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ABSTRACT

Context. P-i-n-diodes are widely used in a microwave technology to control the electromagnetic field. The field is controlled by
the formation of an electron-hole plasma in the region of an intrinsic semiconductor (i-region) under the influence of a control cur-
rent. The development of control devices on p-i-n-diodes has led to the emergence of integral p-i-n-structures of various types, the
characteristics of which (for example, switching speed, switched power level, etc.) exceed the similar characteristics of volume di-
odes. The properties of p-i-n-structures are determined by a number of processes: the diffusion-drift charge transfer process, the re-
combination-generation, thermal, injection, and the so on. Obviously, these processes should be taken into account (are displayed) in
the mathematical model of the computer-aided design system for control devices of a microwave systems. Integrated process ac-
counting leads to the formulation of complex tasks. One of them is the task of optimizing the shape, geometric dimensions and
placement of the injected contacts (an active region).

Objective. The goal of the work is the development of a mathematical model and the corresponding software of the process of a
microwave waves interaction with electron-hole plasma in an active region of the surface-oriented integral p-i-n-structures with
ribbon-type freeform contacts to optimize an active region shape and its geometric dimensions.

Method. The main idea of the developed algorithm is to use the conformal mapping method to bring the physical domain of the
problem to canonical form, followed by solving internal boundary value problems in this area for the ambipolar diffusion equation
and the wave equation using numerical-analytical methods (the finite difference method; partial domains method using projection
boundary conditions similar to the Galerkin method). The optimization algorithm is based on a phased solution of the following
problems (the shape and geometric dimensions of the active region are specified at each stage): a computational grid of nodes for the
physical regions of the problem is being found, in an active region the carriers concentration distribution is being determined and the
energy transmitted coefficient in the system under study is being calculated, which is used in the proposed optimization functional.
The extreme values of the functional are found by the uniform search method.

Results. The proposed mathematical model and the corresponding algorithm for optimizing the shape and geometric dimensions
of the active region (i-region) of integrated surface-oriented p-i-n-structures expands the tool base for the design of semiconductor
circuits of microwave frequencies (for example, similar to CST MICROWAVE STUDIO).

Conclusions. An algorithm has been developed to optimize the shape and geometrical dimensions of the active region of inte-
grated surface-oriented p-i-n-structures with in-depth contacts intended for switching millimeter-wave electromagnetic signals. The
universality of the algorithm is ensured by applying the method of conformal transformations of spatial domains. The example of the
application of the proposed algorithm to search for the optimal sizes of wedge-shaped (in cross-section) contacts of silicon structures
is considered.

KEYWORDS: conformal mapping method, parameter optimization, ambipolar diffusion process, wave process, microwave
electromagnetic field switches, integrated p-i-n structure.

ABBREVIATIONS E" is an amplitude of the i-th wave mode passing
EMW is an electromagnetic wave; through the p-i-n-structure in the electrodynamic tract;
EDM is an electrodynamic model; e,(cm) , h,gl) are the k-th eigenfunctions of the electro-
QHM is a quasi-hydrodynamic model; . o )
DDM is a diffusion-drift model. magnetic wave equation in a rectangular waveguide;

h is a contact depth;

NOMENCLATURE H isa magnetic field strength vector;
b is a p-i-n-structure substrate thickness; J is a density of control current (injection current);
d is a half period contact placement; Jnp 18 @ hole or an electron current density;
D,,D, are the diffusion coefficients of holes and k is a wavenumber;

L is a domains contour;

L,, Ly are the rectangular waveguide dimensions;
* . .

m,,, is an effective mass of an electron or a hole;

electrons, respectively;
e is an electron’s charge;

E is an electric field strength vector; n is an electron's concentration;
E" is an electrical component amplitude of the inci- N, is an alloying profile;
dent electromagnetic wave; p is a hole’s concentration;
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S is the surfaces of the domains;

Sy, Sy, S, are the surfaces of the waveguide, the metal
electrodes respectively;

T'is an energy transmission coefficient;

V or G are the domains of the solving problems;

w is a distance between p-i-, n-i-junctions;

a,, O, are the charge recombination coefficients at p-i-
or n-i-junction;

d is an accuracy;

dp, on are the concentrations unbalanced holes and
electrons;

A is a determinant of the Jacobi transformation ma-
trix;

¢ is a dielectric permittivity;

g, is a dielectric permittivity of a crystal grid;

€9 1s an electrostatic constant;

A is a wavelength in an unlimited medium;

A 1s a conformal invariant;

W, W, are the mobilities of a hole and an electron;

V,.» 18 a collision frequency;

T, 1, are the relaxation lifetimes of a hole and an
electron;

¢ is an electrical potential;

o is a circular oscillation frequency of an external
electromagnetic field.

INTRODUCTION

A microwave switch is an important element of a ra-
dar system. Semiconductor devices on the p-i-n-diodes
are widely used for the electromagnetic fields switching
[1, 2]. The switching process comes at the expense of
formation in the active regions of diodes (i-region) of the
electron-hole plasma (that shields the electromagnetic
field). This is due to the injection of charge carriers from
the contact (p-i, n-i) regions under a control current [1, 2].

The process of improving switches based on the p-i-n-
diodes led to the appearance of integrated p-i-n-structures
(specialized chip). Integrated surface-oriented p-i-n-
structure is a plate made of silicon or other similar mate-
rial, where a set of the injecting n-i and p-i junctions is
formed on one of the sides [3-5], see Fig. la. The ar-
rangement of the structure in a rectangular waveguide (in
the YOZ plane) for the electromagnetic field control is
shown schematically in Fig. 1b.

The basic characteristics of the microwave switch
(field attenuation level, switching time, frequency charac-
teristics) are determined by a kind, the geometry of the
structure and the injection contacts, the parameters of the
electron-hole plasma formed in the i-region (active re-
gion) of the p-i-n-structure. The study of switches proper-
ties at the design and optimization stage is based on a
number of mathematical models. In particular, electrody-
namic models (EDM), engineering approaches are used to
establish the electrodynamic characteristics of a system;
the equations of a quasi-hydrodynamic model (QHM)
describe the properties of material media [1, 2, 6, 7]. In
general formulation, the problem is complex, so different
approximations are used. For example, characteristics are
averaged; additional conditions are imposed on the proc-
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esses of formation of an electron-hole plasma (for exam-
ple, the influence of thermal effects is considered to be
insignificant), on the course of the wave process in the
system; the model ideas about the physical subdomains of
the system are used, etc. Such simplifications provide the
problem solving algorithm’s performance, permit a gen-
eral understanding about the behavior of the microwave
switches on the p-i-n-structures, but simplified mathe-
matical models do not allow to obtain adequate optimiza-
tion algorithms.

b

X

contact

Figure 1 — Schematic representations of the p-i-n-structure (a)
and the microwave switch (b)

The object of study is the processes in the semicon-
ductor microwave control devices.

The subject of study is the methods and the tools for
mathematical modeling of the physical processes in the
switching devices on integral surface-oriented p-i-n-
structures with an active region of an arbitrary configura-
tion.

The aim of the work is the development of the math-
ematical model of the process of interaction of microwave
waves with the electron-hole plasma of the active region
of switching semiconductor surface-oriented integral p-i-
n-structures, which taking into account, based on the use
of complex analysis methods, the arbitrariness of the
choice of the shape and geometric dimensions of the ac-
tive region, and the procedure for selecting the parameters
of the active region for ensuring optimal switching char-
acteristics of the respective systems.

1 PROBLEM STATEMENT
Let the active region of the integrated surface-oriented
p-i-n-structure be a chain of similar elements (region G;,
Fig. 1). The structure element is shown schematically in
Fig. 2. Under the action of the control current electrons
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and holes penetrate into the active region of the structure
through the injecting n-i and p-i contacts respectively
(circuit elements L, and Lp, Fig. 2) and significantly
change the electrodynamic characteristics of the active
region. The p-i-n-structure is installed in a rectangular
metal waveguide of the millimeter wavelength range. The
waveguide is disturbed by the main TF;, mode with spec-
ified characteristics (amplitude, frequency, phase).
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Figure 2 — 2D model of element of integrated p-i-n-
structure (G domain, see Fig. 1b)

To assess the switching properties of an electrody-
namic system, it is necessary to find the energy transmit
coefficient in the switch:

Fout (J)(2 / ‘Ei”
1
i

2

-3

(1

at the presence and absence of a control current. Un-
knowns E{(J) are determined by solving an internal

electrodynamic boundary value problem for an infinite
rectangular metal waveguide with an inclusion (similar to
[8-10]). The electrodynamic characteristics of the active
region of the p-i-n-structure are described within the
framework of the application of the QHM of the flow of
the electron-hole current in semiconductors (similarly to
[1, 2, 6-7]). The electrodes system is assumed to be ide-
ally conducting.

One of the features of the problem is that the domain
G, in general case, non-canonical. It contains curvilinear
sections of its boundary (L, y=g » (x, w,h); L,

y=g, (x, w,h) — the sections of injection contacts). And

this makes it impossible to directly apply previously de-
veloped methods (for example [4,5]) for calculating the
system electrodynamic characteristics. In this case, an
important subproblem is to reduce the original problem in
the curvilinear domain to the corresponding problem in
the canonical domain using the developed special numeri-
cal procedure for conformal mappings. In addition, a con-
dition is set for the development of an algorithm for find-

ing the geometric dimensions (d —w, h ) of contacts for
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a given shape to ensure, in a certain sense, the optimal
characteristics of the corresponding technical system in
order to increase the efficiency of its operation.

Below is the corresponding mathematical formulation
of the problem described above.

2 REVIEW OF THE LITERATURE

The considered switches of the microwave field based
on the integrated p-i-n-structures are a new type of the
electrodynamic systems. The operation of the switches
based on the integrated p-i-n-structures is based on the
same physical principles as the operation of the traditional
microwave switches on the bulk p-i-n-diodes. Accord-
ingly, the similar mathematical models are used to for-
mally describe these devices. However, these types of
switches differ significantly in design and, accordingly,
switches based on the integrated p-i-n-structures have
characteristics that differ from the traditional switching
systems. Let's briefly review the basic mathematical mod-
els.

Physical phenomena occurring in p-i-n-diodes in sta-
tionary, non-stationary and transient modes of operation
can be studied in detail on the basis of a number of theo-
retical models. The diffusion-drift model (DDM) has be-
come classic. The scope of the model is limited by the
spatial characteristics of processes exceeding the relaxa-
tion lengths of the momentum and the energy of the
charge carriers. For a sufficiently wide class of radioelec-
tronics devices, this model provides good results. Such
mathematical models are based on continuity equations
[6, 71:

n = la’iv]n -
e

ot

on
* 9

Tn

2

the hole and electron current density equations:

Jp=en,pE—eD,gradp,

Jn= eunnE +eD, gradn ; 3)

and Maxwell's third equation:

div(sOSE):e(p—n+Nd), (E:—grad(p ). 4)

In the general case, the mobility and diffusion coeffi-
cients of electrons and holes are functions of the tempera-
ture and of the electric field strength p,=p (7, E),
w=w,(T, E), D,=D,(T, E), D,=D,(T, E). The relaxation
times rp*, rn* are also functions of temperature, concentra-
tion of holes, electrons and recombination centers. The
kind of these functions depends on the recombination
mechanism. In many practical cases only the Shockley-
Read recombination is considered.
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Since the p-contact (contour L,, see Fig. 2) provides
injection into the active region of holes only, and the n-
contact (contour L,) of electrons only, the system of equa-
tions (1-3) is supplemented by the boundary conditions in
the form:

euppEV—erZ—}\j—eappL =J,,

P
eunnEv+eDn%—eannL =0, &)

P
epppE\,—er%—eocppL =0,
eunnEV+eDnZ—:—eotnnL =J,, (6)
euppEv—er%—eocppL =0,

0
eunnEv+eDnZ—n—eocnnL =0. @)

0

The recombination coefficients (o, a,) are introduced
in a phenomenological way. J,=J is the injection current.
Ly is a contour of the surface of the integrated p-i-n-
structure; v is a normal vector to the L (L=L,UL,UL,UL;)
contour, which bounds a domain G.

The boundary conditions for the potential have the
form:

d, =U.d, =0. ®)

where U is a potential difference (voltage) between the
p-i-n-structure contacts.

Depending on the specific form of the boundary con-
ditions for solving the system of equations (2—4), the cor-
responding analytical methods (for example, the method
of separation of variables), combined analytical-numerical
methods (for example, the method of partial domains), or
numerical methods (for example, difference methods) are
used.

The results of solving of the system of equations (1-3)
with the boundary conditions (4—8) provide the opportu-
nity to obtain the complex function that determines the
dielectric permittivity €(x, y) (response to the action of an
external field) of the active region of p-i-n-structures [7]:

2
S(X,y,.]): SL —e_ Z(x$ys"-]) _ i?(x,y,.,]) ' (9)
€0 mn(ﬁ)—lvn) mp OJ—ZVP

The switch energy transmission coefficient (1) in the
electrodynamic tract is found by solving the system of
Maxwell's equations [8—10], which is written with respect
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to complex amplitudes, in each of the selected subdo-
mains L, I, IIT, IV (Fig. 1b) (EDM):

— /\_.
rotH,, =ioe E,,,

(10)

— N —
rotk,, =—-ionH,,,

where Em = Em (x,y,z), I:Im = I:Im (x,y,z) are vector func-

tions that determine the strengths of electric and magnetic
fields in the subdomains (m=1...4) of the electrodynamic
VANIVAN

system V (Fig. 1b); e,u are the dielectric and magnetic
permeability tensors of the medium, respectively. We
note that in this problem, each subregion is isotropic, in-
homogeneous, and nonmagnetic. It is reflected by a spe-
cific kind of tensors. The system of equations (11) is sup-
plemented by the boundary conditions at the surface S,, of
the waveguide and at the surfaces of the integrated struc-
ture metal electrodes S, S,:

,
v, E =0,
Sw7Sp 7Srl
. (an
v, 2 ~0,
a
$12S S,

where v is normal to surfaces S, , S, S.; ¢ is a local co-
ordinate along the normal to the surfaces. Relations (11)
take into account the ideal conductivity of the electric
current by the walls of a waveguide. They determine the
type of waves (modes) existing in the investigated re-
gions.

The “bonding” of the problem (10-11) solutions in the
partial regions is carried out by the projection boundary
conditions of the form [8—10]:

[z - EO 10 as o,
Sy

j[e,({'”),H(’") - H(’)st -0,
Sy

(12)

where S, 1is a cross-section surface of a rectangular
waveguide (domain V).

The boundary conditions (12) are written in the form
of a projection analog of the continuity condition of tan-
gential constituents £_and H_at the junction of subre-

gions. They are equivalent to the statement: the eigen-
functions of the subregion V,, are decomposed by the ei-
genfunctions of the subregion /; and vice versa.

The waveguide is perturbed by the rectangular wave-
guide main mode TEj, (the process parameters such as
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amplitude, oscillation frequency, phase, are given), which
propagates in the x-axis direction.

In addition, the solutions of the system (10) must sat-
isfy the perturbation and radiation partial conditions:

) -slee{ o) o 0]
@LM = %}[Cn* (x)(i’f’;))((yzz))ﬂ L)

where 4, (x),C, (x), B, (x) are functions that describe

the waves generated in the system, propagate along the x-
axis and in the opposite direction respectively.

Obviously, in order to obtain the basic characteristics
of microwave switches, the system of equations (10)
(electrodynamic problem) and (2—4) (diffusion-drift prob-
lem) with the corresponding boundary conditions must be
solved sequentially. Depending on the structure of the
commuting system the boundary conditions are specified
and simplifying assumptions are selected.

The problem of estimating the value of the energy
transfer coefficient of a switch on an integrated surface-
oriented p-i-n-structure with strip contacts is complicated
by the fact that the i-region of the structure in general case
non-canonical. The presence of a periodic lattice of elec-
trodes on the surface of the p-i-n-structure further compli-
cates the formulation and solution of the electrodynamic
problem. Known from literary sources (for example, [11])
computational schemes in such cases use a specific record
of the boundary conditions, which are presented in a
complex form.

A feature of this study is the use of conformal map-
ping [12, 13] reduce non-canonical regions of the electro-
dynamic system to the canonical form. This approach
takes into account the structural features of the switch in
the integrated form and provides an opportunity to obtain
a more universal algorithm for calculating the characteris-
tics of the corresponding technical systems.

3 MATERIALS AND METHODS

Using decomposition approach the set task is reduced
to a number of “subtasks”: 1) the problem of conformal
mappings and the reduction of the original problem to the
canonical domain; 2) to find the solution of the classical
diffusion problem in the canonical domain; 3) to find the
solution of classical electrodynamic problems in the con-
ditions of “gluing” their solutions; 4) construction of a
decision-making algorithm for optimizing parameters (the
width of the base (d-w) and the depression (h) of the elec-
trode are selected for a given shape).

1) One way to solve the problem of transforming
physical domains to canonical form is to use the confor-
mal mapping method [12—14] (the corresponding algo-
rithm is numerically implemented on a computer, which
ensures its universality).
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Due to the symmetry of the G domain (Fig. 3a) we
map its upper subdomain G’ with the boundary
0G'= ABCDE to the interior of the rectangle

G ={5.7):% <¥<i"0<F<0|  with

0G'= ABCDE (z=X+iy) (Fig. 3b) under unknown
(sought-for) functions X =Xx(x,y), ¥ =7y(x,y) and pa-

border

rameters Q, E.

The corresponding problem is to solve the Cauchy-
Riemann system

K _F K

=, —=-— (14)
ox 0Oy 0oy Ox
under the boundary conditions:
§| AB ~= N‘y=0,0<x<h+b = Xx,
X cp =55‘0<x<h,y:gn(x,w,h) =X,
y |AED =y |(x=h+b,0<y<d)u(y=d,h<x<h+b) =0,
7 5c :y|x=0,0<y<0.5w =0; (15)
ox ox
[ -dx+“dy=0, M eBC, NeAED.
oy Ox

MN

Y )
C* llllll anm [N ]] lgl C
Gr
D% EAE b2
H.‘_.{.* 0l2i-i,p5 Tup &

x,

b

Figure 3 — Physical domain G’ (a) and corresponding
parametric domain G (b)

As it is known [13], it is advisable to carry out inverse
conformal mappings G'— G’ when the points A4, B,
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C, D correspond to the points 4, B, C, D. Then the

problem is reduced to finding in G' the solutions
x=x(x,y), y=y(x,y) of the Laplace equations

o%x  %x
8326 6y2_0’
P2y oy (16)
X220, V() e@
&’
under the following boundary conditions
0<x(X,y)<h+b, y(X,y)=0, 0<y <Q,
x(xX,0)=h+b, 0<p(X,0)<0.5d, X« <X <Xy,
h<x(Z0)<h+b, p(X,00=05d, %0 <<%, (17)

0<x@7)<h ¥E5) = galt@ 7w k)
0<y<Q,
x(X,0)=0, 0<p(X,0)<0.5w, X« <

and the orthogonality conditions (which are simultane-
ously “connectedness” conditions) [13]:

&) o, 0<5<0,
ox
oy(¥,0) N e
0, x«» <x < s
6’)7 X xAE
xE0) . o o
0, <x<Xx, 18
& AESXSX (18)
D) | @ Do) 0@ s,
ox ox ox
YE,0) _ 0, %ue<I<%.
oy

The problem (16-18) is written in the form of a differ-
ence analogue [11,13], using the first-order (left and right)
difference schemes and the second-order central differ-
ence scheme in the form of:

2
Xij = ( Xitl, ) + X -1,/ +}‘ ( Xi,j-1 +xi,j+1))/(2(1+7”c))
2
Vij= (yi+1,j +Yi1, +7‘c(yi,j71 + Vi j+l ))/(2(1”%-)) (19)
(1<i<m,1<j<l)
OSXO’jSh'i‘b, yO’JZO, ]:O,l+1,
Xi0 =h+b, OSyl',o <0.5d, i=0,mAE,
thl-,o Sh‘i‘b, yi,0=0’5d7 i:mAE +l,m+l, (20)
Osxm+1,j Sha Ym+1,j =gn(xm+1,jawah)> j=0,l+1,
=0, 0<Y; 741 05w, i=0,m+1;

X l+1
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Xo,j =%, J=L1I,

Yio=Yi1, i=Lmyg,
Xi0=X1 i=myp+1,m,
agn (xm+1,j s W, h)
m,j ox

=11

@n

—X (merl,j_ym,j):O’

Xm+l, j

Yitsl =VYig, i=1m,

where m 4 is number of nodes in the AE section (is de-
termined in the process of solving the difference prob-

lem), x; ;= (5,5} vi; =55, ) (xi,.f=yi,_f)€ G,

conformal invariant A, for domain G = {()Ncl-,f/j):

Np=Xe+ibY,  i=0mtl Y =AY, j=00+1
AR =2 7™ Ayzi’ Ao =£~, m,l €N} is de-
m+1 [+1 Ay

termined from condition of “conformal similarity in
small” of the corresponding quadrilaterals of two domains
[12]:

A

(22)

a;.; +a; ,j+1
‘ (m+1)(l+1)zzb ’

i=0,=0"%i,j leJ

The following notations are used here:
a; j = \/(xi+1,j - xi,j)z + (yi+1,j - J’i,j)z >
bij = \/ (xi,j+1 - xi,./)2 + <yi,j+1 - yi,j)z :

2) The diffusion-drift problem (similarly to [6,7]) is
reduced to solving the system of the differential equations
(2-4) in domain G, G=G,UG.U (6G, N4G, ), G, = {(x):
0<x<h, g,(x. w,h)<y<g.(x,w,h)}, G, = {(x,y): h<x<h+b, 0<
y<d} with boundary conditions (5—7) on a closed contour
L= LC*D* ULD*E* ULE*E ULgp ULpe ULCC* boundi

ng domain G (Fig. 4). The transition from the three-
dimensional physical region of the problem to the two-
dimensional (G) is due to the homogeneity of the integral
p-i-n-structure along the OZ direction and the fulfillment
of the condition d<<Lj.

The periodicity property of the integrated p-i-n-
structure gives possibility to consider the properties of
only the selected element of the structure (Fig. 4). In this
case, the conditions at the boundary of the elements (L;)
are defined as follow:

L-0 ~ "l+0° - ’
! oVl o V40
op op
Pl o=rl g | = (23)
L,-0 L+0 ov L0 ov 1,40
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Figure 4 — The physical domain of the problem

We use some additional conditions. 1) The stationary
process ( Op/0t=0, 0n/0t=0 ) is considered. This mode is
typical of the microwave switch: the stationary distribu-
tion of charge carriers is established in the structure when
the control current is supplied to the contacts (the switch-
ing time is much higher than the characteristic times of
the dynamics of charge carriers in a semiconductor). 2) In
general, the system of differential equations (2—4) is non-
linear. This fact significantly complicates the process of
problem solving and requires a detailed study of proper-
ties of the system and its solutions. However, if we as-
sume that the process of charge carrier propagation takes
place in a self-consistent field then the problem is greatly
simplified. This mode is often observed in p-i-n-structures
[4-7]. The terms containing the potential ¢ are removed
from the system (2—4) by substitution. We also use the
approximation p=n, which is valid for the larger (central)
part of the domain G, and the assumption 1,~1,. As a re-
sult, the problem is reduced to solving the ambipolar dif-
fusion equation [6,7] in the form:

n

An——=0, 24
D 24)
2DnDp . . . .
where D =———— is the ambipolar diffusion coeffi-
D,+D »
2 2
cient, A= — Tt The following notation is used:
ox~ oy
Dt = L%) .

Similarly, we obtain the boundary conditions at the
boundaries of the domain G (Fig. 4):

on J
at L s« 1 ——y, n, =——Y
¢D ov Tp |Lp 2er
on J
at Loy @+ —4vy, 0|, =——;
b ov ¥n |L,, 2eD

n

on
at L. and Ly E—ynho =0;
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at Lpg and L.« :n|L1_O :n|L1+0’

_on
L,-0 ov

on

™ 25)

L+0

where v, p» Y are charge recombination coefficients on

the injection contact regions and surface of structure.

In the canonical domains, the solution of equation (24)
with boundary conditions (25) is known. However, as it
was shown above, the optimization problem (15) requires
taking into account an arbitrary type of elements Lqp,
L c'D of the boundary of domain G (Fig. 4).

As a result of the change of coordinates x = x(?c,}),
y= y(?c,i), and the corresponding transformation of the

considered region (16—18), the mathematical model of the
process of ambipolar diffusion (24-25) of charge carriers

in the region G takes the following form:
*n o%n _n
&2 & IAHA

=0, (26)

where n(¥,7) is the concentration of charge carriers in

the active region of

N2 N2 2 2
Z:[a—xj + 8_x =(@j + @ is the determinant
ox Oy Ox oy

of the Jacobi transformation matrix.

p-i-n-structures,

Boundary conditions at G :

on J=
atL *Dx L —— — n — X ,
et =T, 2eD,
on Jx
atLep 0 —+vy, 0|, =—2—;
@ L, T 5ep
n
at Lcc* Ta LE*E N Ey_'yl’l|L0 = 0 5 (27)
on on
atLDETaLD*E*: }’l|L -0 =n|L 0 — = — .
: Bl Pl

The following difference analogue is used to solve
problem (26-27):

2
Migl,j =20 j 1+ A (”i,_i+1 =2n ;4 oy =

—-0.25n; ; ((x,-,jﬂ —x,-’j_l)z + (yi,j+1 — Vi, j-1 )2 )/ LZD): 0,

i:_msms j:19n9

Tomj Thomlj R Jx i=ln
AX P 2ep), 7T T
Mml,j ~Mm,j Jy T~
+Ynnm+1,_j = 2D > J =Ln,
n



e-ISSN 1607-3274 Pagioenekrponika, inpopmaruka, ynpasminss. 2021. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 1

nj1—no P
—N—Yni,ozos IL=—=—myp,Myg ,» (28)
Ay
M+l —Min .
EEvoR— RS =0, i=-mm,
Ay

2
Nip1,0 =200+ 010+ A (2”1',1 —2n;0 -

—n;g ()/i,l _yi,0)2 /LZD )= 0,

i=—m,—mAE—1, i:mAE+l,m.

The formed system of linear algebraic equations (28)
is solved by stepwise fixing of n;; values at the boundary
and inside the domain. The condition for the completion

m+1,n+1 ( +1) ( )
L . . ,
of such an iterative process is 'ZO (n[, - j)<6
l,j:

where 7 is the iteration number.

3) The transmission coefficient of EMW (1) in the rec-
tangular cross-section waveguide, containing the inte-
grated p-i-n-structure (Fig. 1, b), is found by solving an
electrodynamic problem (10-13) in the region V =
{(x,3,2): —o<x<oo, 0<y<L,, 0<z<Ljp }. The solution algo-
rithm is based on the partial domain method [8—10]. Ac-
cording to this method, region V is divided into subdo-
mains so that the medium properties are constant within
the selected subdomains. There are four main subdomains
in this problem: V; = {(x,y,z): —00<x<0, 0<y<L,, 0<z<Lp },
VH = {(X,y,Z): O<X<h, OfySLA, OSZSLB }, I/III = {(X,y,Z):
h<x<h+b, 0<y<L,, 0=z<Ly }, Viv = {(x,y,2): h+b <x<wo,
0<y<L,, 0<z<Lp }, where I-st and IV-th have the same
properties.

Let the system be perturbed by the TFE,-mode (for this
type of waves E,=0, the electrical components of the field
are perpendicular to the propagation direction). The com-
ponents of the EMW field (complex amplitudes) are
known [8-10]:

© Bomba A. Ya., Moroz I. P., Boichura M.V, 2021
DOI 10.15588/1607-3274-2021-1-2

As a result of the interaction of EMW with the inte-
grated p-i-n-structure in the waveguide, the system of
TE,,, modes is perturbed. The components of the electro-
magnetic field in such modes are determined based on
periodicity property of elements of the integrated struc-
ture and the Maxwell’s system equations (10) under
boundary conditions (11). In the region V; the complex
amplitudes of the field components are described by the
following relations:

E,= (E}g exp(-ikVx) + Ely exp(ikl(l)x))sin gz +

o0
+ > Ely exp(a,,x)cosa,, ysin g2,
m=1

o0

_a .

E =- ZEllm — exp(aL,,x)sina,,ycos gz,
m=1 &1

H, = i(kl(l) (Ella' exp(—ikl(l)x) — Ella exp(ikl(l)x))sin g1z +
0

+ > 0ty Efy Xp(0L,y %) COS Oy y'SiN €12) (30)

m=1

o0

c _a .

H,=i— > By~ a1,y exp(0t,,X)Sin o,y c0s g2 ,
O =1 81

where amzﬂ; g1=n—l; k*=kP gt
d Lp
2 2 . .
k, :Tn €1, 3 kzﬁ; r is a sub-domain number;
®

e rv=1; &y is defined by function (9), which is averaged

within Vyy; w=1; E,  are the amplitudes of the modes

Im
P
Im

propagating along the OX direction, E; are the ampli-

tudes of modes propagating in the opposite direction to
OX. The structure of the solutions of the problem (10-11)
in the regions ¥y, Vv has a similar form.

The corresponding dependencies are also obtained as a
result of solving the second boundary value problem for

the Helmholtz equation (A | H, + szZ =0) relative the

strength of the field magnetic component vector H, in the
domain {(y,z): 0<y<L,, 0<z<Lp } [8-10], which is equiva-
lent to problem (10-11).

The main difficulties are caused by the solution of the
problem (10-11) in V7, which is characterized by hetero-
geneity and anisotropy. This domain consists of the metal
sub-regions of the injection contacts and semiconductor
cells (Gy) in which the electron-hole plasma is formed. It
is known [8-10] that there is no electromagnetic field in
metal (under ideal conditions, when the conductivity of
the metal tends to infinity). Thus, electromagnetic waves
do not penetrate into the volume of metal contacts. Re-
gions (Gy) are similar in shape to horn electrodynamic
systems (a kind of irregular waveguide). It is also known
[15, 16] that the search for solutions of the problem (10—
13) in the irregular waveguides is a complex problem.
One way for solving the problem is to convert the physi-
cal domain G to the canonical form, followed by a search
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for solutions to the system of Maxwell's equations in a
regular inhomogeneous waveguide. Since in the process
of solving subproblem 2 we encounter similar problems,
then, guided by the principle of unification, it is advisable
to applying for a unified approach to the transformation of
physical areas. Note, that transformation methods should
take into account the arbitrary shape of the injection con-
tacts.

For “bonding” solutions on the interfaces of subdo-
mains, it needs to use the projection boundary conditions
(12).

To search for the components of the electromagnetic
field in the V7 region, we use the conformal mapping of
its section in the XOY plane to a rectangle (an algorithm
similar to (16—18) is used). This approach allows us to
turn the section of the irregular waveguide Vy; into the

regular inhomogeneous waveguide I7H .

The statement of the problem (10—11) in the new co-
ordinate system (% =%(x,y),7 =%(x,y), z) for TE
modes (E,=0) takes the following form. We need to find
solutions of the Maxwell's equations system:

aHz@ aHz@_aHJ’_
X oy o oy Oz
OH , 8H éh aH 5~
0z & ox oy o
6Hy@+aHy@_aHx@_
&x ox dy ox X 0oy
=iweg, g0k,
OE, &% | O, &y _OE,

=ing,e0k,,

oH, & _
y oy

€2

=—iougH,,
& &y e CHetx
O, 8” OE, oy
——=iougH,,
E3 Gx 6‘)7 Ox
OE, 5‘ OE, oy
:_Z(DHOHZ’
K 6x @ ox
where Ey=Ey()~C,)7,Z), Ez:Ez(f’JN”Z)’

H, :Hx(;sy/’z)’ Hy ZHy(’)Z,)N/,Z), H, :Hz(fs;»z)

— required functions, which determine the components of

X :0
ag s,

(S| — a contour of the cross-section of the waveguide

EMW in the domain V;; under the conditions

region V).
The boundary conditions determine the form of the
desired functions of the problem as follows:

E. =0,

X

TRl {5 el

ooy 2ol
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H, ZZHy % )sm( . (ngco{z—zz} (32)
oo pzemi 2o fef )
ety

Note that functions (32) describe the process of EMW
propagation along the OX axis. The components of an
electromagnetic wave propagating in the opposite direc-
tion have a similar form. Substituting (32) into (31) turns
the system of partial differential equations (31) into a sys-
tem of ordinary differential equations:

155 2 sinp (7)-

n

3( (a5
f [z[ ol )

LLFe smmn(;))}sm(m@»w=o;

B

~| "o

{z[ o 5 o, 7))+

|
N\g'—'”‘g

. H”—sm( W7 ))—%FHEZ cos(B, (7))~

06y e0 Bt cos(B, (7)) cos(By ()5 = 0;

2 (il &

Iw (;(Fasm(ﬁn (y ))"'

2

15 T ol (5)- d’;’;%cos(sn( )+

A5 il 7)o il )|
y
Sl )N -0

[z[dgf* O inp () 2 B3 o )

N}

—’2—'”52; cos(B, (7)) + (33)

B

+iopgHE cos(B (7)) cos(B, (7)) = 0
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2 Do, (7)-
w ox

ng'—.t\)\g
7\
=M
VR
Q.
g.) l‘rJ
><|
@,
=
—
e
"?
=

—ieopo 1 sinB, (7)) sin(B (7)) = 0

w

T [z("m Z o)

ox

B L sinp, (7)+
+iopg T cos(B, (7)) cos(p (7)) =0,

where B, (7)= 22742 ) B R). £ (5). 135,

HJ* (%), HZH(%) - desired complex functions.

The system of differential equations (33) is supple-
mented by initial conditions of the form (12). Moreover,
in the x=0 plane, the given is the value of the complex

functions £ (0), £ (0), Hy(0), Hi (0, Hi(0),
determined from the boundary conditions of the form:

{esbfz {9

xsin(Lin_z(aa+(o)+Ela—(o))co{ d [y+ 2)) 34)

B n

sl ool o

where SL={( ,Z)i—%SJ’S%»OSZSLB}» Ef, (0),

Elz,f (0) — the amplitude incident on the 2nd boundary (in
the plane x=#) and reflected from the 2nd boundary of the

modes, and the value E12n+ (0) is calculated on the basis of

(34), E12,f(0) is found by solving a system of equations
similar to (33) with the initial conditions given for x=h
(E (1), (1) Hinp (1) H3,y (k). H 3 (), which in
turn are determined from equations similar to (34).

4) The microwave switch must, under absence of a
control current, ensure the maximum transmission of
EMW energy and the minimum transmission of energy if
it available. It is proposed to obtain the optimal character-
istics of the system under study based on the fulfillment
of the condition

(7, =0)-1(w7,j#0)>max . (39)

The geometrical dimensions ((d —#) — width, h -
depth) of the injecting contacts here have the meaning of
parameters, the values of which are set by the method of
direct enumeration of possible options (determination of
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ranges of optimal values on the basis of “trial measure-
ments” with subsequent refinement). In this case, the
shape of the profile of the contact areas is set by specify-

ing the functions y =g, (x, Vv,fz)y =g, (x, Vv,fz) and addi-
tional restrictions are imposed on the size of the region
G:0<w<d, 0sh<h+b.

4 EXPERIMENTS

On the basis of the proposed mathematical model, the
algorithm has been developed that allows a series of com-
puter examinations to be carried out. The input data for
the algorithm are the parameters of the EMW (wave of
the TE ) type, Ey = 1, f= 36 GGz), the dimensions of the
waveguide section ( L, = 7.2 mm, L, = 3.4 mm), the repe-
tition period of the elements of the p-i-n-structure (d=30
um), the thickness of the structure (h+b= 80 pwm), the
physical characteristics of silicon (are shown lower), the
accuracy of the subtasks solving of each stage (~).

The algorithm describing the iterative process of the
problem solving of reducing the physical region to the
canonical form, the diffusion-drift problem, the electro-
dynamic problem with the analysis of the information
received at the each stage, consists of the following steps.

The boundary of the studied region G’ is set using
functions y=g,(x,w,h) and values w, h, b, d, m and [ — the
partitioning parameters of the regions (Fig. 3); the accu-

racy 8, the values ¥: on the segment AB and ¥ —on CD

~%

(without loss of generality, we assume X+ =0, X =1),

the initial approximations of the coordinates of the
boundary, internal nodes and conformal invariants (using

formulas (19-20) and (22) respectively) are set; we calcu-
~% ~
late AY =~ —*

m+1

The partitioning step Ay of the domain 5’)‘, the pa-

rameter O, the coordinates of the internal nodes, the con-
formal invariants, and the boundary nodes are consistently

Aj:ﬂ

c

refined according to the formulas

O =(I+1)Ay , as well as in accordance with (19-22).

If the conditions for completing the iterative process
are not fulfilled [13], then the partitioning step of the re-
gion G'™* are refined, otherwise, a grid is constructed that
corresponds to an element of the integrated p-i-n-structure
with  the help of nodal points (x,,,y;)

j=0,n+1) taking into account the

(i=—m—-1m+1,

corresponding symmetry

(Xiem—1,j = Xms1i,j»
Viem—1,j = VYm+i-i,j)-

Then, by point-to-point fixing of values, the system of
linear algebraic equations (28) is solved.

The obtained distribution of charge carriers in the sub-

regions G; and G, are averaged and used to determine the
dielectric constant (9) of the active region.

23
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The next step is the solution of the electrodynamic
problem (33-34). The equations of type (34) form a sys-
tem of linear algebraic equations, which are jointly solved
with systems of equations of type (33). The solutions are
obtained as a result of an iterative process of solving a
system of equations of type (33—34). And the classical
computational methods of Runge-Kutta and Gauss are
used. The convergence of the process is proved experi-
mentally.

The general idea of the algorithm for determining the
optimal configuration of the shape and the size of the in-
jecting contacts is to sort through all possible sets of val-
ues welwy,wg] and h,elhg,hy] with steps
Aw=(wg —wy)/m,, and Ah=(hy —hg)/my, at which
the functional (35) takes the maximum value, where wy,
Wg, hp, hr are the predefined left, right, lower and upper
boundaries of the enumeration sections of the injecting
contact configurations, m,, m, is the number of split
points of the segments. The corresponding iterative step
of finding the energy transmission coefficient in the
switch is reduced to the sequential solution of subprob-
lems (19-22) (for conformal mapping), (28) (for finding
the distribution of charge carriers concentration), averag-
ing of the concentration separately in regions G, and G,,
calculating the permittivity by the formula (9), solving a
system of equations of type (33—-34) and functional (35).

5 RESULTS
We give two examples of mapping the grid of nodes
of the canonical domain to the physical domain of the
problem. In the case, when the boundary of the contact
region (p-i- and n-i- junctions) is determined by the pa-
rameters w=2, h=2, b=8, d=4 (relative units are used
here) and function y=0.5(x(d—w)/h+w), at the number of

partition nodes m=100, /=400 and X« =0, 5 =1, the

grid shown in Fig. Sa (wedge-shaped contact) is obtained.
If the shape of the contour CD is described by a function
of the form

y:0.5w—\/1—x2(1—(O.5(d—w)—1)2)/h2 +1 and

/=464, the grid of nodes is obtained as displayed in
Fig. 5b. The results of similar calculations for the cross-
section Gy of the active region Vj at m=50, /=36 and

m =50, [ =43 are shown in Fig. 5c¢ and Fig. 5d respec-
tively.

Fig. 6 shows the calculations results of the charge car-
riers concentration distribution for the case of determining
section CD in the form of a straight line segment
y=0.5(x(d—w)/h+w) for the following input data: m=100,

=400,  d=0.003024 cm,  5=0.0070928  cm,
w=0.0012096 cm, £=0.0009072 cm,
on on

a~ %% _)0’ e « U,
&|CcDUC D |C'C"UEE
7,=10° em™, v,=2-10° em™, =105, Jpiy=10"" A/em’,

Jnax=10 A/cmz, D,=25 cm?/s, D,=35 cm?/s.
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a

D* \D*
c d
Figure 5 — Examples of computational grids for an element of
the integrated p-i-n-structure G (a, b) and the cross-section Gy
of the region V' (¢, d) at the form of a contact in the form of a
straight line segment (contact region of a wedge-shaped shape)
(a, ¢) and an ellipse section (b, d)
C D

Figure 6 — Distribution of the concentration of charge carriers in
the active region of p-i-n-structures in various angles of view
(wedge-shaped contact region)
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For a given shape of the contact region
(=0.5(x(d—w)/h+w) wedge-shaped contact), the depend-
ences of the average concentration of electron-hole

plasma (<n> = L J. I n(x, y)dxdy ), the real and imaginary
VGi VGi

components of the dielectric constant (9) of the active

region of the integrated p-i-n-structure on the value of the

AT
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parameters %, w, d are shown in Fig. 7 (parameters used:
g=11, ¢=3-10° m/s, e=1.610" C, £=8.85-10"" F/m,
©=226.95-10° rad/s, v,=25-10" s, v,=20-10" s,
m,=9.646-10" kg, m,=5.096:10"" kg).

Typical T (w,h, jf behavior depending on the values

of the parameters 4, w, d and the contact shape is shown
in Fig. 8.

3,5E+1 6‘
3E+16
2 5E+16
2E+16
1,5E+16
1E+16
5E+15

o000 OO0 O 00000
o000 0DoOD OO0 D0
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Figure 7 — Dependences of the average plasma concentration (a, b), the real (c, d) and imaginary (e, f) parts of the dielectric constant
of the active region on the parameters w (h=0.0024) (a, ¢, €) and & (w=0.0012096) (b, d, f) in the Gj (line with circle markers) and

G, (line with square markers) domains
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Figure 8 — Dependences of the EMW transmission coefficient in
the absence (line with circle markers) and presence (line with
square markers) of a control current on the parameters w
(h=0.0024) (a) and /& (w=0.0012096) (b); their difference is rep-
resented by a line with triangle markers

In the specific case of wedge-shaped contact shape, the
following optimal values were obtained: the base of the
wedge is d-w=~6.5 um, and the height is

h ~20 pm.

6 DISCUSSION

The numerical experiments results unquestioningly con-
firm the importance of the proposed approach of the confor-
mal transformation of the physical region (active region of
the integrated p-i-n-structure), which makes it possible to
extend traditional modeling methods to cases of complex
regions. In addition, there is an opportunity to optimize the
characteristics of the switches on the integrated tape-type p-i-
n-structures. We also note that the proposed numerical pro-
cedure of the conformal mapping method provides an opti-
mal choice of the computational grid. In this case, the ratio
between the parameters of dividing curvilinear quadrangular
regions can be carried out in a semi-automatic mode, for
example, when the corresponding constituent rectangles ap-
proach the squares.

The obtained results are consistent with the results of the
studies, which are reflected in [4-6]. Note that the proposed
algorithm differs from the existing ones in the accuracy of
the model and universality, which makes it possible to use it,
in particular, to solve the optimization problem.
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Undoubtedly, the proposed approach can be easily trans-
ferred to the cases of inhomogeneous media, media with
pronounced spatiality, cases of taking into account the dy-
namics of the medium, in particular, due to the inverse influ-
ence of the characteristics of the process on the characteris-
tics of the medium [17].

Note: this task on conformal mappings can also be used
to find the distribution of the potential lines ¢ and the field
lines y (X corresponds to the equipotential lines =¢(x,y),

¥ corresponds to the field lines y=y(x,))).

CONCLUSIONS

As a result of the present research, mathematical and
computer models of the process of interaction of microwave
EMW with electron-hole plasma of the active region of inte-
grated p-i-n-structures are obtained. The mathematical model
allows to obtain a number of important characteristics of the
switch: the EMW transmission coefficient through the
switching system at a high / low level of control current (the
structure insertion losses in the waveguide), the dielectric
permittivity of the active region of p-i-n-structures, charac-
terizes its electrodynamic properties; the distribution of
charge carriers in the active region is established as a result
of their injection from p-i and n-i junctions under the action
of a control current. The obtained characteristics are consis-
tent with the data obtained using the one-dimensional model
of the process of ambipolar diffusion of the model of averag-
ing the electrodynamic characteristics of layers of the inte-
grated structure.

The scientific novelty of obtained results is that the pro-
posed mathematical model takes into account the structural
features of the injected contacts of the integrated circuit,
which in essence is a p-i-n-structure, and in a certain sense is
universal. Such a result was achieved by using the method of
conformal mappings to reduce the physical areas of the prob-
lem to a canonical form. The approach proposed in this paper
allows to carry out a procedure for optimizing the shape and
geometric dimensions of an element of a p-i-n-structure and
injection contacts, in particular, with arbitrary sets of input
data of the switching system (operating frequency, type of
semiconductor material, etc.).

Prospects for further research. The constructed
mathematical model is characterized by an increased level of
detail of the processes in the system under study compared to
existing models and, accordingly, an increased level of com-
plexity, which, in turn, requires the attraction of significant
resources of computing systems. Therefore, this work pro-
vides an example of the application of the developed optimi-
zation algorithm for only one type of (wedge-shaped) injec-
tion contacts. The general optimization procedure requires a
separate, more detailed study. In addition, the questions of
the heating influence of the electron-hole plasma of the p-i-
n-structure by the control current and of the effect of the
shape and geometric dimensions of the injected contacts on
the heat balance of the system remain open. Obviously, these
factors must be taken into account when solving the optimi-
zation problems of microelectronics.
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VK 519.6:621.382.233
ONTUMIBALISA ®OPMMU I POSMIPY IHKKEKTYIOUUX KOHTAKTIB IHTETPAJIBHUX P-I-N-CTPYKTYP HA OCHOBI
BUKOPUCTAHHS METOAY KOH®OPMHUX BIJOBPA’KEHDb

Bomba A. 1. — n-p TexH. Hayk, npodecop kadenpu KOMIT IOTEPHUX HAayK Ta MPHKJIaJHOT MaTeMaTuku HallioHaibHOTO YHIBEPCUTETY BO-
JTHOT'O FOCIIOJIAPCTBA Ta MPUPOJAOKOPUCTYBaHHS, PiBHe, YKpaiHa.

Mopo3 L. I1. — kauz. ¢pus.-Mar. HayK, JOLUESHT Kadeapu iHPOpPMAaTHKU Ta MPUKIAJHOI MaTeMaTHKN PiBHEHCHKOTO JIepyKaBHOTO T'yMaHiTa-
pHOro yHiBepcurerty, PiBHe, YkpaiHa.

Boiiuypa M. B. — M.H.c. HayKOBO-10C/TiJHOT YacTUHK HallioHanbHOTO YHIBEpCUTETY BOAHOTO IOCIIOAPCTBA Ta MPUPOAOKOPUCTYBAHHS,
PiBHe, YkpaiHa.

AHOTALIA

AKTyaJIbHiCTh. P-i-n-/110/11 NIMPOKO BUKOPUCTOBYIOThCS y TEXHilll HAJBUCOKHX YacTOT JUIsl YIIPABJIIHHS €JIeKTPOMAarHiTHUM mosiem. Ke-
pyBaHHsI [OJIEM 3/IHCHIOETBCS 32 PaXyHOK ()OpMyBaHHs B 00J1aCTi BIACHOTO HAMIBIIPOBiAHKKA (i-001acTi) €IeKTPOHHO-IPKOBOI IIA3MHU ITif
J€I0 Kepyro4yoro cTpymy. PO3BUTOK KepylO4nX HPHCTPOIB HA p-i-n-[ioJax MPUBIB 0 HOSBU IHTETPAIbHUX P-i-N-CTPYKTYP Pi3HHUX THIIIB,
XapaKTEPUCTUKU SKUX (HAMPUKIAM, MIBHIAKOIiS, PiBeHb KOMYTOBAaHOI MOTYXXHOCTI TOINO) MEPEBUIIYIOTh AHAJIOTIYHI XapaKTEPUCTHKU
00’eMHHX Ji0/1iB. BracTHBOCTI p-i-n-CTPYKTYp BH3HAYAIOTh Psij MpoleciB: nudy3iiiHo-apeiidoBuil mpolec nepeHeceHHs 3apsiB, peKoMOi-
HaliliHO-reHepauiiiti, TeruIoBi, imkeKUil Tomo. OueBUaHO, 110 3a3Ha4Y€Hi MPOLEeCH MOBUHHI BPAXOBYBATHCh (3HAXOAUTH BiIOOPaXKEHHS) Y
MaTeMaTH4HIH MOJeNi CHCTEMH KOMIT IOTEPHOTO MPOSKTYBAaHHS KEPYIOUMX MPUCTPOIB HAJBUCOKOYACTOTHUX cUCTeM. KOMIUIEKCHE Bpaxy-
BaHHsI POLIECIB MPUBOINTH JI0 MIOCTAHOBKHU CKIaAHKX 3aaa4. OjHa i3 HUX — 33[a4ya onTuMizaiii (GopMH, TEOMETPHYHHUX PO3MIPIB Ta PO3Mi-
LICHHS 1H)KEKTYIOYMX KOHTAKTiB (aKTUBHOT 001aCTi).

Mera. [Tonsrae y po3poOLi MaTeMaTHYHOI MOJEII Ta BiANOBiJHOTO 1if IPOrpaMHOrO KOMIUICKCY HPOLECY B3aeMOIi HaBHCOKOYaCTOT-
HUX XBHUJIb 3 €IEKTPOHHO-AIPKOBOIO IIa3MOI0 B aKTHBHIi 00JIaCTi HAIMIBIPOBIJHUKOBUX KOMYTYIOUHX IMOBEPXHEBO-OPIEHTOBAHUX IHTErpa-
JIBHUX P-1-N-CTPYKTYP 3 KOHTAKTaMU CTPIYKOBOT'O THUITY /ISl TPOBEJCHHS MPOLEIYPH ONTUMI3aLil (POPMHU Ta TEOMETPUYHHUX PO3MipiB aKTHUB-
HOi o0nacri.

MeTtoa. OcHOBHA ies1 pO3POOIICHOrO aNrOPUTMY — 3aCTOCYBAHHS METOAY KOH(DOPMHHUX BioOpa)keHb [UIsl pUBEICHHS (i3n4HOi 00ac-
Ti 33124l 10 KAHOHIYHOTO BUIIISAAY 3 HOAANBIIAM PO3B’A3aHHAM Ha JaHiil 0071acTi BHYTPILIHIX KpaflOBUX 3a/1a4 ISl PIBHSIHHS aMOIMOIsSpHOI
nudy3ii Ta XBUILOBOTO PIBHSHHS YHCEIbHO-aHATITHYHUMHU METOAaMH (BUKOPUCTAHO METOJI CKIHYEHHMX PI3HMIIb, YACTUHHHUX 00OJacTel i3
3aCTOCYBAHHIM TMPOEKI[IMHUX I'PaHUYHMX YMOB, aHAIOr MeToay [anbopkiHa). B OCHOBI ONTHMI3aLifHOrO AJTOPUTMY JISKHTH MOETAITHE
po3B’si3aHHs (IIPH 33/IaHUX HA KOXKHOMY eTarti popMi Ta FeOMETPUYHHX PO3Mipax aKTUBHOI 00JIaCTi) HACTYIHUX 3a/ia4y: 3HAXOAUTHCS po3pa-
XYHKOBa CiTKa BY3MiB [ (i3uuHUX obacTeil 3a1adi, pO3paxoBYEThCS PO3IMOIINT KOHIIEHTPALIIT HOCIIB 3apsily B aKTHBHiil obsacti, 06uuc-
JIIOETHCS KOe(ILEHT Tepeadi eHeprii B J0CIIDKyBaHii cUCTeMI, KUl BXOJUTH B 3allpOINIOHOBAaHUI onTuMizauiiHuii gyHkuionan. Exkcrpe-
MaJIbHI 3Ha4eHHS (PYHKI[I0HATY 3HAXOAATHCS METOJIOM PIBHOMIPHOT'O MOIIYKY.

Pe3yabraTu. 3anpornoHoBaHa MaTeMaTH4Ha MOJENb Ta BiAMOBIAHHIA pe3yIbTATUBHUI alrOPUTM ONTHUMI3allii GOPMH Ta TeOMETPUIHUX
po3MipiB akTHBHOI 00nacTi (i-00acTi) IHTErpalbHUX MMOBEPXHEBO-OPIEHTOBAHHUX P-i-N-CTPYKTYP PO3LIMPIOE IHCTPYMEHTaJbHY 0a3zy s
MPOEKTYBaHH HAITIBITPOBITHUKOBUX CXEM HAJBHCOKHX 4acToT (aHayoriunux, Hanpukiag, CST MICROWAVE STUDIO).

BucnoBku. Po3po6ieno amroput™m onrtumizamii GopMH Ta IeOMETPUYHHX DPO3MIpIB aKTHUBHOI 0ONAcTi iHTErpalbHHX MOBEPXHEBO-
OpIEHTOBaHHUX P-i-N-CTPYKTYp 3 3ariMOJCHUMH KOHTAKTaMH, II0 MPU3HAYEHI /Ui KOMYyTallil eIeKTPOMArHiTHUX CHUTHAIIB MiTIMETPOBOTO
Jiana3oHy. YHIBepCaJbHICTh allrOPUTMY 3a0€3MEeUyEThCS 3aCTOCYBaHHIM METOJy KOH(POPMHHX BioOpa)keHb MPOCTOPOBHUX obnactei. Po3-
IJISTHYTO IPUKJIA]] 3aCTOCYBaHHS 3alIPOIIOHOBAHOI0 AJITOPUTMY U IONIYKY ONTHMAJIEHUX PO3MIpIB KINHOBHIHUX (B HONEPEYHOMY pO3pi3i)
KOHTAKTiB KPEMHI€BUX CTPYKTYP.

KJIFOYOBI CJIOBA: Meton koH(DOpMHHX BioOpa)KeHb, ONTUMI3aLlis apaMeTpiB, mporec aMOinoasipHoi andy3ii, XBUILOBUH MPO-
1ec, KOMyTaTop eJIeKTPOMArHiTHOTO MOJIs HQJIBUCOKUX YaCTOT, P-i-N-CTPYKTypa.
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YK 519.6:621.382.233
OonTUMM3ALIUS ®OPMbI U PASMEPA HH)KEKIITMUOHHbBIX KOHTAKTOB UHTET' PAJIBHBIX P-I-N-CTPYKTYP HA
OCHOBE UCIIOJIb30BAHUSI METOJIA KOH®OPMHBIX OTOBPAXKEHUI

Bom6a A. SI. — 1-p TexH. Hayk, mpodeccop kadeapbl KOMIBIOTEPHBIX HAYK W MPUKIAIHOW MaTeMaTnkid HallMoHaIbHOTO YHUBEPCHTETA
BOJHOTI'O X03sICTBa U MPUPOI0NI0Ib30BaHus, PoBHO, YKpanHa.

Mopo3 WU. I1. — xang. ¢us.-MaT. HayK, JOIEHT Kadeapsl HHPOPMATHKHU U MPHUKIIAJIHON MaTeMaTHKH POBEHCKOTO rocy1apCTBEHHOTO Ty-
MaHHUTapHOTO yHHUBepcuTeTa, PoBHO, YkpanHa.

Boiiuypa M. B. — M.H.c. HayyHO-HCCIIEI0BATENbCKOIO cekTopa HalmoHnanbHOro yHUBepcUTETa BOJHOTO XO35HCTBA U MIPUPOIOTIOINB30-
BaHus, PoBHO, YKpanHa.

AHHOTADIUA

AKTyaJ’IbHOCTb. P-i-l‘l-Z[I/IOZ[BI ITUPOKO HUCIIOJIB3YIOTCSA B TEXHUKE CBEPXBBICOKUX YAaCTOT I YIPABJICHUSA 3JIEKTPOMAIrHUTHBIM IIOJIEM. anaBne-
HHE TI0JIeM OCYLIECTBILIETCS 32 cYeT (POPMHUPOBAHUS B 00JACTH COOCTBEHHOTO HOJIYIPOBOAHMKA (i-007TaCTH) 3IEKTPOHHO-IBIPOYHON IIIa3Mbl MOX
JIEWCTBUEM YIIPABJISAIOIIETO TOKA. Pa3sBUTHE yHPaBISAIONIMX YCTPOWCTB HA P-i-N-IH0/aX HPUBEN K MOSBICHUIO HHTETPAIBHBIX P-i-N-CTPYKTYp pa3iny-
HBIX TUIIOB, XapaKTEePHCTUKH KOTOPBIX (HapHMep, OBICTPOACHCTBIE, YPOBSHb KOMMYTHPYEMOI MOIITHOCTH U T.J.) IIPEBHIIIAIOT aHAIOTHYHBIC XapaK-
TEPUCTUKH OOBEMHBIX JAM0J0B. CBOMCTBA P-i-N-CTPYKTYP ONPEACIISIOT Pl MPOLEeCCoB: MM (dy3nOHHO-APer(OBBIN MpoLiece MepeHoca 3apsioB, pe-
I(OM6I/IHaIII/IOHHO-FCHepaHHOHHLIe, TCIUIOBBIC, MHXCKIIUU U TOMY HO,HOﬁHOC. O'-ICBI/I,HHO, YTO YKa3aHHBIC MPOLECCHI JOJKHBI YUYUTBIBATHCA (HaXOHI/ITL
OTpa)KeHI/Ie) B MaTeMaTHYECKOI MOJCIN CUCTEMBI KOMIIBIOTEPHOI'0 MPOCKTUPOBAHUSA YIIPABJISIOMINUX yCTpOﬁCTB CBEPXBBICOKOYACTOTHBIX CHCTEM.
KomrmiexcHbri Y4YET NPOLECCOB NPUBOAUT K ITIOCTAHOBKE CIIOXKHBIX 3a1a4. OZ[Ha W3 HUX — 3aJa4a ONTHUMH3AINH (bOpMBI, TEOMETPHUUCCKUX PasMEPOB U
pa3MelieHNs] MHKEKIMOHHBIX KOHTAKTOB (aKTHMBHOM 001acTH).

IIE.]'lb. 3akiIo4acTcs B pa3pa60TKe MaTeMaTHYECKOM MOJCIN U COOTBETCTBYIOIIETO el MIPpOrpaMMHOI'0 KOMITJIEKCa MIporecca BBaHMOHeﬁCTBHﬂ
CBEPXBBICOKOYAaCTOTHBIX BOJIH C 3HeKTp0HHO-I[LIp0‘IHOﬁ I1a3MOM B aKTHUBHON oOJiacTH TIOJTYIIPOBOTHUKOBBIX KOMMYTHUPYIOIIUX ITOBEPXHOCTHO-
OPHEHTHUPOBAHHBIX UHTETPAIBHBIX P-I-N-CTPYKTYP C KOHTAKTAMHU JICHTOYHOTO THIIA JUIsl POBEICHUS IPOLEIYPbl ONTUMHU3ALMU (POPMBI U TEOMETPHU-
YECKUX pasMEpoOB aKTHBHOM 001aCTH.

MeTtoa. OcHoBHas Hjes pa3pabOTaHHOrO AJITOPUTMA — IIPUMEHEHHE METO/1a KOH(POPMHBIX OTOOPaKESHHIA /IS TPUBEICHUS (PU3UIECKOI 00acTn
3aJ]a4 K KaHOHWYECKOMY BHJY C MOCIIEIYIOIIUM PEIICHHEM Ha JaHHOH 00JacTH BHYTPEHHMX KPAeBbIX 33/1a4 JUIl YpPaBHEHHs aMOUMONSPHON aug-
(1]}’31/[1/1 1 BOJIHOBOT'O YpPaBHCHHSA YHUCIICHHO-aHAJIUTHYECKUMU METOJaMU (PICHOJ'IIBOB&H METOJ KOHCYHBIX pa3HOCTeﬁ, YacTHBIX O0yacTeil ¢ IIpUMEHE-
HHUEM NIPOCKIMOHHBIX TPAHUYHBIX yCJ'[OBPIﬁ, aHaJior MertoJa FanepKHHa). B ocHoBe ONTUMHU3ALUOHHOI'O aJITOPUTMaA JIC)KUT IIOOTAITHOE PEIICHUE (le/l
3aJJaHHbIX HA KaXX0M 3Tane (Gopme U reoMEeTpHYECKUM pa3MepaM aKTUBHOH 00JIacTH) CIEAYIOIIUX 3a]a4: HaXOJMUTCS PacyeTHas CEeTKa y3JIOB IS
(I)I/IBI/I‘ICCKI/IX obacreit 3a/la4yy, paCCYUTBIBACTCS paCpEACICHNE KOHIIEHTPAalnu HOCHTEIIEeH 3apsaa B AKTUBHOM 06J'IaCTI/I, BBIYHUCIIACTCA KOBd)(iJPIL[I/ICHT
nepeaavyy SHEPruu B HCCHGZ{yeMOI}’I CUCTEME, BXOZ[S[H_H/Iﬁ B HpeZ[JTO)I(eHHLIﬁ 0HTHMH3aHHOHHBIﬁ beHKI_U/IOHaJ'[. BKCTpeMaIIBHBIe 3HAYCHUS beHKI_II/IOHa-
Jia HaXOATCA METOAOM PaBHOMEPHOTO ITOUCKA.

Pe3ym,TaTl,1. HpeI[J'IO)KCHHaﬂ MaTeMaTu4CCKas MOJCIb U COOTBGTCTBy}OIlII/Iﬁ pe3yHBTaTHBHLIﬁ AJITOPUTM ONITUMHU3ALUU (IJOpMI)I " reomMeTpuic-
CKHX pa3MepoB aKTHUBHOH o0nactu (i-00JacTH) MHTETPabHBIX MMOBEPXHOCTHO-OPHEHTUPOBAHHBIX P-i-N-CTPYKTYp PACIIUPSET MHCTPYMEHTAIBHYIO
0a3y JU1sl IPOEKTUPOBAHUS MOJTYIIPOBOJHUKOBBIX CXEM CBEPXBBICOKUX YacTOT (aHanorun4usix, Hanpumep, CST MICROWAVE STUDIO).

BblBOleI. Pa3pa60TaH AJITOPUTM ONTUMH3ALIUN (IJOpMLI U TeOMETPUYIECCKHUX pasMEpPOB aKTMBHOU 00JacTu HUHTETPAJIBHBIX ITOBEPXHOCTHO-
OPUEHTUPOBAHHBIX p-i-n-CprKTyp C yFIIy6IIeHHI>IMI/I KOHTaKTaMH, NPEAHA3HAUYCHHBIX JII KOMMYTAllUX 3JIEKTPOMAarHUTHBIX CUTHAJIOB MUJIIIUMETPO-
BOTO JiMana3oHa. YHUBEPCAIbHOCTh ANIrOpUTMa 00ECIeynBaeTCsl MPUMEHEHHEM MeTOo/la KOH(OPMHBIX OTOOPaKEHHUH MPOCTPAHCTBEHHBIX 00IacTeil.
PaCCMOTpeH TIPpUMEP MPUMEHEHUS NMPEMIOKEHHOTO aJIrOpUTMa Il TIOMCKAa ONTUMAJIBHBIX Pa3sMEpOB KHI/IHOO6pﬁ3HLIX (B TOTIEPEYHOM pa3pese) KOH-
TAKTOB KPEMHHEBBIX CTPYKTYP.

KJUIFOYEBBIE CJIOBA: meton KOHGOPMHBIX OTOOpaXeHHI, ONTHMH3ALMS apaMeTpoB, polece aMOunoysipHol Auddy3un, BOIHOBOIT mpo-
LECC, KOMMYTATOP SJIEKTPOMArHUTHOTO MOJISI CBEPXBBICOKUX YaCTOT, p-i-n-CprKTypa.
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