 4B Ha

ock abcrice, C(x, y) — TIOJIOYKEHHE TEKYIIeH TOYKH (PPOHTA
BOJIHEI B MOMEHT BPEMEHRH ¢ = 1 + 1, + Ty . Ha puc. 1 npuse-
JICHBI COOTBETCTBYIOIIIE OTHOIICHNSL.

C ydeToM BBEICHHBIX 0003HAYCHUI MOXKEM 3aIHCaTh
CJIEYIOIIIIE PAaBEHCTBA!

Ly =wt;, p=lsino=h-tge, I, =h/cose, siny =38sing,

Aky

0(0,0) i

D i C(x:y)

Puc. 1. Cxemarnaeckoe PacnojyioKEHUE HCTOYHHKA CUT'HaJIa U
TIOJIO)KCHHUC TOYKHU (prHTa BOJIHBI B HCKOTOpBIﬁ MOMCHT
BPEMEHH ITOCJIE MPEIIOMIICHUSA
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cosy = cos(arcsin(ﬁsin 0))=41- §%sin? @, b =vaty,
[ h
L=t-tj-Ty=t——-Ty=t——— T,
V] V1 COS P
PaccMorpuM BeroMoratenbayio Touky D(r + p,—1,).
Bextop BC MO)KHO [IOTY4HTh U3 BEKTOPA E(O,—lz) TIOBO-
pOTOM Ha yron Y, a, CIIel0BaTeNbHO, €r0 KOOPIHHATHI

BC= (I siny,~1, cos ).

N3 paseractBa OC=0B+BC, momny4um, 4YTO
C(r + p+ 1 siny,—I, cos w).

Bo3bMeM B kauecTBe ImapamMeTpa yroi ¢ 1 BIpa3uM Bce
BEJIMYHMHBI, KOTOPHIE BXOJAT B BEIPayKEHHE KOOPHHAT TOUKH

C. B pesynsrare nonyuynM napaMeTpU4ecKkoe ypaBHEHUE
(poHTa BOJTHBI B HIDKHEH Ha ITOITYINIOCKOCTH:

h
x=r+h-tgo+vy| t =Ty ———
V1 COS @

1
\[1—62 sin? 0. M

HOCKOJ'ILKy (prHT BOJIHBI JOCTUT'AaCT HIDKHEH Cpeabl B

d-sin @,

h
y=—w|t-TH ————
V| COS @

MOMeHT BpeMerH ¢ = h/v; + T, To B popmyie (1) HeoOxo-
1Mo 6pate ¢ > Ty + h/vy.

Ecnu v| > v,, TO Bce JIy4u, KOTOPbIe JOCTUTHYT JTMHUU
pasgnena cpef, IepeiayT B HIDKHIO cpeny. B momeHT Bpe-
MEHH { JI0 TPaHUILIBI Pa3zielia Cpex AOMIET CUTHAT, KOTOpBIi
TIpOLIEN IMyTh [} = (t -1 0)- V|, 1 OH OyZeT OTBEYaTh MaKCH-
MaJIbHOMY YITIY HaJ€HUS @ pay » KOTOPBIA MOKHO HAWTH 3

COOTHOMIEHUS [; COS P, = /. Takum obpasoM, menaem
BBIBOJI, 9TO

¢ €| —arccos arccos
( T

t—To)Vl t—To)Vl

3aMeTum, 49TO B 3TOM crydae
oo =r£4(t=Ty v —h? , a nonrymmpusa dponra
Xmax,min =/ T 0/ M ’ ym

sosas: pocruraer v (¢ — T Vot -n?,

Ecmi vy < vy, TO VIS 5THX IBYX Cpex OyeT CyIecTBOBAaTh
YIOJI MOJHOTO OTPAKEHHUsT ¢, TAKOM, YTO TIPU @ > ¢ COOT-
BETCTBYIOIHE JIY4H OCTAIOTCS B IEPBOH cpesie. DTOT yroi
MOXXHO HalTH M3 COOTHOWEHHs Osin ¢ =1. PaBeHcTBO
© =@ nax OYIET IOCTUraThCs, ECIU UMEET MECTO COOTHO-

2 2
l’l V1
wenne |~ | +| — | =1, 10 ects npn
lVl %)
- S5-h
t-Ty=t=
2 2.
V2 =V
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Taxum 06pa30M, B OTOM CJiy4ae

h h h _
—arccos—,arccos— | mpu Ty +—<t<t+1T,

tVl tVl V1
[OXS
.M .M -
—arcsin—,arcsim— npm t>t+ To.
V2 V2

h _
Ilpu Ty +—<t <t + T, nomymupuHa (GpoHTa BOIHBI
Vi

2 2 2 _
paBHa (t_TO) vi —h™ a npu t>t+1; oHa paBHa

V2(t—T0)—h 62 -1
METO/I IMPUBJIMCKEHHOI'O PEHIEHUST

Jlis IpuONIKEHHOTO PeIleHHs 3a/ladyl JIOKAu! Npu
(PMKCMPOBAaHHOM 3HAYEHHWH BPEMEHH ! arllpOKCHMHUpPYeM
KpHBYIO, 3aJjaHHyI0 ypaBHeHueM (1) mapabosmoii. ITapabo-
Ty OymeM CTpOUTH MO TPEM TOYKaM: JIByM TOYKaM Iepece-
YeHHs1 KPUBOH C OCBI0 ()Y 1 TOUKOM, KOTOpast COOTBETCTBY-
er yrry ¢ = 0. DTH TOYKH UMEIOT KOOPIHHATHI:

(r—\l(t—TO)zvlz —hz;Oj’ (r+ (t—T0)2v12 —h2;0)’

7=V [t -T _vij
1

0 an -0 it D 3P

YpaBHEHHE COOTBETCTBYIOIIECH ITapaboIIbl UMEET BULL

v2x2 2vyxr

g (279 ) R (T WA

N vz(r2 +h2 —(t—To)zvlz)
n(—Tom+h) @

J11s IpOBEPKU TOYHOCTHU AMMPOKCUMAIINH ObUTH TPOBE-
JICHBI YUCIICHHBIE IKCIIEPUMEHTRI. X pe3ybTrarhl MoKa3a-
JI, YTO TaKast alllpPOKCUMAITHsE OYIET XOPOIIIeH, eClti § OJiu3-
ko k0,75 (puc. 2).

[Moxcrapmsist B (2) KOOPAMHATHI IPUEMHUKOB U BPEMSI
MOTYYEHHST CUTHANA, MOTYIUM CUCTEMY

v 2vyx;r

QT RN ey e e v

+vz(r2+h2_(ti_t0)2v12),i:l,_n 3)
vt =1, +h)

JUTS OTPEIENICHHUsI HeM3BECTHBIX. TaK Kak HEM3BECTHBIX TPH,
TO ypaBHEHUH (a, CIIENOBATENILHO, H KOTHIECTBO IPUEMHH-
KOB) IOJDKHO OBITh HE MeHee TpexX. Ha nmpaxtuke [yist HOBbI-
HIEHUS] TOYHOCTU MPHUMEHSIOT OoJiee TpeX MPUEMHHKOB.
B 3TOM Ciyuae B CBS3U C HETOUHOCTAME H3MEPEHHI CHCTe-
Ma (3) OymeT, ckopee Bcero, HeCOBMECTHOM.

o)

ks

30 a0 -10 1p 2p 3p

Puc. 2. CpaBHeHUEe (poHTA BOJHBI BO BTOPOU cpesie ¢ mapadooit

nns cygaes O = 0,5;0,75;0,8;1 coorsercrBenno
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BBeneM B paccMOTpeHHE TPEThIO OCh, IO KOTOPOit Oy-
JIeM OTKJIA/IbIBATh BPEMS ¢, U PACCMOTPUM F€OMETPUUECKOE
MECTO TOYEK, KOTOPbIE B 3TOM MPOCTPAHCTBE 00Pa3yroT
(POHT BOJHBL. DTO MHOXECTBO OIMKUCHIBAETCS YPABHEHUEM

oV ((t =Ty )vl + h)z v2x2 —2vyxr +
+v2(r2 +h? —(t—T0)2v12). @
INepermmrem ero B Buze
0Lx+[3t+y:v2x2 —v2v12t2 —(ovlzt, )
IIe
o=2vrp= —2V2V12T0,
Y = hoy —Tocovlz—vz(r2+h2—T02v12) )

Jluist omipeiesnieHus mapaMeTpoB o, P,y cocraBuM (GyH-
KLU0 HEBA3KU

GaB,y)=

N | =

n
Z(ocxl- +Bt; +v - vle-z + vzvlztl-z + covlzti)z — min,
i=1

HaXO,HH YaCTHBIC MMPOMU3BOAHLIC U IPUPABHHBAA UX K
HYIIIO0, NOIYYUM CUCTEMY JIMHCHHBIX ypaBHeHI/Iﬁ

n n n n

2 3 2.2 2

(xei +thi X; -H{le- = szxi —X;t7 V[ vy — Vi X,
i=1 i=1 i=1 i=1

n n n n n
a) tx; + BZI? YO8 1= Z\/le-zti vy —ovii?, (7)
i=1 i=1 i=1 =l sl

n n n
a) x; +PY i +y-n= szxiz — 1}y, —ovit,.
i=1 i=l i=1

Pemus ee, Haiinem nckoMble BeTUYUHEI 7,4, Ty 10 dop-

Mylam

2.2 2.2 2 2
O+ Vi ©° —4vs\— v Ty vi + v + Toovi +vyr
p \/1 2( 2l V1 TV LoWV + V) )’(g)

2V2
KOTOPBIE €CTh CICICTBUSIMH COOTHOIIEHUH (6).
INPUMEP PACYETA

[IpuBenem npumep pereHust MoAeabHoH 3agayn. Ilycts
MMeEETCs ABYXCIIOMHAS cpea, IMHUS pa3zesa KOTOPOH ECTh
npsMas y =0. B momenT Bpemenu 7y = 0 HCTOUHHK, KOTO-
PpbIil HAXOOUTCSI B TOUKE ¢ KoopAauHaTamu r = 0,4 =10, re-
Hepupyet BoHy. CKopocTb IBrxkeHus B cpene ¥ > 0 paBHa
vi=5, a B cpexe ¥ <0 paBHa v, =3,76. Ha mpsamotit
¥ =0=—4 HAXOMATCS ISITh IATYMKOB, KOTOPbIC (PUKCHPY-
0T BpeMsI IIPHUX0/1a BOTHBI ¢ TOUHOCTHIO 110 0,00 1. 3amamim-
Csl yIilaMu MaieHust
T

L IO L
D1 309([)2 203(\03 10,([)4 153(\05 25
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W3 coornomenuii (1) HalineM ¢;,x; A1 KaXIOro U3 IATU
JIaTYHAKOB:

t; = 4 +Ty + h
[ gsne)  meesle)
v

1 ~3,079,1, ~3,095,13 ~3,198,14 ~3,121,15 ~ 3,085,

Y Jv—zsin(oc,-),

xi=x0+J’ofg(<Xi)+V2[fi—to Vlcos(a') "
1

x; ~1,366,x) ~ 2,058, x3 ~ 4,206, x4 ~—2,759, x5 ~ —1,643.

TMocrie MoICTAHOBKY YHCIIOBBIX JAHHBIX crcTema (7) mpu-
obpeTaer BUI

34,1032860 +10,346718B + 3,228y = —-2683,917198,
10,3467180 + 48,544336P + 15,578y = —12845,27950,
3,2280.+15,578B + 5y = —4122,669751.

Ee pemenne o = —0,05793, f =-70,684, y =-604,272 .
Bocnons3oBasimcs cootHommeHnssMH (3.20), HaxoxuM Hc-
KOMO€ BpeMs reHepanuu curaana 7y = 0,3760388800 u ko-
opauHaTh ucTouHuka r =—0,00770469, # =10,80661270 .
CpaBHHUBas C 337JaHHBIMH BEJTMYMHAMH BHIMM, YTO JIOCTH-
TaeTcsl YIOBIETBOPUTEIBEHOE COBIAICHNUE.

Jl14 yBenm4deHus TOUHOCTH JOKALUK HY>KHO WIH YBEIH-
YHMBaTh KOMTMYECTBO JIATIMKOB, JINOO IIOBBICHTH UX TOYHOCTB.
Tak, ecnu B paccMaTpUBaeMOM 3a1a4e YBEIMYUTh TOUHOCTh

natyukoB 10 0,0001, To mocye BBIMUCIEHUN OTYYUM TaKHUE

pesyabstathl Ty =0,3634145200, » =-0,001222270000,
h =10,85892864.
Ecim Tourocts octaButh paBHO# 0,001, HO 700aBUTH aT-

T

YUK B TOYKE, KOTOpas COOTBETCTBYET YIIy P¢ =§

(t =3,0744,x4 = 1,1702 ), TO mOMy9nM CIERYIOIIEE pelie-
Hue 7 = 0,3643721200, » =-0,0009336600000, # =10,85497575.

Jlst cimydaeB, Koraa JATYMKU PACHIONOKEHbI HE HA OIHOU
MPSIMOM, JTaHHBIA METOJT JIOKALIMU, OCHOBAHHBIHM Ha aIlpOK-
cuMaIy (PPOHTA BOJIHBI BO BTOPOU cperie mapadoIioit, MOX-
HO 00OOIINTE, YTO M IDIAHUPYETCS] aBTOPAMH B JallbHEH-
meM. [ cirygaeB, korna KO3 QHUIINEHT IIPETIOMIICHHS CY-
iecTBeHHO oTiim4aercs ot 0,75, mo Bee BUIMMOCTH, HY)KHO
MIPUMEHSTD APYTUE aIPOKCUMAIIHH.

BbIBO/JIbI

B crarbe B 1ByMEpHOI IOCTAHOBKE U3y4aeTCsl IpoLece
JIBYDKEHUS (PPOHTA BOTHBI, CO37[aBAEMOI TOYETHBIM HCTOY-
HUKOM. VICTOYHHK pacnoyioxKeH B OJHOM U3 CJIOEB JABYXCIIOM-
HOM cpelibl C NpAMOIMHENHOM rpanuLel pasaena cpen. Le-
JIBIO SIBIISIETCS ONPEAEIICHHE TTOJI0KEHNST UCTOYHHUKA NU3ITy-
YEeHHS U BPEMEHH Havaja N3 TydeHHs 110 JaHHBIM JaTIHKOB,
pacHoIOXKEHHBIX BO BTOPOW Cpe/ie Ha OQHOM NpPsSIMOM, Ma-
pajutenbHOH rpaHuIle pa3aena cpen. CauTaercs, 4To JaTdu-
KM TI03BOJISTIOT OTIPENEIINTH TOIBKO BPEMsI TPHUXO/Ia CUTHAIA.
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JIOKAILIS B IBOIIAPOBOMY CEPEJOBUIIII 3A TIOIIOMOI'OI0 CITIPOLIEHUX JATUYUKIB

B crarTi B ABOBHMIpHIii IIOCTAHOBIII BUBYAETHCS MPOLEC PyXy (DPOHTA XBHII, SIKA TEHEPYEThCS TOYKOBUM JpKeperoM. Dxepero
PO3TAIIOBAHO B OHOMY i3 LIApiB JBOIIAPOBOTO CEPEIOBHINA 3 MPSIMOJIHIHHOIO MEXEI0 PO3JLULy cepefoBHIN. MeTolo € BH3HAYCHHS
HOJIOKEHHSI JKepelia BUIPOMIHIOBaHHS Ta 4acy I0YaTKy BUIPOMIHIOBAHHS 3a JJAaHUMU JaTYHKIB, PO3TAIIOBAHKUX B IPYTOMY CEPEIOBHILL
Ha OIHIN HpsIMil, sika mapanenbHa Mexi po3aity. [Ipu BinHomeHHI mBHAKOCTeH Gim3bkomy 1o 0,75, 3agada 3BeieHa 10 PO3B’sI3yBaHHS
CHCTEMH JiHIIfHUX piBHsAHb. HaBeneHo mpukiaj po3paxyHKY.

Kurouosi cioBa: 3anaua sokanii, ABOIIApOBE CEPEAOBUIIE, alIPOKCUMALLis, GPOHT XBHII, CIIPOILCHUH JaTIuK.

Velichko H. V.

Candidate of Physico-mathematical Sciences, PhD Associate Professor, Taurida Starte University of Agrotechnological, Ukraine

LOCATION IN THE TWO-LAYER MEDIUM WITH THE HELP OF SIMPLIFIED DETECTORS

The article deals with the process of the wave front motion in two dimensions. The point source, which creates the wave, is situated
in one of the layers of two-layer medium with the straight-line boundary between the mediums. The objects of the article are the location
of the emitting source and the determination of the starting time of the emission, with the help of the data, given by the detectors. The
detectors are situated in the second medium on the straight-line, which is parallel to the boundary between mediums. It is assumed that
the detectors determine only the time of arrival. For the case when the ratio between the signal propagation speeds in the layers is
approximately equal to 0,75, it is shown that the wave front can be approximated by the parabola. The proposed technique of the
identification of the parameters, which define the parabola, reduces itself to the solution of the system of the linear equations. The
position of the source and the time of the emission are determined with the help of these characteristics. It is assumed that one may use
any number of the detectors, but not less than three. The numerical example has been given.

Keywords: location problem, two-layer medium, approximation, wave front, simplified detector.

REFERENCES 6.  Velichko O. V., Krivohata A. G Rozv’jazok zadachi lokacii v
1. Brehovskih L. M., Godin O. A. Akustika sloistyh sred. oblasti z prjamolinijnoju chastinoju mezhi. Visnik TDTU,
Moscow, Nauka, Gl. red. fiz-mat. lit, 1989, 416 p. 2009, Vol. 14, No. 4, pp. 127-131.

7. Matkovskij A. P. Vychislenie koordinat izluchatelja po

v raspredelennoj seti datchikov po raznostno-dal’nomernomu lzmerennym vremennym zaderzhkam, .Metody ! sren{stva
metodu. Informacionno-izmeritel nye i upravijajushhie analiza prostranstvenno-vremennyh polej : sb.nauch.tr. L'vov,

sistemy, 2008, No. 5, pp. 12-24. VNIIMIUS, 1987, pp. 89-92. -
3. Gorickij Ju. A. Raznesennye izmeritel'nye sistemy: lokaciia o Davidovich M. V. Obnaruzhenie ob’ektov v mnogoslojnoj

gruppovyh ob”ektov. Exponenta Pro. Matematika v srede metodom volnovodnogo zonda, Biomedicinskaja
prilozhenijah, 2003 N(; 2, pp. 47-57 ’ radiojelektronika. Biomedicinskie tehnologii i

4. Karavaev V.V, Sazonov V. V. Statisticheskaja teorija passivnoj radioj ?lektronika, 2009, No. 6, pp. 69-77. . ..
lokacii [Tekst]. Moscow, Radio i svjaz’, 1987, 237 p. 9. Jaskevich S. V., Andersson F., Duchkov A. A. Lokacija sobytij

5. Chernjak V. S. Mnogopozicionnaja radiolokacija. Moscow, § odnov'ren'lennym ut'ochnenian parametrov modeli
Radio i svjaz’, 1993, 416 p. dvuhslojnoj sredy, dlja sluchaja, kogda rasstanovka
’ ’ priemnikov peresekaet granicu, Interjekspo geo-sibir’, 2011,

Vol. 2, No. 1, pp. 54-58.

2. Buzuverov G. V., Gerasimov O. L. Algoritmy passivnoj lokacii

29



PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKALIT

Y/IK 621.382.3

lMopbaHb A. H.', KpasumHa B. B.2

O-p ¢pus.-mam. Hayk, npogheccop, Knaccudeckul npusamHbili yHUsepcumem, 3anopoxse, YkpauHa, E-mail: kravchina@list.ru
2KaHO. mexH. Hayk, douyeHm, 3arnopoxckasi 20cy0apcmeeHHasi UHXeHEPHasl akademusi, YkpauHa

OCOBEHHOCTN ®OPMUPOBAHUA KOMIMJNIEMEHTAPHbIX
TPAH3UCTOPOB A1 UMC C OUINEKTPUYECKON U3ONALUEN

INEMEHTOB

B paboTe onTHMHU3MPOBAHBI IPOLIECCHl CEICKTUBHOM SIMHUTAKCHU CIOEB KPEMHMS Ha
CTPYKTypax Si—SiOz—Si*, npomeccsl GOPMHUPOBAHUS AUIICKTPUUYCCKON HU3OIALUHN U
U Qy3noHHBIX 00nacTell KOMIJIEMEHTAPHBIX OMUIIOISIPHBIX TPAaH3HUCTOPHBIX CTPYKTYp. Ilpu
(OpMHUPOBAHUY TUANIEKTPHUECKOH n3ossinuy aemeHToB UM C npoBoauTCsl OKHCIICHHE TPAaHULIBI
MEK/LY SMHUTAKCHATBHBIMU CIOAMH SMUMOHO-Si U 3mu-Si’, pacroNokeHHO! mo yrioM 55° K
MOBEPXHOCTH. B 3TOM ciydae rpajueHT MeXxaHMYeCKUX HAaPsDKEHUIT HalpaBiIeH WM K KpaeBol
obnacti 00beMa MOHO-Si Ui B 00beM c1ost 91H-Si' 1 00pa3oBaHe MEXaHHYECKHX HATIPSIKEHU
JIOCTAaTOYHBIX JUI1 TeHepaluu Ae(eKTOB B CJIOE SMHUMOHO-Si He mpoucxonut. [lpu tommunue
SMHUTAaKCHANBHOU IuIeHKH 3,0—4,0 MKM XapaKTepUCTHKU KOMIUIEMEHTapHBIX TPaH3UCTOPOB

cocrasuiy Bemaumne U > 20 B u B2 60.

KnawueBsie ciaoBa: KOMIIJIEMEHTApPHbIC 6I/IHOJ'IHpHI)Ie TPAH3UCTOPHbI, JUBJICKTPUYCCKasA

H30JiA1Ms, CEJICKTUBHAA DIIUTAKCUSA, TOK YTCUKU.

B Hacrosiiee BpeMst KOTMUECTBO MOMYIPOBOIHHKOBBIX
puOOPOB M MHTETPAJIbHBIX CXEM, M3TOTABIMBACMBIX Ha
cTpyKTypax KpemHus Ha nzomnsrope (KHIN) yBennuanBaercs
TI0 CTETICHHOM 3aBUCUMOCTH. J{JIs1 N3rOTOBIICHUS CTPYKTYP
KHU nipuMeHsioT pa3ingHble TEXHOJIOIMYECKHE MapIpy-
ThI. [Tpy 3TOM HCTIONB3YIOTCS TAKHME IPOLIECCHI KaK PEKpHUC-
TaJTM3anus CJI0sl KpeMHHS, (POPMUPOBAHUE H30JIUPYIOIIE-
T'O CJIOSI C TIOMOIIIBIO OKUCIICHUSI TIOPHCTOTO KPEMHHUS, MO-
JIEKYJISIPHO-JTydeBasi SIIMTAKCHsI HA MOPHCTOM KPEMHMH,
MMIUIAHTAIMs MOHOB KHCIIOpoAa (a30Ta) B KPEMHHEBYIO
TIOJUTOXKKY, CpalliBaHNe KPEMHHEBBIX IUTACTHH C (popmu-
POBaHMEM TOHKOTO H30JIMPOBAHHOIO CJIOSl KpeMHHS. Smart-
cut TEXHOJOT s, HAIPHMED, BKITIOYAET TAKHE TEXHOIOTHIec-
KH€ MpOoLecchl KaK MMIUIAHTAIMS MOHOB BOAOpoaa (TpH-
OOpHas IIaCTHHA), AKTUBAIIHS IOBEPXHOCTH U CPAITUBAHUS
MIPUOOPHON W ONIOPHOM ITACTUH KPEMHUS, OTXKHUT KPEMHH-
€BBIX IJIACTHH NpU TemnepaTtype 450°C , CTUMYIHPYIOLIHIA
00pa3oBaHKE CTPYKTYPHBIX HAPYIICHNUH, TT0 CJIOK0 KOTOPBIX
MIPON3BOIUTCSI CKAJIBIBAHUE U TIOJIMPOBAHHIE KPEMHHSI.

B craTbe paccmatpuBaeTcs METOI H3TOTOBJIEHHS CTPYK-
Typ KHU, KOTOpBIi, HE MOTYYUB IIMPOKOTO paCIpOCTPAHE-
HUS, TEM HE MEHEE SBJISIETCS HHTEPECHBIM IS pa3paboTKu
1 M3TOTOBJICHHS CIICIMAIN3UPOBAHHBIX CXEM, MUKPOMeEXa-
HUYECKHX YCTPOHCTB U JaTIUKOB [ [-5].

Heo6xoanmMocTh moiry4eHnst MajibIX 3Ha4EHUH BETHIHH
TokoB yredkn UMC — /< 10...100 MKA, BEICOKOH YaCTOTHI
oOMeHa CUTHAJIOB HH(POPMAIHH, BRICOKIX KOA(PPHUIINEHTOB
yewtenns (B = 60) curHanoB pasHoi MOISIPHOCTH U OOITb-
X MMITYITBCHBIX TOKOB Kortektopa (£ =0,5 A) GumonspHbIx
TPAH3UCTOPOB B aKTUBHOM PEKUME 00yCIIOBIMBAET HEOO-
XOIMMOCTD pa3pabOTKN KOHCTPYKIIMU W TEXHOIOTHH (POp-
MHPOBAaHNS KOMIUIEMEHTAPHBIX BEPTUKAIBHBIX TPAH3HUCTO-
POB C 0OECTICUCHNEM YKa3aHHBIX XapaKTEPUCTHK.

[pu pazpadotke paguarmonHo-crokux UMC ¢ mabl-
MH TOKaMH YTEUEK BO3MOXKHO ITPUMEHEHNE KPEMHHEBBIX
cTpyKTyp ¢ amdnekrpudeckoit nzomsamueit (KCIN). TexHo-
norus popmupoBarust KCIAU ¢ ucmonp30BaHUEM TOICTHIX
TUIeHOK Si* M3-3a 00pa3oBaHMs MEXaHWIECKHX HATPSKEHHUI
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OrpaHHYEHA HCIOIb30BAaHNEM TTOJIOKEK IMaMETPOM 76 MM.
ITo Takoi TEXHOIOIMH JOCTATOYHO CIJIOXKHO MOJYYHTh TpaH-
3UcTOpHBIE CTPYKTYpbl UMC B Cl10sIX KpeMHHUSI TOJILIUHON
2—4 MkM. BO3MOXXKHOCTB TEXHOJIOTMYECKOT0 POPMUPOBAHNUS
1 VICTIOJIB30BAHKE CIIOEB KPEMHHS C OIPE/IeTICHHBIMH ITapa-
METpaMU U TONIUHON B 2—4 MKM IIpU OTCYTCTBHU MHOI'O-
pa30BOi NEpEKOMITEHCAIIMN TIpUMeceii OBIIIO JOCTUTHYTO
3a cuer oObeauHeHus TexHomornu KCJAU ¢ texHOMOrnen
«JIOKOC» [1]. ITpu 3TOM 32 CYET TOYHOT'O YIIPABIICHUSI IIPO-
neccom snurakcnu Ha mactuHax KCW gopmuposanmcs
CJION MOHOKPHCTAJUTMYECKOTO ITUTAKCHAIBHOTO KPEMHUS
HeoOxomuMoii TonmuHbl. Co3MaHue YKa3aHHBIX CTPYKTYP
mo3BonmiIo pazpaborats UMC Ha 0CHOBE KOMITTIEeMEHTap-
HBIX BEPTUKATBHBIX TPAH3UCTOPHBIX CTPYKTYP C ANDIECKTPH-
YECKOH N3OIAIINEH ¢ TpeOyeMBIMH YaCTOTHBIMH 1 BOJIBTAM-
MIEPHBIMH XapakTepucTuKamMu. ONTHMU3AINS MapuIpyra
H3TOTOBJICHHS CTPYKTYP, PACCMOTPEHHEIX B padore [1], mo-
3BOJTMJIA YITYYIINTH TAPAMETPhI KOMIUIEMEHTAPHBIX TPAH3H-
CTOpOB 1 pa3pabaTriBaeMbIX Ha uX ocHoBe UMC.

Lenbto naHHOM pabOTHI ABISAETCS ONTUMU3ALINS TEXHO-
JIOTH ¥ KOHCTPYKIMY KOMIUIEMEHTapHBIX TPAH3UCTOPOB C
TMDIIEKTPHYECKON n3onsmen ¢ U | >20 B, uMITyTbCHBIMH
TOKaMH B TIPSMOM HampaBiieHnn mutanus 0,5 A depes omuH
13 TPaH3UCTOPOB, ¢ Tokamu yreuku UMC menee 100 MkA
pu Temmepatype 125°C.

OcHOBHAas 4aCTh UCCIENOBAHNNA. TEXHOIOIHA N3rOTOB-
JICHUS! CTPYKTYP C BEPTHKAIBHBIMH KOMITJIEMEHTAPHBIMU
TpaH3UCTOPaMH ONpoOoBanack mpu m3roropneHnn MMC
TepeIaTIrKa U 2-KaHaJIbHOTO UG QEPEHINATEHOTO IPHUEM-
HHUKa CHTHAJIOB B KOJIE «C BO3BpalleHneM K Hymo» (RZ no
otpacieBomy craagapTy « ARNIC-429).

HaznaueHue npeiokeHHON CUCTEMBI EpENaun CUTHA-
JIOB — peanm3anus GU3NIECKOT0 YPOBHS MEKIPHOOPHOTO
uHTEepdetica GOPTOBOTO MUIOTAKHO-HABUTAIIIOHHOTO KOM-
mwrekca. Cucrema obecriequBaeT 0OMeH HHUpPOBOI HHPOP-
MalyeH B IAPOKOM JUara3oHe CKOPOCTEN Iepeayu ¢ BOc-
CTaHOBJICHWEM HA IPUEMHOM KOHIIE IMITYJIbCOB CHHXPOHH-
3ammu. B xagecTBe MMHEWHOro Koma BRIOpaH kox RZ, urto
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o0ecrieurBaeT BOCCTaHOBIEHHE HMITYJILCOB CHHX POHHU3AIINN
HETIOCPE/ICTBEHHO M3 BXOIHOTO MH(OPMAIMOHHOTO ITOTO-
Ka. PazHOBMIHOCTD KOZta — ABYX(asHbIH ¢ nepeayeii mo pu-
3UUYECKON JTMHUU «BHTas Iapa B DKPaHE» C BOTHOBBIM CO-
npotusieHrnem 400 Om. CBoiicTBa TPeXypOBHEBOI'O KOJia C
BO3BPpAIlIEHHEM K HYITIO B BApHAHTE IBYX()a3HOTO Ieperar-
YHKa, KOTOPBIH padoTaeT Ha CUMMETPUYHYIO JIMHUIO «BH-
Tas mapa B 9KpaHe», U An(epeHIHaIbHOr0 NPHEMHHKA,
pa3peaoT pemunTs MHOTHE TPOOJIEMbI, KOTOPbIe BO3HUKA-
0T [TPY IPUMEHEHUH APYTUX KOAOB. 711 yMEHBIIEHHS YPOB-
HSI IPUBEACHHBIX HAIPSHKEHUH B IPYTUX HETSIX PH 001Iei
MIPOKJIaJIKe KOMMYHHKAIMi Ha OopTy mHQOpMannoHHbIE
HMITYJIECHI UIMEIOT CHMMETPHUYHYIO TPaleeBUIHYIO Qop-
My, IpH 3TOM YMEHBLIAOTCS KaK €MKOCTHBIE HABOJAKHU HA
JIpyrye LenH, TaK U YIEKTPOMAarHUTHBIE M0MsI, KOTOPBIE BO3-
HUKAIOT IIPH TIepeiade HHPOPMAIMOHHBIX UMITYITbCoB. Co-
OTBETCTBEHHO, YMEHBIIIAETCS YPOBEHb HABOJOK B JINHUU OT
BHEIIIHUX 3JIEKTPOMArHUTHBIX MOJIEH, YTO U ONIPEAENseT Mo-
BBIIIEHHYI0 [TOMEXOYCTOMYMBOCTh CUCTEM IEpENaud HH-
(opMaryn, NOCTPOEHHBIX 1O AaHHOH uaeonoruu. Tak, Ha-
IIpUMep, B XOJIe UCIBITAHUI Ha HAaJEXHOCTh pa3paboTaH-
HBIX MEKPOCX€EM HEOJHOKPATHO OATBEPIKAaIach BETUYNHA
BEpPOSTHOCTH OIIMOOK MeHee 4yeM 107° B yCTIOBHSAX UMUTA-
LINM peaIbHBIX YCIOBUH paboThI Ha 60OPTY (OT MapaMeTpoB
CEeTH SHEPrONHTAHUS M AJIEKTPOMArHUTHOH OOCTaHOBKH).
BBEICOKYIO OLIEHKY OTYYMIIN U TAKHE CBOMCTBA CUCTEM, KaK
CTOMKOCTb NIPH BIMSHUH FPO3OBBIX Pa3psAAO0B.

INoaroroska cTpyKTyp K armrakcu. Ha ncxoqHbIx miac-
tuHax Si(100) p-Trma npoBoMMOCTH JIMCTOBBIM JIETHPOBA-
HHEM (POPMHPOBAJIUCH OOJIACTH P | CKPBITOTO CJIOS p-N-p-
Tpansucropos. KCM nonydany myreM TpaBiIeHHS B TOPsI-
yeit memoun KOH xanaBok Ha riryOuny 14—15 MKM, Okucie-
HUS CTPYKTYP, OCKICHHS IUIEHKH MOTMKPUCTAITHIECKOTO
KPEMHHUSI TONIIMHON 270 MKM, TTOTHPOBAHMST MOHOKPHCTAI-
JIMYECKOT0 KPEMHHS 10 BCKPBITHSI KaHaBOK. Ha moBepxHOC-

amu-Si*
mu-Si N 5nu-Sin | =
e
MOHO-S1P 7/

S102 -00BEMHA\M3OISLIHS
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Si0; Si.* 2nu-Si*
SOu-Si n

| ni /
MOHO-S1 P/

A

6)

Tt KCJIU popmupyroT ckphiThie cion p’, , un”, . CKpBITHIA
cI0¥ p, , dopmupyrot tuddysueii 6opa B obmacTax nrydo-
KOTO KOJIJIEKTOpa P-N-p-TPaH3MCTOPOB, a N (HOPMHPYIOT
nuddy3nei nim HOHHBIM JIETHPOBAHUEM CYPHMBI.
HcenenoBanue nponeccos snmTakcud. [1pu pazpadorke
NMC npoBoauiaochk MCCIEAOBAaHKE MPOLECCOB JIOKATBHON
STMUTAKCHH MOHOKPHUCTAJUTMYECKOTO KPEeMHHS ¢ (OpMHUpO-
BaHHeM JiokasibHOH m3osimu «JJIOKOCy, kotopast coequHsi-
ercs ¢ nuanekTpudeckoi nzomsiuueit KCAW. Snurakcus Mo-
HOKPHCTAJUTHYECKOT0 KPEMHHUSI IIPOXO/IUT CEJIEKTUBHO B 00-
JIacTAX MOHOKPHCTaJIMYecKoro kpemMHus Si. B mponecce
JIOKaJIbHOM drTakcyH [ 1] hopMupoBaack mieHKa MOHOKPH-
CTAJUTMYECKOTO KPEMHHUS N-THTIA IPOBOJUMOCTH, JIETUPOBaH-
Hast ipuMecsiMu (ochopa ¢ yIeabHBIM CONPOTHBIECHHEM
2 Om-cM. DBodTionust pesnbeda MoBEpXHOCTH B Pa3IHIHBIX 00-
nactax KC/IU u3ydanack mpy OMOIIY pacTpOBOM AEKTPOH-
Hoi Mukpockonuu [ 1]. Ha puc. 1 nokazaHsl cXeMbl CTPYKTYp
NMC nocre sniurakeny 1 popMHUPOBAHMS JIOKATEHOW OOKO-
BOH M30JISIMM, KOTOpPAsi CPAIBAETCsI ¢ OOBEMHON 301~
muero KC/IU. B obnactsix Hax KapMaHaMH U3 MOHOKPHCTAJI-
ymaeckoro kpemuns Si (100) GpopmupyeTcst SnnTaKCHaTbHBIA
MOHOKPHCTAJUTHYECKni KpeMuui (3ru-Si). Han obmactsimu
u3 Si” 1 SiO, H30/A1MK IEPBOrO YPOBHS OCAMKIAETCS IITHTAK-
CHAJTBHBII MOMUKPUCTATTHICCKIN KpeMHuii ami-Si*. [pu
temreparype srutakcuu 1050°C tommmna 3nu-Si” npesicras-
nsger BemauuHy ot H /2 no 2H /3, tne H, Tommuna sma-Si.
YMeHbLIeHHe TOMIUHBL Si* HaOIIonaeTcst Ha TPaHuLE C MO-
HOKPHUCTAJIIMIECKMM KPEMHHEM U B 00JacTsIX ¢ OOJBIION
TUIOTHOCTBI0 MOHOKPHCTAJUTMUECKOTO 3MHU-Si, YTO MOXKHO
OOBSICHUTD KOHIIEHTPAIIMOHHBIMHU OTIIMYHSMH Ta30BbIX I10-
TOKOB BCJIEJICTBHE MPEBAIMPYIOLIEH CKOPOCTH pocTa 3Mu-Si
B HarpapieHnd [ 100]. TommmHa SnMTaKCHATEHOTO KPEMHUS
HaJ[ 00IacTsIMH OKHCIa KpeMHWs n3orsimn momtoxku KCIAN
cocTaBisieT ~1/ 3H0 TOJIIIMHBI ST TAKCUAITEHOTO MOHOKPHC-
TaJTNYECKOro KpeMHws1. ViccrenoBaHwst KHHETHKH CETIEKTHB-

JOKANbHAS H30JIAIIHS
omu-Si 1\ A sib.”

MOHO-S1 P //,

—

mu-Si N fI

CC

0)

n-omurrep  Wpn-p-n

2)

Puc. 1. Cxema cTpykTyp: a) GpopMHpOBaHNE SMUTAKCHAIBHBIX IUICHOK ITOJIUKPHCTALTHYECKOTO KpeMHHUS ¢ W-IO0OHBIM penbedoM;
6) hopMHEpOBaHNUE JTOKATEHOH N30IINY; 6) GOPMUPOBAHHE SIMTUTAKCHAIBHBIX IICHOK MOTUKPHCTAIUTIIECKOTO KPEMHHS C JIOMOJHH-
. .k
TENbHBIME TUIeHKaMH SiO, U Si,'; 2) CTPYKTypa KOMILIEMEHTaPHBIX TPAH3UCTOPOB
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HBIX IPOLIECCOB OCAXIEHUS AMUTAKCUATIBHOIO KPEMHHUS Ha
crpykrypax KCJIU B 3aBUCHMOCTH OT TEMIIEpaTyphl U COCTa-
Ba paboueii cMecH NpuBeieHs! B padore [1] Ha ocHOBaHMM
KOTOPBIX BBIOpaH pekuM srmTakcud npu 1050°C . CkopocThb
pocra reHkn cocraBiser 100 HM/MuH.

Ipu temneparype smurakcun B 1050°C dhopmuposa-
HHE JIUTaKCHaJIbHOrO KPEMHMA Ha ToBepxHOCTH SiO,
00bEMHON U30JIALNHN ITPOUCXOANT B OCHOBHOM 3a CUET POc-
Ta 1 yBEJIMUEHNS 00bEMa OT COCETHNX OOKOBBIX ITOBEPXHO-
CTel MOTUKPUCTAIUINYECKOTO KPEMHUS C OHOM CTOPOHBI U
MOHOKPHCTAJUINYECKOr0 KPEMHUS C IPOTUBONOIOKHOM CTO-
ponsl (puc. 1, a). Benenctere Hamums aeyx odnacreit SiO,,
pa3rpaHUYeHHBIX Si° M KWHETUYECKUX OTIMYUil pocTa Tiie-
HOK 3MUTAKCHATIFHOrO HOJIUKPHCTAINYECKOr0 KpeMHus Si”
HaJ pa3HBIMU MatepuanaMu B obiactu m3omsiwm KCIU
CTPYKTYp, IIPH 3MUTaKCcUH popMupyercss W-110100HbIH pe-
need moBepxHOCTH [ 1-3]. Bnamuaer W-niomo6Horo penbeda
(opmupyrorcs Han oonactamu SiO, (puc. 1). Tako penbed
IIPH TOJIUHE IEHKH < 2 MKM I103BOJISIET IPOBOJUTH IIPO-
necc okucyeHus u popMuposanus SiO, JTOKaTbHON H3015-
1uH 6€3 JOMOIHUTENFHOTO (POPMHUPOBAHUS YIITYOJIEHHH.

KonmaectBo co3naBaeMbIx 1eeKToB, KaK MPH AITUTAKCHI
1 (hOpPMHUPOBAHUH JIOKAJILHOM M30JISIIUH, TaK U P (POPMH-
POBaHHH TPAH3UCTOPHBIX CTPYKTY SIBISIETCS MUHUMAJILHBIM
TI0 CPAaBHEHHIO C IPYTMMH M3BECTHBIMU METOIaMu (OpMH-
posanust KHU ctpykryp, KoTopble paccMOoTpeHb! B Ta0d. 1.

Ipu nOKaIBEHOM SIUTAKCHAIBHOM POCTE MOHOKPUCTAILIH-
YeCKOro KpeMHHs 00pasyroIascsl pa3BuTasi TpaHMIa KapMa-
HOB SIBJISIETCS TETTEPOM, KOTOPBII MOMIOMIAET UMEOIHECS HITH
3apoXKIaronecs Kpucrayutorpaduueckue aedekrsl. B nasb-
HelIIeM IIaHupyeTcsl IPUMEHEHHE pa3padoTaHHBIX TEXHO-
JIOTHH Ha CTPYKTypax, Ha KOTOPBIX YCTPAHAECTCS WJIM 3HAYH-
TEJTbHO yMEHBIIAETCst 00pa30BaHIE MEXaHUYECKUX HaIpsDKe-
HUH, 9TO TIO3BOJIUT CHSITH OTPAHIYEHNSI TT0 INAMETPY TIOIIONKEK.

B pa3paboTraHHOIH TEXHOJIOTWH SMUTAKCHAIBHBIA POCT
obnacTel MOHOKPHCTAJUIMIECKOTO KPEMHUS TIPOUCXOIHUT
JIOKAJIFHO M C HAKJIOHOM B 55°, a pOCT 00J1aCTeH ITOTUKPHUC-
TaJUTMYECKOTO KPEMHHS IMPOUCXOAUT ITyTeM BCTPaMBaHMS
gacTuIl 31U-Si* Ha yke chOPMHUPOBAHHOMN TUIEHKE SITUTAK-
CHAJIbHOTO MOHOKPUCTAJLTIYECKOr0 KpeMHHS (SMIMOHO-S1),
9TO0 oOecreynBaeT OPMHUPOBAHIE 0OJIACTH CPALITMBAHUS C
OTHOCHTEIHHO MAJIBIMU MEXaHWIECKIMHU HANPSDKEHUSIMU.
IMocnemyromee OKMUCIEHNE TPAHUIIBI pa3zena INICHOK J1IH-
MOHO-Si 1 31u-Si* pu HOPMHUPOBAHHH JTIOKATBEHON GOKO-
BOM M3OJISIMA 3JIEMEHTOB U €€ CpallliBaHUe C 00HEMHON
m3omsiueit ocaoBanus n3 KCJU no3Bomnsier popMupoBars

TIOJTHYO M30JISIIUIO 3JIEMEHTOB B TOHKOM 3ITUTAKCHATBHOMN
ieHke. OKucisieMas TpaHuLla SIMUMOHO-Si ¥ 3nu-Si” pac-
TIOJIOKEHA MO YIJIOM ¥ TPaINeHT MEXaHNIECKHX HaIpshKe-
HUH HampaBJeH WM K TIOBEPXHOCTH MJIM B 00BEM IIJICHKH
smu-Si*. [Tpu 3TOM perakcalvs MEXaHUYECKUX HaNPSDKCHHI
MIPOUCXOANT B MEHEEe NMPOYHOH 1 Oojee OBICTPO OKHUCIIsIe-
MO} MIeHKe 3MH-Si’. DTO MO3BOJSET YMEHBIIUTh BETUYHHY
MEXaHNYECKNX HaINPsDKEHUH, BO3HUKAIOIINX MPH POCTE JIO-
KaJIbHOH TJIEHKH TEPMUYECKOT0 OKHCIIa KDEMHUSI, M YCTpa-
HHUTH Ha 3TOM 3Tale TeHepaIfio KPUCTALIOrpahpuIecKux
nedexroB. [Ipu pocTe arUTaKCHATBHON IIIEHKH TaKKe OT-
CyTCTBYeT 00pa3oBaHue Ne(EKTOB ¢ INIYOOKUMH YHEPTeTH-
YECKUMH YPOBHSIMH B 3aIPEICHHOI 30HE.

Texnonorust popmuposanus IMC ¢ muanekrpuyeckoit
N30JIALMEH, ONTydeHHast 3 CUeT O0bEeIMHEHUS Pa3HbIX TeX-
HOJIOTHH, ITO3BOJIMJIA JOCTUTHYThH BEJIMYMHBI TOKOB YTEUKH
HNMC Ha ypoBHE WiIn MEHee eUHULIBI MUKpoaMIiepa. Ma-
JIBI YPOBEHb TOKOB YTEUKH OOHCIEUMBAETCSI MaJOH KOH-
LEHTPALMEH NCXOTHBIX 1e(EKTOB M0CIIe AIMUTAKCHH U HAJIH-
YHEM YCIIOBHH, KOTOpBIE IPUBOJIAT K YMEHBIICHHIO TeHepa-
UK e (peKTOB, KOTOpBIE OOBIYHO OOPa3yrOTCS BO BpeMs
(opMupOBaHUS JIOKAITEHOM H30JISIMHU U3 OKUCTIA KPEMHUSL.

C 1emnpio pacMpeHns TEXHOIOTHYECKUX 1 KOHCTPYKTHB-
HBIX BO3MOYKHOCTEH CO3JJaBAIIHCh CTPYKTYPBI C yBEITMICHHOM
TOJILLMHOM c1os1 snuTakcuu 110 2,8—4,0 mxm. [lepen snurakcu-
eli B 00J1aCTH M30JISILIMH CO3/IaBAJTUCH OTIOJTHUTEILHBIE TICH-
KM OKHUCJIA KPEMHUSI ¥ TTONTMKPUCTAJUTMIECKOTO KPEMHHS KaK
9TO IIOKa3aHO Ha puc. 1, ¢[1]. 3amura noMuKpUCTaIITNYECKUM
KPEMHHEM TTOBEPXHOCTH IIEHKH SiO, TTO3BONISET MPOBOIHTH
OCa)KIICHHE SITUTAKCUATLHOH IIEHKH Oortee paBHOMepHO. [Tpn
TOJIIIMHE MIEHKH 3MH-Si” 2,0 MKM IIPOBOJAT €€ TPABJICHHE Ha
nryouny B 1,0 MxMm. TpaBneHre KaHaBOK 1H-Si” OCYIIECTBIIs-
1ot B KOH. TpapieHne CeneKTHBHO 0 OTHOMICHHIO K OOKO-
BBIM TIOBEPXHOCTSIM SIUMOHO-Si. OJJHOBpEMEHHO (hOpMUpPY-
FOT KaHABKY TTOJT CIICHCEPHI, OTAEIISIONIHAE 0ONACTH TITYOOKOTO
KOJJIEKTOpa M 0a3bl TPAH3UCTOPOB Ha TIOBEPXHOCTH AITHM OHO-
Si, 9TO MO3BOJISUIO YMEHBIIINTH IIOBEPXHOCTHBIE MEK Ty JIeMEH-
THBIE PACCTOSIHISI 1 IUTOIIA b KpHCTaLIa B 1ienioM. [Ipu Tpasite-
HWH 1 OKWCJICHNH WCTIONB3YIOT MACKy M3 IUICHOK HUTPHIA U
OKHCJIa KPEMHUSI, IPHYEM Macka MOXKET 3aKpbIBaTh Kpast 00-
nacreit 51u-Si” Ha TONIIMHY OKHUCIICHHS.

DopMUPOBAHUE JIOKATBHON U30JILUHU TPOBOJMIIOCH HA
ycranoBke «Tepmokom» mipu temneparype 1000°C u gaB-
nernu 10 aT™, IPHA TOM YIUTBHIBAJIOCH, 9TO CKOPOCTH OKUC-
JIeHUst 31H-Si” TIPEBBIIIAET CKOPOCTH OKUCIIEHHS STIMMOHO-
Si. ®opMupoBanue B 00JI1aCTH JIOKATEHON H30JIALIUH TIEPET

Taomuna 1. Cpasaenue nedexkrnoctu KCAU cTpykTyp, GopMUpyeMBIX pa3HBIMH TEXHOJIOTHSIMH

B e i I
IMapameTpst (dopmupoBaHue pTepMOO’6p216OTKa u ' (cpamuBaHue TOKATBHOC OKHCIICHIE
CKPBITOH 30N cKalbiBaHue Si) IIacTuH Si) CJ107 STHTAKCHATBHOTO
. KpPEMHUS
SIOZ)
IInoTHOCTE NEdEKTOB, oM 2
— B IpUOOPHOM cII0€; 10*-10° <10? <10? <10
— B CJIOC M30JIALIHH. >10" <0,1 <0,1 <0,1
MakcuManbHbIM JHaMeTp, MM 100-300 100-300 100-300 76
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snurakcueit mienku SiO, u Si”no3ponser 3a cyeT BbIOOpa
HEOOXOIMMOH TONIIMHGI JOMOIHUTEILHOM IIIIEHKA SiO2 KOp-
PEKTHPOBATH YPOBEHB IIOBEPXHOCTH JIOKaIbHOro Si0, n3o-
nsiun IC 0THOCHTENTHHO YPOBHS OBEPXHOCTH AMH-Si [4].

B xone snmTakcHabHOTO pOCTa KPEMHUS paccMaTpHBa-
JIUCH TIPOLIECCHI aBTOJIETHPOBAaHMS M oOpaTHON muddy3nn
TIPUMECH, KOTOPBIE ONPEIEISIOT HTOTOBYIO TONIINHY C1abo-
JIETUPOBAaHHOM IUIEHKY ¥ BIHSIOT HA 3HAYEHHUE HANPSDKEHUS
U . lns paccMaTprBaeMbIX yETbHBIX conpormineHHﬁ CTpYK-
Typ ULl p-N-p-TPaH3UCTOPOB B HE3HAYNTELHOM CTEIIEHN Xa-
paxTepHbI Tporecckl odpatHoit muddysun docdopa, uTo
BMECTE C BO3MOXXHOCTBIO (DOPMHPOBAHHUS YIITyOIIEHHOTO
CKPBITOTO CI0sA p* | TIO3BOJIAET (POPMUPOBATH CTPYKTYPHI CO
3HAYUTENLHON BeunHoii U . TIporiecchl aBTonernpoBaHus
MMEIOT BAXHOE 3HAa9€EHNE 1A TToTydenns U n-p-n-TpaH3uc-
TOpoB. OTH 3Ha4eHus U MOXKHO YYHIIHT IyTeM KOppex-
TUPOBKH paCHpEEIeHNs JIETUPYIOIIEH TPUMECH CKPBITOTO
CJI0s1, HAIIpUMep, JUTsl IPOLIECCOB HOHHOTO JIETMPOBAHMSI CYPb-
MOii ¢ 3Heprueit nonos £ =150 x3B.

[Tpu pa3paboTke 1 ONTHMU3AIHH TTPOLIECCA SMTUTAKCHI
OBUTIH OITPEAENICHBI CIIEIYIONINE TapaMeTPhI ATUTAKCHAIIb-
HOMH IJIEHKH ¥ TEXHOJIOTMYECKOTo Tporiecca: TomuHa 3,0—
4,0 MxM, ynensHOe conporusnenue 2,0 OM-cM, Temmeparty-
pamporecca 1050°C , ckopocts pocta 100 HM/MuH.

dopmupoBaHe KOMIUIEMEHTAPHBIX TPaH3uCTOpoB. Ha
pHC. 2 oKa3aHa KOHCTPYKIWSI p-N-p- TPAH3KCTOPa, & Ha PHC. 3
MOKa3aHa KOHCTPYKIMSI N-p-N- TPaH3UCTOPA.

KoHerpykimist BepTHKaIbHBIX TpaH3KUCTOpoB (puc. 1-3) mpe-
JtycMarpuBaer (popMHUpOBaHUE IS P-N-p-TPAH3UCTOPOB TITy-
OOKHX KOIUIEKTOPOB, M Qy3HOHHBIE 00IaCTH KOTOPBIX (hop-
MHPYIOT aBTOJIETMPOBAHUEM IIPHMECH 00pa U3 CKPBITOTO CIIOS
p’ ., A TIOBEPXHOCTHOTO JIETHPOBAHHS JTTUTAKCHATBHOTO KPEM-
HUS W3 Ta30BOH (ha3bl. J{JIs1 YMEHBIIICHUS COPOTUBIICHIS 1
BpeMeHH I y3ur BO3SMOXKHO HCTIOIBE30BAHHE TIPUTIOBEPX-
HOCTHBIX OOKOBBIX IIOBEPXHOCTEH 00IACTH ITIMOHO-S1 [4].

KoHeTpykmwst p-n-p-TpaH3HCTOPOB NpeAycMarpuBaet Gop-
MHpOBaHHUE 0a3bl B CII0E KPEMHISI STTUTAKCUAIBHON IIEHKH, &
ULt POPMUPOBAHUS OA3BI N-P-N- TPAH3UCTOPOB UCIONB3YeTCS
Ooree HI3KOOMHBIE 00JIACTH JIETHPOBAHHOTO OOPOM KPEMHIS.
BpemMenHoe MonenupoBaHne BEICOKOTEMIIEPATYPHBIX TEXHO-
JIOTHYECKUX POLIECCOB OCYIIECTBIISIOCH TAKMM 00pa3oM, UTo-
OBl K OKOHYAHHIO PA3TOHKH SMUTTEPOB TPAH3UCTOPOB MPOKC-
XOJIJIO COeIMHEHHUE IPUMECH HCXOJTHOTO CKPBITOrO P*-CII0sI
MIPUMECHIO TTOBEPXHOCTHOIO P*-CII0sI, KOTOPHIE COBMECTHO
CO3M1ArOT 00JIaCTh ITYOOKOrO KOJUIEKTOpa P-N-p-TPaH3UCTOPA.
KoHnreHTpanmm npumeceii, TeOMETpHIecKie pasMepsl 0a30-
BBIX 00JIACTEH M SMHUTTEPOB TPAH3UCTOPOB OOECIICUNBAIIH He-
00X0MMbIe IPOOUBHBIE, YCHINTEIBHBIE M MOITHOCTHBIEC Xa-
PaKTEPHUCTHKH TPAH3UCTOPOB.

dopMupoBaHUE SMHUTTEPHBIX 00IacTelt HEOOXOIUMO
MIPOBOANTH C MAKCHMaJIbHO BEICOKOH KOHILICHTPAIMEeH JIeTH-
PYIOIIMX PUMecei 1Tt oOeciedeH s MAaKCHMaIbHBIX 3HA-
YeHHH K03(p(HUIMEHTOB MH)KEKIMH, YTO MO3BOJISIET IONTY-
YUTh BBICOKHE 3HaYeHUsI KodddurmentoB ycunenns. s
MIOJY4YEHUS BBICOKOW KOHLIEHTPALMHU JIETUPYIOUIEH puMe-
cu 6opa mpu GOpPMUPOBAHUH SMUTTEPOB P-N-P-TPAH3UCTO-
POB HCCIIEIOBAINCH PA3JINYHBIC MPOLECCH 3aTOHKH 1 Pa3-

Me W6 p-n-p

T
Si02

Puc. 2. Cxema pacroyioxeHus: CII0eB p-h-p- TpaH3UCTOpa
W6 n-p-n Me

3mmono-Sl

Puc. 3. Cxema pacnonoxeHust CJIOeB n-p-n- TPaH3UCTOpa

TOHKH nprMecu. OrrpoOoBaTUCh pa3IMYHbIE ra3000pa3HbIe
6opcoaepxaniue auhHy3aHThI, TBEPABIC HICTOYHUKH TUQ-
(byHIUpYoLIel NpUMecH B BHIE IUTACTHH HUTpUAa Oopa, a
TaK)Ke MPUMEHSUIUCH IPOLECCHl HOHHOTO JIETHPOBAHUSI.
Xoporive pe3ylsTaThl ObIUIH HOIy4YeHbI U151 IPOLECccoB Aug-
¢y3un u3 TpexdroprcToro 6opa 1 13 TBEP/BIX HCTOUHUKOB.
Hawnbonee Bocpon3BoANMBIE M B TO K€ BPEMsI BHICOKHE
3HaYeHUsI KO PHUIIMEHTOB YCHIICHUSI P-N-P-TPAH3UCTOPOB
OBUTH MOTY4YEHBI I CTPYKTYP C HOHHBIM JISTHPOBAHHUEM.
ITono6Hast orrTMMH3AIKS TEXHOIOTMIECKHX ITPOLIECCOB MPO-
BOIWIJIOCH U TpH auddy3un npumecH Gocdopa s mpo-
11eccoB (hOpMHUPOBAHMS SMUTTEPOB N-P-N- TPAH3UCTOPOB.
B sTOM citydae xopomrast BOCIpON3BOMMOCTS M HEOOXOIH-
MbI€ K03()(DUIMEHTH! YCHUIICHNS TOCTUTHYTHI [UIs TEXHOJO-
ran quQy3un ¢ IpUMEHEHHEM TPEXXJIOPUCTOro docdopa.

[Ipu popmupoBanuun UMC npuMEHSITUCH TIPOIECCHI
MOHHOT'O JISTHPOBAHHMS P- SMHUTTEPOB HOHAMHM OOpa 103011 B
1400 mMxKot/cm? Ha obpasett. [Ipu pasrorke 60pa MOTydeHb!
K02 QUIAEHTHI YCHIICHUS P-N-P-TPAH3UCTOPOB [3 =60u
npoOuBHble HampsbkeHus Uy, =25 B. HpI/IMeHeHI/Ie HOH-
HOTO JISTUPOBAHMS P-3MHUTTEPOB MTO3BOJIHIIO YITYUIITHTh Xa-
PaKTEPUCTUKH TPAH3UCTOPOB, PACCMATPUBABIIUXCS PaHEe
B pabore [1]. [Tpu popMupoBaHUT IMUATTEPA N-P-N-TPAH3H-
CTOpa IPUMCHSICSA OTKHUT IPU TeMIepaTtype 950°C B Teue-
aue 10 munyT. [locne 3TOro MpoBOAMIIOCH BCKPHITHE KOH-
TaKTHBIX OKOH U ITOCIIEIYIOIINE ONepariy Juis ()OpMHPOBa-
HUS METAJUTN3AIHAH U €€ 3aHUTHIL.

OCHOBHBIMH KPHTEPHAMH NP ONITHMHU3ALNN TEXHOJO-
TMW U3TOTOBJICHUS TPAH3UCTOPOB SBJISIIMCH 3HAUYSHUS TIPO-
OMBHOTO HAaIPSHKEHHS! KOJUIEKTOp-3MHTTEp U, HE MEHEe
20 B. Ilo pe3yasraTamM ONTHMH3AIMU TEXHOIOTHYECKOTO
MapuipyTa ¢ y9e€TOM ONMCAHHBIX BBIIIE TEXHOMOTHIECKHX
0COOCHHOCTEN OBLTH ITONTyYEHBI CIEAYIOIIHE XapaKTepuc-
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Kpaguuna B. B., Cuneoxwuii B. H.; 3asButens 1 cOOCTBEHHUK
narenta: OKb «Qnmucy. — 3asBmn. 26.09.1988. onyoi.
22.08.1990. 6101 No. 15. - 1990.

Croco06 M3TrOTOBJIEHUSI KPEMHUEBBIX CTPYKTYP ¢ KOMOWHH-
POBAHHOI! THANIEKTPHYECKON H30JISIMeil KOMIUIEMEHTAPHBIX
TPaH3UCTOPOB: MATEHT Ha IOJIC3HYI0 Mozelb Ne27068, Vk-
pauna, MK HO1L 21/70 / Kocrenko B. O., Kpasunna B. B.,
Tomonbekuii JI. M. ; 3asBUTENb U COOCTBCHHHK IAaTCHTA :
3anopoXKCKUi HallMOHANBHBIN yHUBepcuteT ; 3asBi. 2006.
omy6i1. 2007, 6roir. Ne 16. — 2007.

4.  Cnoco0 M3roTOBIEHHS] HHTEIPAIBHBIX MUKPOCXEM C KOMILIE-
MEHTapHBIMU TpaH3UCTOpamMu JlekiiapalluoHHbIH nat. 29594 A
Vxpauna, HO1L 21/76 / T'opbans A. H., KpaBuuna B. B.,
Kocrenko B. O. ; 3asBurens 1 cOOCTBEHHMK IareHTa ; 3aro-
POXCKHMI HAllMOHANBHBIH TEXHUYECKUI YHHUBEPCUTET. — 3a-
sBiL. 2003. omy6ur. 2004. Gron. Ne 8. — 2004.

Topbany, A. H. ®opMupoBaHne NOJIYTIPOBOHUKOBEIX IPHOO-
pos Ha KHU crpykrypax / A. H. T'opbans, B. B. KpaBuuna
// Marepianu 1 MikHapomHO! HayKOBO-TIPAKTHYHOI KOH(e-
peHuil «AKTyanbHi pobiiemu npukiagHoi Gpizukuy», AIITID-
2012, 24-28 BepecHs, CeBacronons, Ykpaina. — C. 61-62.

TUKU TPAH3UCTOPOB: A h-p-n-Tpan3ucropa: Uy, =25 B,
B >100; a5 p-n-p-tpanzucropa: U, >25B, B = 60.

BeiBozpl. B pesynbsrare ontuMusanuu pa3padboTaHHON 3
TexHonoruu noirydeHs! UMC ¢ auaaexTpudeckoi H30msnu-
el IIe  BEeIMYMHBI IPOOUBHBIX HAIPSDKEHUH U K03 dHIu-
€HTOB YCWJICHUSI IIPY TONIIUHE MUTaKCUATBbHOM IieHKH 3,0—
4,0 MKM IS p-n-p- U N-p-n-TPaH3UCTOPOB COCTABHIU
Uke >20B u B260. IIpn MakCHMaTbHOM HMITYJIECHOM
KOJLIIEKTOpHOM TOKe 0,5 A MOTydeHbI BETUYUHBI TOKOB yTeU-
k1 ¢pyaknuonnpyromux MMC Ha ypoBHE €AMHHITBI MUKPO-
aMIiepa Ipu remueparype 125°C.
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OCOBJHUBOCTI ®OPMYBAHHA KOMIIVIEMEHTAPHUX TPAH3UCTOPIB AJIs1 IMC 3 JIEJEKTPUYHOIO
B3OJIAALIEIO EJIEMEHTIB

V poGoti onTHMi30BaHi IIPOLIECH CENEKTHBHOI eMiTakcii mapiB KpemHito Ha cTpykTypax Si-SiO,-Si', mponecn dopmysanHs mienek-
TpuuHoi 3oysnii i qudy3iiHUX ob6IacTel KOMIUIEMEHTapHUX OIMOISIPHUX TPAH3UCTOPHUX CTPYKTYp. IIpu dopMyBaHHI ITOBHOI JTieNeKT-
puuHOi 3oyl enemenTis IMC mpoBOAMTHCSA OKMCIIOBAHHS MEXi MK eMITAKCIHUME [apamu emiMoHo-Si i emi-Si’, po3TanoBanoi mix
KyToM 55° 110 moBepxHi. Y [[bOMy BUIIaIKy TPaJieHT MEXaHIYHHUX HAIPYT CIPSMOBaHUI abo 10 KpaitoBoi o6iacti 00’ emy MoHO-Si abo 10
00’eMy mapy emi-Si i YTBOPEHHsI MEXaHIYHHMX HANpyr AOCTAaTHIX Ui reHepauii pedektiB y mapi emiMoHo-Si He BinOyBaeTbes. IIpu
TOBIIMHI eniTaKciiHoi wiisky 3,0—4,0 MKM XapakTepUCTUKH KOMILIEMEHTAPHUX TPAH3UCTOPIB cKiamu Bemmuunn U >20 B u B = 60.

KuiouoBi ciioBa: xomriemeHTapHi OIOJSIpHI TPAaH3UCTOPY, JieIEKTPHYHA 30JLLis, CElIeKTHBHA EIITaKCisl, CTPYM IPOCOYYBAHHSI.
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FEATURES OF FORMATION OF BIPOLAR TRANSISTOR FOR IC WITH DIELECTRIC ISOLATION OF ELEMENTS

The processes of a selective epitaxy of silicon layers on the structures Si-SiO,-Si", formation of dielectric isolation and diffusive areas
of complementary bipolar transistor structures are optimized in the work. Complete dielectric isolation of elements IC in episilicon is
reached at the expense technology of the structures Si- SiO,-Si" association with the LOCOS technology. Oxidation of the border between
layers epimono-Si and epi-Si” is formatted of complete dielectric isolation of elements IC. In this case the border is located at an angle 55°
to the surface. In this case the gradient of mechanical tension is directed either to regional area of volume epimono-Si or to layer volume
epi-Si * and appearance of mechanical tension, sufficient for emergence of defects in a layer epimono-Si doesn’t happen. Processes of
emitter-region diffusion are optimized, which increased the factor of injection of p-n-p-transistors and improved similarity of characteristics

of complementary transistors. Epitaxy layers being 3,0-4,0 mem thick, breakdown tension U, =20 V and 3= 60.
Keywords: complementary bipolar transistor, dielectric isolation, leak current, selective epitaxy.
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METO OBPABOTKU CUITHANOB OTKIIMKA XUMUYECKOIO
UCTOYHUKA TOKA HA UMNYNbCHOE BO3OENCTBUE

Hpez{noxceﬂ METO/ KOMHB}OTepHOI\/'I 06pa60TKI/I CUTrHaJla OTKJIMKa XUMHUYECCKOTO UCTOYHHUKA
TOKa Ha TOKOBBIU HUMIIYJIBC, B OCHOBE KOTOPOI'O JIE)KUT HAXOXKACHUE KOOPAUHAT TOYECK,
CoAcpKaux I/IH(I)OpMaIlI/I}O O KMHETUKE Nnpolecca, Ha NMPEABAPUTEIIbHO CIVIAXKEHHOM CUT'HAJIE
OTKJIMKA U ONPEACICHUE XapaKTEPUCTUICCKUX NTapaMETPOB XUMUYCCKOTI0O UCTOYHHUKA TOKA.

KawuyeBble ca0Ba: XUMUYCCKUH HCTOYHUK TOKa, UMIIYJIbC, CUTHAJ OTKJHKA,
I/IH(bOpMaIlI/IOHHI)Ie TOYKH, aJITOPUTM CIJIQ)KUBAHUA, (I)I/IJ'II)TpaIlI/IH.

BBEJIEHUE

WmmynbcHBIE METONBI IMATHOCTHKU U KOHTPOJISI TEXHHU-
YECKOTO COCTOSIHUSI XUMHYECKUX MCTOYHHUKOB ToKa (XWT)
TIOJTy4alOT JajJbHEHIIee Pa3BUTHE B CBSI3M C BBICOKOHW HH-
(OpPMaTHBHOCTBIO U CPaBHUTEIBHON IMPOCTOTOM pean3a-
muu [1]. HemanoBaxkHOE 3Hau€HHE UMEET BO3MOXKHOCTh
coBMenleHNs! (PYHKIMI HECTAIIMOHAPHBIX METOIOB 3apsIIKU
XUT ¢ nMIyITbCHBIMU METOJaMU KOHTPOJISI MX COCTOSTHMS,
YTO YHPOLIAET peau3alrio aJalTHBHOTO PeXKUMa 3apsi-
KM, KOTOPBI Hanboree MoTHO OTBEYaeT TPeOOBAHMSIM IKC-
wiyatauuu XUT [2].

B [3, 4] obocHOBaHa BO3MOXKHOCTB OIPEAEIECHHS Iapa-
METPOB XMMHUYECKOTO HCTOYHHKA ITyTEM aHajJIu3a CUTHaja
orxmka XU T Ha mMmimyiscHOE Bo3zeiicTBre. OnHako, o0pa-
0O0TKa ¥ aHAJIN3 PE3YNIHTATOB U3MEPEHHUH PyIHBIM METOZOM
OYEHb TPYIOEMKH H HE ITO3BOJISIOT aBTOMaTU3UPOBATh IIPO-
necc kKoHTpoisa coctostHuss XUT.

3anmadei paboTHI ABJIsIETCS pa3paboTKa METOIOB KOMITh-
FOTepHOI 00pabOTKN CHTHAJIOB OTKJIMKA XUMHYECKOTO MC-
TOYHHKA TOKA HA MMITYJIbCHOE BO3/ICHCTBHE [UIsl obecreye-
HUSI aBTOMaTU3UPOBAHHOTO KOHTPOJISI TEXHUYECKOTO COCTO-
stanst XUT B peanpHOM MacmiTade BpeMeHH.

PASPABOTKA METOJJA OBPABOTKHA
CUTHAJIOB OTKJIMKA U OBCYXJIEHHUE
PE3YJIbTATOB

Curnai orkinuka (CO) XMMAYECKOro HCTOYHHKA TOKA Ha
HMITYIThCHOE BO3ICHCTBHE, KOTOPHIi B [2—4] IMEHyeTcsl Kak
«XpOHOITOTEHITOTPAMMay, TIPENICTABIISIET COO0H (PYHKIMO-
HaJIbHYIO 3aBUCHMOCTb HanpspkeHus1 Ha kinemmax XT ot Bpe-
MEHH TIPH MTOCTOSIHHOM 3HAYE€HHWH BENMYHHBI ToKa. Dopma
CHTHAJIA OTKIIMKA COIEPIKUT OOMIMPHYIO U TOCTATOYHO O0BEK-
THBHYIO HH()OPMAIIMIO O KHHETHKE JEKTPOXUMHIECKOTO IPO-
1iecca, KoTopasi OKa3blBa€T HETOCPEACTBEHHOE BIMSHHE HA
mapameTpsl XT. COBOKYITHOCTh MapaMeTpOB, ITOITyIeHHBIX
IyTEeM aHaJIN3a CUTHAJIA OTKIIMKA, MOYKET OBITh NCIIONIb30BaHa
B KaueCTBE MH(OPMAIMOHHBIX TIAPAMETPOB IS PeaATH3aLN
anmarrriBHOH 3apsiaxu X T [5], a Taxoke M1t KOHTPOIS TEKYIIETO
COCTOSTHHSI XHMHYECKOTO HCTOYHHKA TOKA.

B 3aBucHMOCTH OT BUAa KOHTPOIUPYEMBIX TAPAMETPOB
XUT ucnons3yroTcs KaK 3apsaHble, TaK U pa3psiIHbIE TECTO-
BBIE IMITYIIbCHI.

I'paduueckas hopma peansHOro curaana orkianka XU T
Ha 3apsTHBIA TOKOBBIH NMITYIIbC, OTOOpaKaromias KHHETHKY
JNIEKTPOXMUMHUYECKOT0 poLeCcca, IPUBEAEHA Ha PHUC. 1.

W3 pucyHka BUIHO, YTO IIPY aHAJIM3€ CUTHAJIA OTKIIMKA
MOXHO OJTY4HTb CIICAYIONIHE NapaMeTpbl: U, — Hampsbke-

HHe pa3oMkHyToll eny; Uy, U,, — NajeHue HanpshKeHus!
Ha aKTHBHOM BHYTpeHHeM corporuBieHnd X1 T B MoMeHT
HOJaYy U CHATUS UMITY/IbCa, COOTBETCTBEHHO; Uy — Hamps-
KEHUe NOISIPU3aLUY; ty — JUIUTENbHOCTh UMITY/IBCA TOKA.
Onpernenenrie napamMeTpoB CBI3aHO C HAXOKICHUEM KO-
OpIHHAT HH(POPMAITMOHHBIX TOYEK, 0003HAYEHHBIX Ha pHC. 1,
orpaanunBaromux ydactku CO, KOTOpBIE COOTBETCTBYIOT
OIIPENENICHHBIM CTaIUIM 3IIEKTPOXUMHUIECKOTO Mporecca.
KoopauaaTts! ToUeK SBISIOTCS HH()OPMAIMOHHBIMHY MPU3HA-
KaMH U UX ONpenesieHne, KaK BUIHO U3 PHUCYHKA, B OOJIb-
IIMHCTBE CIIy4aeB 3aTPYIHEHO HATMYMEM LITyMOB KaK 3JIEK-
TPOXUMHUIECKOH MIPUPOIBI, CONPOBOXKJAFOLIUX TPOLIECCH B
XUT, Tak 1 BHOCUMBIX U3MEPUTEIHHON ammapaTtypoit. On-
THUMaJIBHBIMH METOIaMU aHAJIM3a MTAPAMETPOB, H3MEPEHHBIX
B YCJIOBHSIX IIIYMOB Pa3JIMYHbIX YPOBHEH, MOTYT OBITH MaTe-

MaTHYECKHE METOIBI 00DAaOOTKH CUTHAJIOB.
uB

Puc. 1. Curgasn oTKJIMKa CBUHIIOBO-KUCIIOTHON
aKKyMYJITOPHOU Oataper Ha 3apsIHBIH UMITYIbC TOKa
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