\\
%

% " \ol. 10(2), 1-18, September (2022)

—

1 Research Journal of Mathematical and Statistical Sciences

ISSN 2320-6047
Res. J. Mathematical and Statistical Sci.

Optimization of a down conversion mixer circuit formation in a hetero
structure for increasing of elements density dependences of technological
process on porosity of the considered materials and stress, which was induced
by mismatch of lattice parameters

E.L. Pankratov
INizhny Novgorod State University, 23 Gagarin Avenue, Nizhny Novgorod, 603950, Russia
Nizhny Novgorod State Technical University, 24 Minin Street, Nizhny Novgorod, 603950, Russia
elp2004@mail.ru

Available online at: www.iscamaths.com , www.isca.in , www.isca.me
Received 18" July 2020, revised 7" October 2021, accepted 4" June 2022

Abstract

We consider an analytical approach to model mass and heat transport (with account nonlinearity) with time and space
varying parameters has been introduced. Using the approach leads to prediction of heat and mass transport framework a
heterostructure. The approach also gives a possibility do not use cross linking of solution on interfaces framework the
heterostructure. Based on the approach we analyzed possibility to increase field-effect heterotransistors density in a down
conversion mixer circuit. We obtain, that to increase the density of these transistors one shall manufacture them in a
heterostructure, which has appropriate composition. Some appropriate areas of the considered heterostructure must be
doped by using ion implantation or diffusion. After the doping it should be done of radiation defects annealing optimization,
generated during ion implantation, and infused dopant. We also obtained conditions to decrease mismatch-induced stress,

which was generated in layers of heterostructure.

Keywords: Down conversion mixer circuit, optimization of manufacturing, increasing of element integration rate.

Introduction

Currently several problems of modern electronics (one of them
is increasing of performance of diodes, bipolar transistors, field-
effect transistors; another one is increasing of their reliability;
the third problem is density increasing of integrated circuits
elements) are like billy-oh solving"®. The performance could be
increased by choosing of materials with as much as possible
charge carriers mobility values™. Dimensions of integrated
circuits elements could be decreased by using thin film
heterostructures for manufacturing of the considered integrated
circuits®>*. Using in homogeneity of the above heterostructures
with optimization of doping’® and improvement of epitaxial
technology™**® leads to decreasing of these dimensions and at
the same time to increase the performance®®. As an alternative
approaches, which could be used to decrease these dimensions,
one could be wused laser or microwave irradiation for

annealing™®™®,

In this paper we consider an approach of manufacturing of field-
effect transistors in thin film heterostructures, which leads to
decreasing of dimensions of the above transistors and increasing
of their density comprised a down conversion mixer circuit. We
also described decreasing of stress, which was induced by
mismatch of lattice parameters, in the considered
heterostructure. Framework the paper let us consider a
heterostructure. The heterostructure includes into itself an
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epitaxial layer and a substrate (Figure-1). Let us also consider
using of a buffer layer. The buffer layer presents between the
considered epitaxial layer and substrate. The consider epitaxial
layer includes into itself some sections. Different materials has
been used to manufacture by these sections. We consider two
types of doping of the above sections: by dopant diffusion and
by ion implantation. One can obtain conductivity type (p or n) in
these sections, which were required. After that the considered
sections could be used as gates, drains and sources (Figure-1).
Using these ways of manufacture of field-effect transistors
requires optimization of annealing of radiation defects and/or
dopant. Basic aim of this paper is prognosis of radiation defects
and dopant redistribution to determine conditions of decreasing
of dimensions of considered transistors framework of the
oscillator with simultaneous increasing of their density. We also
obtained condition for decreasing of mismatch-induced stress in
heterostructures. Simultaneous aim of the considered paper is
introduction of an analytical approach for prognosis of heat and
mass transport in the considered heterostructures during
manufacturing of the considered integrated circuit. During the
prognosis we take into account nonlinearity of considered
processes and mismatch-induced stress. The analytical approach
gives us a possibility to analyze heat and mass transport in the
heterostructures without stitching of solutions of considered
equations on all interfaces between layers of the considered
heterostructures. The analytical approach also leads to
possibility for taking into account any changing of considered
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processes parameters in time and space. Using of the approach
gives us a possibility to analyze manufacturing of the
considered integrated circuit in more details in comparison with
recently published works.
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Figure-1a: Considered mixer structure®®.
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Figure-1b: Considered heterostructure. View from side.

Analysis

We solve the considered aim first of all by calculation of dopant
concentration distribution in time and space in the
heterostructure, which has been considered in the previous
section. After that the distribution will be analyzed to formulate
the required conclusions. We calculate the distribution by
solving of the second law of Fick*%%,

oc(x,y,zt) {Dac(x,y,z,t)}r d {Dac(x,y,z,t)}r; {Dac(x,y,z,t)}_

ot ox ox oy oy oz
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ox| kT AR ayLkT T
+ 7 { Des M}_;_ o { Dcs 5ﬂz(x,y,z,t)}r a [ Des ﬂﬂz(x,y,z,t)}

ox|V kT ox Sy|VKT oy 21|V kT o1

Initial and boundary conditions for the dopant concentration
could be written as

dC(x,y,2,t) o oC(x,y,z,t) _0
oX 20 , ox x=Ly ,
aC(x,y,2,1) 0 oC(x,y,z,t) -0
oy |, oy o,
aC(x,y,2,t) 0
82 z=0 ,
M =0, C (x,y,z,0)=fc (X,y,2).
oz xel,

Concentration of dopant distribution has been described by
function C (x,y,z,t); volume of atom of considered dopant has

L
been described by symbol Q; integral jC(x, y,z,t)d Z describes
0

the surface dopant concentration near interface between layers
of the considered heterostructure (in this situation we consider
Z-axis as perpendicular to interface between layers of the
considered heterostructure); operator V; describes symbol of the
gradient on surface coordinates; function u (x,y,z,t) describes the
chemical potential, which we considering due to the presence of
stress, which was induced by mismatch of lattice parameters, in
the considered heterostructure; parameters D and Ds describe
coefficients of volumetric and surface diffusions, respectively.
Values of the above coefficients of diffusions depend on
properties of the considered heterostructure's materials,
materials heating and cooling speeds during annealing and
distribution of dopant concentration in space and time. We
approximate dependences of considered coefficients of
diffusions of dopant on considered parameters by relations,
which were presented bellow?*%.

R R ) e o

c’(x, y,z,t)}{nglv(x, v.2t)  V(x, y,z,t)} 2)

D, =D, (X, y,2,T) 1 =
s =Dg, (x,Y,2 ){ +&s P (x, v +6 (V*)Z

X y,z,T)
Functions D, (x,y,z,T) and D s(x,y,z,T) describe dependences of
dopant diffusion coefficients the spatial coordinates and
temperature of annealing; parameter T describes annealing
temperature; function P(x,y,z,T) describes dependence of the
limit of solubility of dopant the spatial coordinates and
temperature of annealing; parameter y depends on properties of
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materials framework considered heterostructure and is integer y
€[1,3] #; distribution of radiation vacancies concentration with
the equilibrium distribution V" described by function V (x,y,z,t).
Dependence of diffusion coefficient of dopant on dopant's
concentration was described in details?®*. Distributions of
concentration of point radiation defects in space and time were
calculated as solution of the following system of equations (the
first, the second and the third terms describe volumetric
diffusion of considered defects in directions, which correspond
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to spatial coordinates x, y and z; the fourth and the fifth terms
describe generation simplest complexes of point defects and
recombination of point defects, respectively; the six and the
sevens terms describe surface diffusion of dopant in directions,
which correspond to spatial coordinates x and y; the surface
diffusion of dopant presents near interface between layers of

heterostructure under influence of mismatch-induced stress)®®”
23,25,26

Mzi{a (x, y,z,T)M}+§y{D, (, y,z,T)W}—k,_,(x, yv,2,T) 1%(x,y,2,t)+

ot X X

y

L

~

+%{D, (x,, zT)M} +Qi{ﬁvsy (x,Y, z,t)g I (x, y,W,t)dW} Ky (%Y, 2, T)(%,y, 2,V (X, y,2,t)+

oz ox| kT

+—| = —
OX|V KT oX oy|V KT oy

0 |: D|s G,uz(x,y,z,t)}_ 0 |: D|3 8#2(X,y,z,t):|+
oz

+ﬁ—y{D\,(x,y,z,T

V kT 0z

i|: Dis a/lz(X,y,Z,t):| ©)

)av (x,y,2,t)

2]k V)

L,

Qi{hvsy (% y,2,1) [V (x, y,W,t)dW} —k v (% v,z T)I(x,y, 2,t)V (x,y,2,t)+

0

oV (xy,zt) 2 oV (xyzt)| @2
R VP Sl T) —~ %"
ot ax[mx’y’z’ ) OX
+ 2 D, (x sz)—aV(X’y’Z’t) +
oz o oz ox| kT
+i D/S ayz(x,y,z,t) +i DVS ayz(X,y,Z,t) +
ox| VKT oX dy| VKT oy

with boundary and initial conditions

oz

V kT 07

i[ Dys au(x, yiz,t)}

al(xyzt) _, dllxyzt) _, 2lxy.zt) _o 21(x,y,2,t) o 21(x,y,z,t) o
IX o X v, ay y-0 oy y-L, oz 0

21(x,y,z,t) _o 9V xy.zt) _, ovVixy.zt) _o 9V (xy.zt) _, ovVixy.zt) 0
o1 L X o X L, oy y-0 oy L,

Nyt o Viyzt) g VGVt Y, 4Vt 2 V)=V 14 —222 |, @)
a z z=0 a z z=L, kT VX]_Z + yl2 + z12

I (x,y,2,0) =f, (X,y,2), V (x,y,2,0) =fy (X,y,2).

Distribution of radiation interstitials concentration with the equilibrium distribution 1™ described by function I (x,y,z,t); functions
Di(x,y,z,T), Dy(X,y,2,T), Dis(x,y,z,T), Dys(x,y,z,T) describe dependences of coefficients of volumetric and surface diffusions of
interstitials and vacancies on spatial coordinates and temperature; quadric terms V2(x,y,z,t) and 1%(x,y,z,t) of Equation (3) gives a
possibility to take into account generation of diinterstitials and divacancies, respectively®; functions k;v(x,y,z,T), k,(x,y,z,T) and
kv v(X,y,z,T) describe dependences of recombination parameters of radiation point defects and of their simplest complexes
generation on spatial coordinates and temperature; parameter o is equal to the third degree of the interatomic distance a; parameter
¢ describes the specific energy of surface. To take into account porosity of material of the considered buffer layers we consider

approximately cylindrical porous with average size r=./x?+y? and z, before starting of annealing®. Small pores decomposing on
several vacancies during annealing. The obtained vacancies absorbing by pores with larger size?’. In this situation volume of large
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pores increases by absorbing of the considered vacancies and at the same time became more spherical?’. Distribution of vacancies

concentration in a heterostructure, which existing due to considered porosity, could be determined as a sum on all pores:

V(x,y,z,t)=lziivp(x+ia,y+jﬂ,z+k;(,t), R=yX*+y*+2%.

i=0 j=0k=0
Parameters a, B and y describe the averaged distances between centers of considered pores in all directions, which correspond to
spatial coordinates x, y and z, respectively; parameters |, m and n describe quantities of pores in the considered directions.
Distributions of concentrations of diinterstitials ®,(x,y,z,t) and divacancies ®y(x,y,z,t) will be calculated as solution of equations,
which are presented bellow®%.

2D, (x,y,z,t 17 20 (X,Y,2,t 17 IZONVRTA
—I(é’ty ):E{DQ'(X’Y'Z’T)—I(O"X)/ ):|+0,’—y{D®.(XIY!Z’T) I(O,,yy ):|+k|'|(x,y,z,T)Iz(x,y,Z,t)+

oz ox| kT 0

o |:Dq)|s L } 0 |:Dq>|s ayz(x,y,z,t)}ri{ Dy s é’yz(x,y,z,t)}r

+%|:ch| (X, Y, Z,T)é’q)l (X, Y, Z,t)_:|+k| (x, Y, Z,T)l (X, Y, Z,t)+Qi|: Dcp|5 Vs,ul(x, Y, Z,t)l__l'z(l)I (x, y,W’t)dw:|+

+Q— Vo (X, y,2,8) [D, (X y,W,t)dW |+ —| = —
ay| kT sty )g (W) ox|VKT  ox oy|VKkT oy
+i PCDIS a/uz(x’ylz’t) (5)
oz|V kT 0z

oD, (X,Y,2,t 17 od,(x,y,z,t 17 oD, (X, y,z2,t
—V(ﬁty )=5{D4>V(X,V,Z,T)—V(O,Jx—y ):|+0,7—y|:D<DV(X1va'T) V(ayy ):|+kv,V(X7y7Z’T)V2(X’y’Z’t)+

L,

D
{ N Vo (x,y,2,t) [@y (X, y,W,t)dW}+

+i{Dq,V (x,y, zT)M} +k, (%, y, 2TV (x,y, z,t)+Qi

0z 01 ox| kT 0
0 D(D S Lz 0 Dq) s a/.l (X,y,Z,t) 0 qu s 6,u (X,y,Z,t)
Q—|—2V Y, 2,0) [ D (X, Y, W, ) dW |+ —| = 2 —| = 2
" ay[ 7 Vealen 2t [0y Wy }ax{v kT ox | oy|lVkT oy |
2 [Dus cusliuyz)
oz|V kT oz
with initial condition and boundary conditions
o0, (x,y,z,t)| 0 21(x,y,z,t)| _0 1(x,y,2,t) 0 a1(x,y,z,t) 0 oD, (x,y,z,t) 0
X |x:0 , X x=Ly ’ 2 y y=0 ’ 2 y y=Ly 7 X z=0 7
A1(x,y,2,t) _o 9% (x,y,2,t) o oV (x,y,z,t) 0 oV (x,y,z,t) AV (x,y,2,t) 0
oz | ’ ox - X L ’ 2y |, ’ oy . :
oVvixy,zt oo, (X,y,z,t
% -0, % =0, B, (xY.2.0)=far (xy2), Dy (xy,20)=Fov (xy.2). (6)
z=0 z=L,

Dependences Dg,(X,Y,2,T), Dov(X,y,2,T), Dais(X,y,z,T) and Deys(X,Y,z,T) describe surficial and volumetric diffusion coefficients of
simplest radiation defects complexes on spatial coordinates and temperature. Dependences ki (x,y,z, T) and ky(X,y,z,T) describe
dependences of the parameters of decay of simplest complexes of radiation defects on coordinates and temperature. Function p in
Equation (1) describes chemical potential. The function could be written as 20

n =E(2)Qo;; [u;(x,y.z,0)+u;i(x,y,z,0)]/2. )
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Here function E(z) describes dependences of Young modulus on coordinate; value o describes stress tensor; value

u, == —

b2\ ox, ox
u,(x,y,z,t) of the displacement vector U(x, Y, z,t) on coordinates and time; parameters X;, x; describe coordinate X, y, z. The Equation
(7) could be transform to the following form

- ou.
1[6u, +—‘J describes deformation tensor; describe uj, u; describes dependences of components ux(x,y,z,t), uy(x,y,zt) and

x y,z,t):l{au‘(x’ y.2.1) auj(X,y.Z,t):Hl|:6ui(X, y.2.0)  ouj(x, y,z,t)}r o(2)s; {auk(x, y,z,t)_sgo}_

2| ox ox 2| ox % 1-20(z)]  ox
~ &0 ~K(2)BE)T (x y.2.t)-T,]5; | QE(2).

Here parameter o describes coefficient of Poisson; parameter & = (as-ag )/ag. describes mismatch parameter; parameters ag, and a,
describe lattice distances of the considered epitaxial layer and substrate; parameter K describes uniform compression modulus;
parameter S describes thermal expansion coefficient; parameter T, describes temperature of the equilibrium state. The temperature
coincide with room temperature for our case. Components of the considered displacement vector could be calculated as solution of
the next systems of equations®*

2
P (Z)a ux(szy’ Z,t) — aO-xx(xl y'Z't) + 6O-XY(X’ y’Z't)+ asz(xl Y, Z't)
ot oX oy oz
, (z)azuy(x, y,z,t) _ 0o, (xy,2,1) . 0o,,(xy,2,t) . 00,(xy,2,1)
ot? Ox oy 0z
2
, (Z)a uz(x,zy, 2t) _do,(xy.2,t) . 0o, (xy,2,t) , 99, (x,y,z,t)
ot oX oy oz

Here o, — E(z) l:aui(x,y,z,t)Jr ou(x y,zt) & au(x, y,z,t)}r K (2)s. xw—ﬂ(z)ﬁ(x,y,z,t)—t]x <K (2).

2l+o(2)]]  ox ox 3 0x ' dx

Function p (z) describes spatial distribution of density of materials of the considered heterostructure; parameter ¢; describes the
symbol of Kronecker. Account of the relation for o the previous system of equation could be considered in the present form

p(z)azux(x,y,z,t):{K(Z)+ 5E(2) }azux(x,y,z,t)Jr{K(z)_3[1E(z) }azuy(X,y,Z,t)Jr E(z)

k

ot? 6[1+0(2)] ox* +o(z)]] oxoy 2[1+(7(z)]><
o’u,(x,y,zt) 2%u,(xy,z, z 2, (%, y, 2, X,Y,Z,
) { ayZ i : (622/ t):l-i-{K(Z)— 3[15(022)]}6 6(x6yz t) - K(Z)'B(Z)aT (a))(/ t)

Fubya) R [Fubyn) fulbet] oo oThoat) o2
plz) ot? " 2h+o(2)] o | oxdy K@)s) oy +K() oxoy

X a{ E(2) {6uy(x,y,z,t)+auz(x,y,z,t)}}Jr{K(Z)_G[lE(z) }62uy(x,y,z,t)+62uy(xly,z,t)x(8)

0z |2[l+0(2)] oz dy +o(z)]] oyoz ay*

X{L(Z)m(z)}

1211+ 0 (z)]

p(z\az u,(x,y,z,t) E(z) )]{azuz(x, y,z,t) .\ o%u, (x, y,z,t)+ o%u,(x,y,z,t) . u, (x, y,z,t)} N

T at? 2+ o ox? oy? X017 oyoz

0z

ol eran, 200a), putigad] i riesas,

+_
OX oy oz 0z

International Science Community Association



Research Journal of Mathematical and Statistical Sciences

ISSN 2320-6047

Vol. 10(2), 1-18, September (2022)

10

Res. J. Mathematical and Statistical Sci.

6],

60z 0z 0X

ay

g

0z

ou,(xy.zt) au(xy.zt) ou(xy.zt) au(xy, z,t)}}.

1+ O'(Z)
Conditions for the obtained system of Equation (8) could be written as

du(xy,z,t) o ai(x,y,z,t) o du(xy,zt) Y ai(x,y,z,t) o
ox x=0 ox x=Ly 0 y y=0 0 y x=Ly
Wz_ozo, WHZ =0; G(x,y,2,0)=0,; d(x,y,z,0)=0,.

We calculate distributions of dopant and radiation defects concentrations in time and space as solution of the considered Equation
(1), Equation (3) and Equation (5) by using standard method of function corrections averaging®. Before solving of the considered
equations let us transform them to the following forms

oc(xy.zt) o Dac(x,y,z,t) A D@C(x,y,z,t) L0 DGC(x,y,z,t) a Des & 1%, y,2,t) + (1a)
ot X dx dy dy oz oz x| VKT ox

4+ 0| Bes dmlxyzt)| 2| Bes & m(xyzt) +Qi D5 Vot (x, yzt)IC(x YW, t)dW |+

ayIVKkT oy | azZ|VKkT oz PR

+Q%L(D—T s (%, y,2, t)f (x,y,W,t)dW}r f.(x,y,2)5(t)

ol(xy.zt) 2 olxy.zt)| o ol(xy.zt)| 2 a1(x,y,z,t)

— _aX{D,(x,y,z,T)—ax +5y D,(x,y,z,T)—ﬁy t— D,(x,y,z,T)—ﬁZ +

+Qaa {ij'll? Vo (x,y,z t)LjI (x, y,W,t)dW}+Q%{%VSM(x,y,z,t)LOfI (, y,W,t)dW}+ f(xy,2)s(t)-

—k (Y, 2T (x v, 2,0) =k, o (6, Y, 2T (X, Y, 2,0V (%, y, 2,0)+ £, (%, y,2)8(t) (3a)

Nxyzt) o Nxyzt)] o NV (xy.zt)| 2 oV (x,y,z,t)
ot _ax[DV(X’y’Z’T) Ox +ay_DV(X’y’Z’T) oy "oz D, (x.y.2.7) o1 "

+Qa {DVS Vg (%, y,z,t)j (x, y,W, t)dw}+§2% Ds =BV (x, y,z,t)j (x,y,.W, t)dW}+ f, (x,y,2)5(t)-

—ky v (% Y, 2TV (X, y, 2,) =K,y (%, Y, 2 T)1 (X, Y, 2,V (X, y, 2,8)+ , (%, y,2)S(t)

ox| kT kT

o®,(x,y,zt) 2 oo, (x,y,zt)] o o,(x,y,z,t)| 2 2D, (x,y,2,t)

CORNBY €D, (xy,2,T) XN DY @D (xy,7,T) SN 2Y L F g (x,y,7,T) SN0
ot ﬁx{ o (%3.2.T) ox +ﬂy_ b (%3.2.7) oy T o1 o (6 %:2T) oz ’
d {Dm.s

Vg (x, y,z,t)j (X, YW, t)dW}+Qaay{D si(x,y,2 t)j (x,y,W,t)dW}+ fy, (X, y,2)5(t)+

D, D,
L 0] Das A1, (%, y,2,1) 0 [ Days A1, (%,y,2, t) Do,s d1(%,y,2,t) k(9.2 T) (kY. 2.8)+
OX|V KT oX oy| VKT oy 2z|VKT 0z
+k (% y,2T)1%(x,y,2,t) (5a)
oD, (x,y,zt) 2 oo, (x,y,zt)] o oo, (xy,zt)| & o, (x,y,2,t)
oYY _ 2 g g M ALCR L1 R ) 7)Y, < g 7)Y 20
ot 5x{ b, (3.27) Ox +ﬁy_ by (.32.7) oy " o1 by (%.3.2.7) o1 i
02 Dq’VSV M(x,y,z,t)LfCDV(x,y,W,t)dW 0l D‘DVSV M(x,y,z,t)LfCDV(x,y,W,t)dW + 1, (%y,2)8(t)+
ox| kT °° 0 oy| kT °° 0 v
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L9 Do, s 0u,(x, Y'Zt) 0 | Doys O 1,(x,y, 2,t) L0 Doy s om,(x,y,2,t) ok, (6 Y 2TV (% v, 2,t)+
ox| VKT OX é’y V kT oy 0z|V kKT oz

+kyy (%, T)V(x,y,2,1).

Using these forms gives a possibility to account distributions of the required concentrations at initial moment of time. Now let us
replace the considered concentrations in right sides of the above Equation (1a), Equation (3a) and Equation (5a) on their average
values o, which are not yet known. The replacement gives a possibility to obtain equations to determine the first-order
approximations of the considered concentrations

oC,(x,y,z,t 0 D
%za&g}a{ T Ve (x, y,z,t)}+alcQa—y{zﬁVS,ul(x,y,z,t)}+fc(x,y,z)é(t)+
L9 Des 2 m(xy.2.t) L9 Des 2 m(xy.2.1) i Des 8 w,(x.y,2,t) (1b)
Ox| VKT ox Ay|VkT oy Az|V kT oz
alxy,zt oD 0 |_Dg
%Z%JQG_{ k'llf Vsu (X y7z7t):|+alIQay|: KT —BVu (X y’z’t):|_allalvkl,v (X! y!Z!T)+ f, (X, y,z)é(t)+
L9 Dis du,(xy,z,t) L9 _Dls o 1,(x,y,2,t) L0 _Dls om,(%,y,2,t) _a2k, (xy.zT)  (30)
ax V kT oX oy|V kT oy 0z|V kT oz '
oVvi(x,y,z,t
% a, Q—{E‘_’Fvsy (x,y,2, t)}+a1\,§28y{ E‘_’I_Svsy(x y,zt)}—al,al\,k,,\,(x,y,z,T)Jr f, (x,y,2)x
Dys afuz(x y’Zt) B s ayz(x,y,z,t) d | Bs ayz(x,y,z,t) 2
f, (x,y, — —| = - Y,2,T
<& (y.2)+ {v kT oX ay V kT dy "oz VKT oz aky(xy.2T)
oDy (x,y,2,t) oD oD 0 | Do,s 0, y,zt)
ORI 0 | S 2 e, 10| SVl |1 T e O
0 Oy (%, Y, 2,t 0 | Do;s 0u(x,y,2,t
ay{v dI:'IS' ﬂZ(a; )}FE{VII;; ﬂZ(é’zy ):|+k| (%Y, 2,T)1(xy,2,t)+k, ,(x,y,2,T)1%(x,y,2,t)+
+ fo, (6 ,2) 5(t) (5b)
é)q)lv(XJ/aZ’t) 9 | Days 0 Dmvs 6 Dy, s 6#2(X y,z,t)
OB _ 0l | Dy o
ot %0, 207 ST Vol y2.) | + i, 2 oy| kT Vs, 2 |+ S T o

6y V kT oy oz|V kT oz

+fp, (X, ¥,2) 5 (t).

Now let us integrate left side and side right of Equation (1b), Equation (3b) and Equation (5b) on time gives. The integration gives
us possibility to obtain equations to determine the considered approximation in the next form

L0 { oys (% y’z’t)}+i{?‘bvs a'uZ(X’y’Z"[)}+kv(x, Y, 2TV (% y,z,t)+k,y (X v,2,T)VA(x,y,2,t)+

ot z # V(X Y,z VZ(x, Y,z
Cl(x,y,z,t):alcQagDSL(x,y,z,T)ﬁ{1+%}|:1+g1 (Vy* T)+g2 ((Vy)2 T)}VSM(x,y,z,r)err

Esae }l:“glv (x,y,2,7) s V2(x,y, z,r):l

S,LLl(X Y, 2z, r)dr+—j

ot z
+0,.Q— (D¢, (X, ¥,2,T)— |1+
Qe ayg SL( y )kT{

P7(x,y,2,T) A Y T
x—a’%(x’y’z’r)dr+£} Des a”Z(X’y’Z’T)dr d } cs a'uZ(x’y'z’T)dzw fo(x,y,2) (1c)
O X A2yoV KT oy O7oV kT oz
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D
L(x,y,z,t)= al,zQ j VSM(X Y, 2, r)dr+a1,zQ j VSM(X Y.z, T)dZ'+ j_ s Op(X,y.2, t)d +
XoV kT oX

ot D|s aﬂz(x v, z, t) ot D|s G,uz(x,y,z,t) 2 t

— — dr- ki (x,y,2,T)dz— kivix,y,z,T)dr+

6y£VkT oy 6Z£VkT oz ’ a“£ Y,z T)de a“alvg why,2T)de
+ 1, (x,y,2) (3¢)

o tD, o tD, atms A 1,(%,y,2,t)

Vi(x,y,2,t)=0, 20— [ BV (X, Yy, 2, 7)d 7+, 2Q— [ 25V 11 (X, Y, Z, — 2 dr+
1( y ) Qy axg KT SM( y T) Ttaoy 6y£ KT s/ﬁ( y T) 6 £V KT ox T

0t Dys opy(xy,z,t 0t Dys ou(xy,zt t t
a_yg\kar ﬂZ(a; )dr+5£\7kﬁr #Z(GZy )dr—aﬁ,gk\,vv(x,y,z,T)dr—al,al\,gk,vv(x,y,z,T)dr+
+fv(XvYa )
D,
@, (x,y,2,t)= amle—j CD_I'_S V(% Y, 2, T)df+0!1@|ZQaa } kCDTls Vem(xy.z,t)dz+ 1, (xy,2)+
D,
o 0 ¢ Duss auz(X.y,z,r)dHi}_q).s auz(x,y,z.f)dﬁi}_‘bls aﬂZ(X'y’Z’r)dz-+}k,(x,y,z,T)I(x,y,z,r)dr+
XoV KT oX oyoV kT oy 0zoV KT oz 0
+[k,v|(x, Yy 2T)?(x y,z,7)d o+, (% y,2) (5c)
0
t D
@, (x,y,2,t)= awsz—j k?s V(% y,2, r)dr+am,sz 9] j k‘D_IV_S V(X y.z,7)dz+ f, (X y,2)+
D,
axIViv; 6ﬂ2();y’z’f)d r+i} S 0 (% y’Z’T)d r+i} S a’uz(x'y’Z'T)dr+}k\,(x, v, 2TV (xy,z,7)d 7+
0 X oyoV kT oy 0zoV KT 0z 0

+jk\,vv(x, y.2TIV?(x y,z,7)d 7+ f,, (x,y.2).
0

Considered averaged values of the above approximations of radiation defects and dopant concentrations were calculated by the next
standard formula®

L Ly L,

L Y51 ipxy.zt)dzd yd xdt. ©)

.
YT OLLL

(©]
—
x—ybz 0

Accounting of the above relation (1c), relation (3c) and relation (5¢) into the relation (9) leads to the next results

LlyL, 2 O B+®2LLL
Qc = L ijjfc(xly,z)dZdde'an: w_‘l B+ % oy 2 —a3+A,
LXLyLZ 000 434 a, 4a4
1 ® LKyl
ay = — ][ (X, sz)d zdyd X—0, 5,0 —OLLL, |.
Sioo | Gy 000
L

Here Sppij = £(®_t)£ £ ,([kp,p(x’ y,z,T)Ili(x, y,Z,t)Vlj(X, y,z,t)d zd yd xdt, a, :Suoo(slzvoo _Suoosvvoo) a; = S|v00+

-

Lyby L x by Ly

+SivaoSio0 ~ SnooSwoo 8 = SiooSivoo g J(; g fy (X, Y, Z)d 2d yd X +25,y00S00 £ g £f| (X! Y, Z) dzdydx+S,,40OL; x

x
~
-
-

Ly L, L

g gf,(x,y,z)dzd ydx, a, =S4

<

o—"

Ly
X Lf,l_2 @Lz L2 Lzs\/voo _SIZVOO I

X~y =z

2
f,(x,y,z)d zd ydx} , B:%H\/ q2+p3—q—3\/\/q2+p3+q =
4

2
f (x,y,z)dzd ydx, A:J8y+®2%—4®ﬁ,

4 a,

©%a aa,
> aiz (480 —G)LXLyLZ a—J—

4

o—
o—.

Ly Ly

3 = Syvoo i b[

x

o—
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_a®’ (4@612 o agJ s e oal _ .433,-0LLLaa 0

: a, ) 54a 8al ' 12a’ 18a, '
R, Sii2 1 Lhb
Qg = + f, (X,y,z)dzd ydx,
e, eLLl, LLL, ({H o (x%:2) Y
Ry Swv20 1 LYhb
a + fo. (X,y,2)dzd ydx.
oy = eLLL, eLLLl, LLL, £££ o, (%.9,2) y
LxL‘/Lz

Here R, = [(©—t k (xy,zT)L(x y,zt)dzd yd xdt.
! 0 000 l !

Now we calculate approximations with the second and higher orders of the considered concentrations by using recently considered
iterative procedure of the above approach of function corrections averaging®. Based on the procedure we calculate approximations
with the n-th order of the above concentrations by replacement of the considered concentrations in the Eq. (1c), Eq. (3c), Eq. (5¢)
on the standard sum an,*pna(X,y,2,t). This replacement gives a possibility to obtain equations for calculations of the approximations
with the second-order of radiation defects and dopant concentrations in the following form

6C2(x,y,z,t):%{DL(X,%Z,T){“?[%C+C1(x,y,z,t)]7H:1+g1V(x, y,z,t)+g V2(x, y,z,t)}acl(x,y,z,t)}r

ot P’(x,y,2,T) v’ i dX

+%(DL(x,y,z,T){l+§[azc +Cl(x,y,z,t)]’}{l+glv(x, )i,z,t)+gzv2(x, y,z,t)}acl(x,y,z,t)}r

P"(x,y,2,T) v 6/*)2 oy

+%[DL(x,y,Z,T){1+§[a2C +C1(x,y,z,t)]’}{l+glv(x, y*,z,t)+g2V2(X, y,z,t)}ﬁq(x, y,z,t)}r £ (%, y,2)5(t)+

P"(x,y,2,T) v (\/*)2 a7
0| Dos 0 wy(x.y.2.t) L9 Des 2 (% y,2,t) +2 Des 2 (% y,2,t) N
x| VKT ox Ay|VkT oy Az|V KT o1

+Q§{E—T sta(x .2, t)![azc+c(x W, t)]dW}+Q%{% st(x.y.2 t)I[azc+C(X A t)]dW} (1d)

é’lz(x,y,z,t):i{Dl(x, y,z,T)é)Il(X’ y,z,t)}raiy{[)l (X,y,Z,T)o”Il(x,y,z,t)}r%{Dl (X!y’Z,T)ﬁll(x,y,z,t)}_

ot O X OX oy oz
-k, |(X: Ys Z'T)[all +1 (X, Y th)]z -k V(Xv Y ZvT)[au +1 (X’ Y, Z,t)][alv +V1(X, Ys Z:t)]+

Lol {EITS Vu (%,y,2, t)I[az. +1,(x, y,W, t)]dW}—i—Qaay{Dﬁ Vo u (x,y,z,t)Lf[az, +1,(x, y,W,t)]dW}+

kKT
L0 o4 D, a”Z(X’y’Z’t)erri}P's 6’/12(x,y,z,t)dTJr ot AL Dis du(x, y,zt)d 3d)
6XOV kT oX oyoV kT oy ozoV kT oz
oV, (x,y,2,t) 2 oN(xy,z,t)| 2 oNV(xy,zt)| @ AV, (x,y,z,t)
CHRWYLY_ 7 g EAAABALILI) N g AP ALIL ) IR g AAPILI N
ot axh(x’y’z’ ) ox +0”y B, (xy.2T) oy r B, (xy.2T) oz

L (X, va'T)[alv +V, (X’ Ys Z:t)]z —kKiy (X, YaZ!T)[au +1 (X: Y!Z’t)][alv +V, (X, y,z,t)]+

+Qa {DVS Vsu (X yl,t)f[azv +V(X y.W, t)]dW}+Qay{q,S Vsu (X Y,z t)j[azv +V(X y.W, t)]dW}

kT kT
05 Bs aplxyzt)y 0k Bus aplxyizt)y 08 Dus dulyzt)y
OxoV kT OX oyoV KT oy 0zoV kT 0z
oD, (x,y,zt) @2 o, (xy,zt)| & v, (xy,zt)| 2 o, (xy,2,t)
it TR ALV S 5 g i TR ALIL7 L 5 g i AR ALY LS Y T\ s
ot ox b, (%,3,2T) ox +ay b, (%,3,2T) ay T b, (%,3,27) o1 i
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L

D
25 v (x,y, Z't)g[am), +@,(x, y,W,t)] dW}+

~

D,
+Qi{ 20 vou (x,y,2,t) j[aml + @, (x, y,W,t ]dW}+Q 0 {
oy

kT kT
+kiy (%Y, 2Ty, 2,0)+ K (%, Y, 2 T) L%y, 2,t)+ o, (X, y,2)8(t) (5d)
ﬁq)zv(x,y,z,t):i b T oy, (x,y,2,t) 21p T oy, (x,y,2,t) 21 T oDy (x,y,2,t)
ot ox b, (x%,2.T) ox +0”y b, (x%,2.T) oy " b, (x%,2.T) o1 i

0l D‘DVsV,u(xyzt)Lf[a + @y, (x th)]dW +0-2 [ Dos ,u(xyzt)Lj[a + Dy, (x th)]dW +
ox | kT ST gpbreey AR aykTs v T AR

+ kv,v (x, Y, z,T)VZ(x, y, z,t)+ kv(x, Y, z,T)V (x, Y, z,t)+ fcpV (x, Y, z)é‘(t).

Now we will integrate the left side and the right side of the above Eq. (1d), Eq. (3d) and Eq. (5d). The result of integration gives a
possibility to calculate the approximations with the second-order of radiation defects and dopant concentrations in the next form

*

C(x, y,z,t)=%}DL(x, y,Z’T>{1+§[a2C+Cl(x,y,z,r)]’H:1 . V(x,y,2, T)+g (x y z, 1)}60 (XY, Z’T)dr+

0 P"(x,y,z,T) % dX
+£}DL(x,y,z,T){l+§[a2°+C X,Y,2,7) H xy2r xer}a xy2r
0Yo P’xsz
+%EDL(X,y,z,T){1+§[achti;Z;TYH XyZT g Xer aCleZTdr+fc(x,y,z)+
LZ
—I—Vsy (x,y,z r)j[azc+C(x YW, r)]der+Q—j— (x ,2,7) [[ete +Cy(X, y.W,7)| dW d 7 +
0
L0 Des & 1(x,y,2,t) i Des & 1,(x,y,2,t) i Des 2 w,(x,y,2,t) (10)
Ox| VKT ox Ay|VkT oy Az|VkT oz
10y 2= 20y 2T L2 g L (a2 T2y )Ty

L,

+Qa—jk—_'|f'vs,u(x Y, 2 r)_[[a2| +1,(x, y,W, r)]der+Q—jiVS,u(x Y, 2 r)j[a2| +1,(x,y,W,z)]dWdz—

—:{k,',(x, v.2.T) ey + (%, y,2,7)fd r—jk,,\, (xy,2.T)[ay + L (XY, 2,7)[ ety +Vi(X,y, 2, 7)]d T + £, (X, y,2)+

L9 ] Dis ﬁyz(xyzt) 2 [ Dis o”,uz(xyzt) 0| Dis 2 y(x.y.z2.t) 30)
Ox| VKT ox ay V kT oy "oz KT o1

N(xy.zz) Ot OV (x,y,2,7)
— dr+é’ygq/(x, y,z,T)—é’y

OV, (x, y,z,r)dr+
o

Vz(x,y,z,t)zﬂia,(x,y,z,T) dr+é%iDg,(x,y,z,T)

LZ LZ
+Q£}%V3y (%, v,2,7) [[ap, +Vi(x, y.W,7)]dW d 7 + Qiiﬁvsy (x,y,2,7) [y +Vy(x, y.W,7)| dWd 7 -
OXo kT 0 OYyo kT 0

t t
_ikv,v(xv vavT)[azv +V1(X, y,z,r)]zd T_gkl,v(xa Y:Z’T)[azl + |1(X, YvZ’T)][azv +V1(X, vavT)]d r+ 1, (X: y,z)+
+i Bs o”yz(x,y,z,t) +i B s o",uz(X,y,Z,t) +£ B s é’ﬂz(x’y’z’t)

Ax| VKT ox Ay|VkT oy Az|VkT oz

oD, (X’ y’Z’T) oD, (X, y,z,r)
IX

ot ot
®2|(X,y,Z,t)=5£D¢)I(X,y,Z,T) dT+a_y£Dd)|(X1 y,Z,T) dr+ fc[), (X,y,Z)+
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D L
+§}D®I (K%Z,T)Md r+Qaii 28 v (x, )/,Z,T)j[oczcDI + @, (x, y,W,T)]deT-i-
Zo X 0

o kT

+Qi} Do,s
OXo kT

Ve (x,, z,z-)Lf[ozzq,I + @y, (x, y,W,r)] dWdrz+ }k,', (xy,z,T)1%(x,y,z,7)dz —}k, (x,y,2,T)x
0 0

0

y |(x,y,z,r)dr+i}D‘D'5 ﬁ,uz(x,y,z,z')dﬂ_i} Dy, s ayz(x,y,z,r)ng}Dcp.s (% y.2.7) (56)

OxoV KT dX dyoV kT dy dzoV kT 0z
Iz D, (X Y,2, 2 oD, (X Y,2,
@, (X, y,z,t)=5£D¢V (, y,z,T)%d T+0”_yJ(;D®V (x, y,z,T)lV(ﬁ—ny)dr+ fo, (X.y,2)+
ot od,,(x,y,2,7) 0 tDyys '
+52£D®V(x,y,z,T)—az dr+96x£ = Vsy(x,y,z,r)(j)[azmv +cI)1V(x,y,W,r)]der+

D, L
+Q%} k‘D_lv_S Ve (X, z,z-)j[azq)v + @y, (x, y,W,z-)]dW d T+}kv,v (x,v,2,TIV?(x,y,2,7)d r—}kv(x, y,2,T) x
0 0 0 0

tD t D tD
xV(X.y,Z,r)dr+iI v a'HZ(X'y’Z’T)dr+iI 0 a'UZ(X'y’Z’T)dr+iI v a'uZ(X'y'Z’T)dr
OXoV kT OX oyoV kT oy 0zoV kT 0z

We determine the averaged values of the considered approximations by applying the next recently considered relation 28
1 oLty L,

L
a,, =m£ ({ ({ g[pz(x, y,z,t)-p(xy,2,t)]dzd yd xdt. (10)

Accounting of the obtained relation (1e), relation (3e), relation (5e) into the above relation (10) leads to the following relations of
required averaged values o,

(b3+E)2_4 F+®a3F+®2LXLyLZb1 _b,+E
4b; b, 4b,

_ C, _azzvsvvoo —Qyy (stvm +Siv1o +®LxLyLz)_ Svvoz =S

Sior + %y Siyoo

02c=0, 0o1=0, 0opy=0, =J

21

SZ Q2 S
Here b, = o3y~ S , by =_M(ZS\IVOI+SIV1O+®LXLYLZ)+ (S|v01+28||10+S|v01+®|-><Ly|-z)S@I)\;-00 g

eLL,L, eLL,L, }
Sy 2801+ S TOLLL,  Sf4S _ ShooSy
R Sy G — R by = S S + S+ Gy~ (S~ 2Ser +OL L L +

L \25\/\/01+®LXLyLZ + Sy + C|S|2\/00
L) 2/2122
eL,L,L, oL L L

Xy =z

" EVLOliV\II_OO (®LxLyLz +28)0 + S|v01)+ SIvOO(SIVOI +2Sy30 + 28y +OL, L

Xy =z

Sh SvaeS Swi1+ Swas +Cy S
_ﬁ(cv _S\/VOZ_SIVM)_ZSIVlOﬁ’ bl:SIIOO%(ZS\/VM_’_SIVN+®LxLyLz)+$LoylLZX

Xy —z Xy "~z

S, S2 —S,,—S
x (OL,L,L, +2S,10 + Swor)J2Swor + Swio +®LXLYLZ)—ﬁ_sNOO%@sW +28,0+OLL L, )+

Xy —z
Swoo + Swae) \Cv —Swee =S C, —Swe =S
+2C|S|vooslv01v bo = Suoo(lml—m_slvm(@LxL Lz +28II10 + S|v01/ Vo2 ML _ S|v01MX
oLLL, Y oLLL, eLL,L,
@, %y aIZISIIOO _ Sii205m20 _ S

% (OLL, L, +2S,10 + Swor)+ 2C,SZ 1, C, =

Y A4

G =, Sy +

eLLL, " eLLlLl, eLLL eLLL,

2 2
+al%/S\/VOO_S\/V02_SIV11' E=J8y+®2a—3—4®2: F:%"‘%/VVZ'FSB—I’—%/VFZ-FSS-H’, r:(®2%—4®b2]><
4 4

2
4 a,
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b®2 0%, s, —OLLL bb, | ©%5 e 0'n? . 4bb, ~OL,L,L,bb, @b,
8b2 24b2 Y, ) Bakd Y g2 12b? 18b,

Now let us determine solutions of Egs. (8). To obtain the first-order approximations of the considered displacement vector
components by using of function corrections averaging approach. To apply the approach one shall replace the considered functions
in the right parts of the Egs. (8) by their averaged means «;, which are not yet known. The substitution gives a possibility to obtain
equations to calculate the approximations with the first-order of the considered vector in the next form

p(z)82 u, (x,y,2,t) _ K (Z)ﬂ(z)aT (x,y,2,t) (2\62 uy, (x,y,z,t) _ —K(z)ﬂ(z)aT (x,y,2,t) ,

ot? X + P ot? oy
o’ u,(xy.zt) aT (x,y,2,t)
pla)——0 == =K (@) e}

Further we shall integrate the left side and the right of the above equations on the current time t. The integration gives a possibility
to obtain relations of the approximations with the first-order of the vector of displacement in the final form

u, (%, y,2,t)=ug, + K(z)%%iiﬂx y,z,7)drd $—K(z )ﬁg;;; IiT(x,y,z,r)drdg,
Uy, (X, Y, 2,t) =up, + K(z)%%iiﬂx,y,z,r)drd 9-K ()5 Ei;ayIiT(x,y,z,r)drdg,
ulz(x,y,z,t)zuw+K(z)’ﬁL§;%ﬁT(x, y,z,7)dzd S—K(z)%%ziﬂx,y,z,r)drdg.

Approximations of the displacement vector components with the second and higher orders could be calculated by replacement of
the considered functions on the standard sums a;+u;(x,y,z,t) 2. This procedure gives a possibility to obtain equations for calculation
of the above approximations with the second order in the following form

p(Z)MZ{K(Z)+ 5E(2) }52U1X(X,V,Z,t)+{K(Z)_ E(z) }azuly(x,y,z,t)Jr

ot? 6[1+0(z)] ax? 3h+o(2)]| oxay
. E(z) azuly(X.y.Z,t)Jr62ulz(x,y,z,t) Jk(o)a E(z) |du,(xy.zt) N 4(z AT (x,y,z,t)
2[1+0'(Z)]{ oy’ o7’ } {K() 3[1+0'(Z)]} oxoz K@)s) dx

2 2 2
p(z)a UZy(X;y'Z't): E(z) |@ uly(x’zy’z’t)+ Suy(x.y.zt) | K(Z)ﬂ(z)aT (x, y,z,t) ouy, (x,y,2 t)><
ot 2h+o(2)] dx X0y oy oy?

Jppy o) | 2. et f - H T,

2
. K(Z)a Uy, (%, y,z,t)
oXoy

p(Z)azuzz(x,Zy, 2t)_ E(z) |, (xzy z,t) Lo, (xzy z,t) . d%u,, (x,y,z,1) . ouy, (x.y,2,t) .
ot 21+0(z)] dx dy oxoz dyoz

- fpfestian, nlenan onfnai] rivsas,_0

oz dx dy oz oz 6[1+o-(z)]><

0 [goulxyzt) ouy(ny.zt) aw(0y.2t) ouxy.z)]
oz 0z OX oy oz
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Using integration of both sides of the considered equations on the time current t leads to formulas for the second-order
approximations of the vector of displacement components in the following final form

u, (X z :i z +L(Z) 62 t‘gu X,Yy,z,t)ar +—— 1 62 u, \X,y,z,t)arc
x20- iy EZO E f nasase L funnojocas k-

__E@) + E(2) il X,y,2,7)d 7t +82 u,(x,y,z,7)dz P S
3[1+a(z)]} 2p(z [1+a(z)]{ay2£j xy.27)drd g oz 2” u(y2.7)d dg} p2)i+o(z)]
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We calculate distributions of dopant concentration, radiation
defects concentrations and vector of displacement components
in time and space. These distributions were obtained as the
approximations with the second-order framework function
corrections averaging approach in the standard form. These
approximations are usually enough good approximations for
qualitative analysis and calculation of some quantitative results.
All calculated results were checked by using comparison of
them with results of numerical modelling.

Results of analysis

Now let us to make analysis of redistribution of radiation
defects and dopant during manufacturing of the considered
mixer with account stress, which was induced by mismatch of
lattice parameters, and porosity modification. Several
distributions of dopant concentrations in the considered
heterostructure were presented on Figure-2 (for doping by
diffusion) and Figure-3 (for doping by ion implantation).
Increasing of number of curve describes larger difference
between magnitudes of coefficients of diffusion of dopant in
layers of the considered heterostructure. All distributions were
calculated for the following situation: diffusion coefficient of
dopant in the considered epitaxial layer is larger as opposed to
diffusion coefficient of dopant in the substrate. One can find
from these figures: inhomogeneity of the considered
heterostructure leads to larger values of p-n-junction’s
sharpness. Withal homogeneity of distribution of dopant
increased in doped part of epitaxial layer. After increasing of
sharpness of the considered p-n-junctions one can find
decreasing of switching time. Obtained increasing of
homogeneity of the considered leads to decreasing of material's
local heating during operation of devices or to decrease of
dimensions of the considered devices at fixed upper limit of the
considered local heating. It should be noted, that using the
considered method of manufacturing of the required transistors
leads to necessity in annealing optimization of radiation defects
and/or dopant. One can find the following reason in the
optimization. At smaller value of annealing time dopant cannot
achieve nearest interface between materials of the used
heterostructure. No modifications of dopant concentration
distribution could be finding. Increasing of annealing time leads
to larger homogeneity of dopant concentration. In the current
situation it is attracted an interest optimization of annealing time
to choose compromise time of annealing. We optimize the
annealing time by using the approach, which was recently
introduced 29-37. To use the considered criterion one shall to
approximate real distribution of dopant concentration by step-
wise function, which corresponds to required ideal distribution
of dopant concentration (Figure-4, 5). Larger numbers of
obtained curves correspond to larger value of annealing time.
Now let us determine the required compromise time of
annealing as time, which corresponds to minimal value of mean-
squared error, which is presented bellow

L Lll_ L(I)Lf L(I)Z[C(Xa Y,2,0)-w(xy,z)]dzdydx, (19)
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Figure-2: Distributions of infused dopant concentration.
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Figure-3: Distributions of implanted dopant concentration.
Curve 1 and curve 3 describe distribution of dopant at time of
annealing ® = 0.0048(L,>+L,+L,%)/D,. Curve 2 and curve 4
describe distribution of dopant at time of annealing ® =
0.0057(L,>+L,*+L,%)/Dy
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Figure-4: Infused dopant distributions. Curve 1 describes
idealized step-wise distribution. Curve 2, curve 3 and curve 4

describe actually existing distributions of concentration of
dopant at different means of time of annealing
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Figure-7:  Dimensionless optimized time of annealing of
implanted dopant as a function of several parameters. Curve 1
as a function of dimensionless optimized time of annealing on
relation a/L and £ = y = 0 at the equal values to each other of
dopant diffusion coefficient in all materials of heterostructure.
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Figure-5: Implanted dopant distributions. Curve 1 describes
idealized step-wise distribution. Curve 2, curve 3 and curve 4
describe actually existing distributions of concentration of
dopant at different means of time of annealing.
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Figure-6: Dimensionless optimized time of annealing of
infused dopant as a function of several parameters. Curve 1 as a
function of dimensionless optimized time of annealing on
relation a/L and &= y = 0 at the equal values to each other of
dopant diffusion coefficient in all materials of heterostructure.
Curve 2 as a function of dimensionless optimized time of
annealing of the parameter ¢ at a/L=1/2 and &= = 0. Curve 3
as a function of dimensionless optimized time of annealing on
parameter £at a/L=1/2 and ¢ = y= 0. Curve 4 as a function of
dimensionless optimized time of annealing of parameter y at
all=1/2and ¢ = £=0
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annealing of the parameter ¢ at a/L=1/2 and £= y= 0. Curve 3
as a function of dimensionless optimized time of annealing on
parameter £ at a/L=1/2 and ¢ = y= 0. Curve 4 as a function of
dimensionless optimized time of annealing of parameter y at
alL=1/2and ¢ =£=0

Here function y (x,y,z) describes the step-wise approximation.
Dependences of optimized time of annealing on different
parameters are presented on Figure-6 (for diffusion type of
doping) and 7 (for ion type of doping). It must be noted, that
annealing of radiation defects required after ion implantation.
Annealing of radiation defects and dopant leads to spreading of
distribution dopant concentration. Framework the ideal case
dopant could achieves nearest interface between materials of the
considered heterostructure during radiation defects annealing. In
the case, when dopant cannot achieves the nearest interface
during radiation defects annealing, than it is necessary to make
additional dopant annealing. Framework the situation optimized
value of the additional time of annealing of the implanted
dopant became smaller in comparison with time of annealing of
the infused dopant.

Now let us analyze influence of relaxation of stress, which was
induced by mismatch of lattice parameters, on dopant
distribution in doped areas of heterostructure. At the condition
go< 0 we find compression of dopant concentration distribution
near interfaces in heterostructure. Simultaneously (for £,>0) we
find spreading of dopant concentration distribution in this area.
The variation of dopant concentration distribution could
partially or fully compensate due to annealing by laser®”. The
annealing by laser leads to acceleration of dopant diffusion and
all other processes in the required areas by inhomogeneity of
temperature distribution. Accounting relaxation of stress, which
was induced by mismatch of lattice parameters, in the
considered heterostructure gives a possibility to change
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optimized values of time of annealing. Simultaneously porosity
modification leads to decreasing of magnitude of stress, which
was induced by mismatch of lattice parameters. On the one hand
the considered stress could lead to increasing of elements
density of the considered integrated circuits. At the same time
the stress could generate dislocations of the discrepancy.
Figures-8, 9 show vacancies concentration distributions in a
materials porosity and component of vector of displacement.
The component is perpendicular to internal interfaces in the
considered heterostructure.
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Figure-8: Normalized function of component u, of the
considered vector of displacement on coordinate z for
nonporous and porous epitaxial layers (curves 1 and 2,
respectively)

0.4 o
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Figure-9: Normalized function of concentration of vacancy on
coordinate z in unstressed and stressed epitaxial layers (curves 1
and 2, respectively)

Conclusion

We analyzed implanted and infused dopants redistribution
during manufacturing field-effect heterotransistors, which
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comprises in a down conversion mixer circuit. Framework the
modeling we take into account mismatch-induced stress
relaxation. We obtain some recommendations to optimization of
radiation defects and/or dopant annealing for decreasing of
dimensions of field-effect transistors and for increasing of their
density. We also obtain recommendations for decreasing of
mismatch-induced stress. It has been also introduced an
analytical approach for analysis of ion and diffusion types of
doping with taking into account changing of parameters of the
considered processes simultaneously in time and space. The
method also gives a possibility to accounting of nonlinearity of
the above processes. The method of manufacturing of integrated
circuits leads to increasing of integrated circuits elements
density and analysis could be used also for another integrated
circuits. At the same time we take into account only some
effects to do not overload the considered analysis of
technological process. We could consider with time in future
larger complexes of radiation defects. However probability of
generation of such complexes is smaller in comparison with
simplest complexes.
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