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Abstract: Inthis paper we introduce an approach to increase density of fiel d-effect transistors
framework a downconversion mixer circuit. Framework the approach we consider
manufacturing the inverter in heterostructure with specific configuration. Several required
aress of the heterostructure should be doped by diffusion or ion implantation. After that dopant
and radiation defects should by annealed framework optimized scheme. We also consider an
approach to decrease va ue of mismatch-induced stress in the considered heterostructure. We
introduce an analytical approach to analyze mass and heat transport in heterostructures during
manufacturing of integrated circuits with account mismatch-induced stress.

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

INTRODUCTION

In the present time several actual problems of the solid state electronics (such as
increasing of performance, reliability and density of elements of integrated circuits:
diodes, field-effect and bipolar transistors) are intensively solving [1-6]. To increase
the performance of these devicesit isattracted an interest determination of materials
with higher values of charge carriersmobility [ 7-10]. One way to decrease dimensions
of elements of integrated circuits is manufacturing them in thin film heterostructures
[3-5,11]. In this case it is possible to use inhomogeneity of heterostructure and
necessary optimization of doping of electronic materials [12] and development of
epitaxial technology to improve these materials (including analysis of mismatch
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induced stress) [13-15]. An alternative approaches to increase dimensions of
integrated circuits are using of laser and microwave types of annealing [16-18].

Framework the paper we introduce an approach to manufacture field-effect
transistors. The approach gives a possbility to decrease their dimensions with
increasing their density framework adownconversion mixer circuit. We also consider
possibility to decrease mismatch-induced stress to decrease quantity of defects,
generated dueto the stress. Inthis paper we consider aheterostructure, which consist
of a substrate and an epitaxial layer (see Fig. 1). We aso consider a buffer layer
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Figure 1a: Sructure of the considered mixer [19]
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Figure 1b: Heterostructure with a substr ate, epitaxial layer s and buffer layer (view from side)

between the substrate and the epitaxial layer. The epitaxial layer includes into itself
several sections, whichwere manufactured by using another materials. These sections
have been doped by diffusion or ion implantation to manufacture the required types
of conductivity (p or n). These areas became sources, drains and gates (see Fig. 1).
After this doping it is required annealing of dopant and/or radiation defects. Main
aim of the present pa-per is analysis of redistribution of dopant and radiation defects
to determine conditions, which correspond to decreasing of elements of the considered
voltage reference and at the same time to increase their density. At the sametime we
consider a possibility to decrease mismatch-induced stress.

METHOD OF SOLUTION

To solve our aim we determine and analyzed spatio-temporal distribution of
concentration of dopant in the considered heterostructure. We determine the
distribution by solving the second Fick’s law in the following form [1,20-23]

aC(x,y,zt) G{Dac(x,y,z,t)} o {Dac(x,y,z,t)} o {Dac(x,y,z,t)}r

+— +—
ot 0 X oX oy oy 0z 0z

o[ D, L
+ QGXLCI'VSM(X’ Y, z,t){)C(x, y,W,t)dW} +

0| D v
+Q<3YL<'FVSM(X' Y, z,t)(j)C(x, y,W,t)dW}+ Q)
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A Des 6 u,(x.y,z) L2 Des 2 u,(%.y,zt) L9 Des 6 u,(x.y,zt)
x| VKT X Ay|VKT oy 2z|VKT oz

with boundary and initial conditions

oC(y.zt) _, aCky.zt) _gaCkyzt) _
 ox . =0 Ox N =0 oy » =0 C(xy,z0)=f_(xy,2),
aCky.zt)  _y aclky.zt)| _, aCkky.zt) _g
0 y x=L, , 0z 0 ! 0z ‘L, .

Here C(x, Y, z 1) is the spatio-temporal distribution of concentration of dopant;
W is the atomic volume of dopant; V_is the symbol of surficial gradient;

LZ
IC(X, Ys Z,t)d Z jsthe surficial concentration of dopant on interface between layers
0

of heterostructure (in thissituation we assume, that Z-axisisperpendicular to interface
between layers of heterostructure); m, (x,y,zt) and m,(x,y,z,t) arethe chemical potential
due to the presence of mismatch-induced stress and porosity of material; D and D
are the coefficients of volumetric and surficial diffusions. Values of dopant diffusions
coefficients depends on properties of materials of heterostructure, speed of heating
and cooling of materials during annealing and spatio-temporal distribution of
concentration of dopant. Dependences of dopant diffusions coefficients on parameters
could be approximated by the following relations [24-26]

D =D, (%Y, Z,T){1+ ch)::(())(;EI,’ZZ,’_It_))} |:1+ glv (XQ/X’ Z’t)+ gzvz(g/’}l)’zz’t)]

D, = D, (x,, z,T){l+ & FCM}[1+ glv(X;/X' Z't)+g2V (()\(/’y)’zz,t)} @)

Here D (x,y,zT) and D .(xy,zT) are the spatial (dueto accounting al layers of
heterostruicture) and temperature (due to Arrhenius law) dependences of dopant
diffusion coefficients; T is the temperature of annealing; P (X, y, z, T) is the limit of
solubility of dopant; parameter y depends on properties of materials and could be
integer in the following interval y € [1,3] [24]; V (Xy,zt) is the spatio-temporal
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distribution of concentration of radiation vacancies; V' isthe equilibrium distribution
of vacancies. Concentrational dependence of dopant diffusion coefficient has been
described in details in [24]. Spatio-temporal distributions of concentration of point

radiation defects have been determined by solving the following system of equations
[20-23,25,26]

ol ();i/,z,t):;’x{Dl (x,y,z,T)ﬂI ();z,z,t)}+;y{Dl (x,y,z,T)ﬂI ();zzt)}+

+;Z{Dl (XY, z,T)W}ku 6y, 2T) *(xy,zt) =k, (x y,2T) x

x1 (%, ¥,V (X y,zt)+ QG{D'SVSy (x,Y, z,t)LjZI (x, y,W,t)dW}+
oX| kT 0

o|D Lz 0| Dis 0u(x,y,2t)
Q| 5V (x,y,2,8)[1 (% W, )dW |+ | =2 20D S
" ay{kT sét (xy, 21 Gy W) }rax{VkT ox |

0 { Dis 0u,(x.y, Z,t)}r 0 { Dis 0u,(xY, Z,t)}

oy| VKT oy 0z|VKT oz )

ay

oV (x,y,zt) & oV (x,y,zt)| & AV (x,y,zt)
CYXN2Y)_ 2\, (x,y,2T) 21 2 D (x,y,2T) .20
. ﬂx[ ey 2TV, 2 g (o o)V 02D,

)o”V (x,y,2t)

7
+—|D,(XVY,zT
0”2{ vy oz

}— kv Y, ZT)VA(X Y, 2t)- K (X y,2T)

x1 (X, Y,Zt\V (X y,zt)+ Q;{E"_l_svsy (x,Y, z,t)LjZV (%, y,W,1) dW}+
X 0

+98{DVSVS;1 (xy, Z,t)LfZV(X,y,W,t)dW}+a{ Bys du,(x.Y, Z’t)}r

oy| kT 0 OX| VKT o X

L0 Dus dm(xyzt)|, 0] Dus du(xy.zt)
oy| VKT oy 0z| VKT 0z
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with boundary and initial conditions

21(xy,zt) 0 21(xy,zt) o 21(xy,zt) 0

é’X x=0 , O”X x=Ly , é’y y=0 !
21(xy,zt) _o 21(xy.zt) 0 21(x,y,zt) 0

ay v, oz o oz by
ovxy.zt) _, oV(xy.zt) _govixyzt) _g

X o ’ oX el : oy o (4)

AV(xy.zt) o aV(xy zt oV (x,y, zt
o =0 (é’y )| _ | (az ) 20} ey20)=
y=Ly Z z=0 z=L,

20w

= f (xy,2, V (xy,20)=f (xy.2), V()(l +VtLy, +Vt z +Vnt,t) =Vw[l+ Ty 2 J

Here | (x,y,zt) is the spatio-temporal distribution of concentration of radiation
interdtitials; I" is the equilibrium distribution of interdtitials, D,(x,y,zT), D (x.y,zT),
D,(xy, zT), D (xy,zT) arethe coefficients of volumetric and surficial diffusions of
intergtitials and vacancies, respectively; terms VA(x,y,zt) and 1%(x,y,zt) correspond to
generation of divacancies and diinterstitials, respectively (see, for example, [26]
and appropriate referencesinthisbook); k | (xy,zT), k (xy,zT) and k. (xy,zT) are
the parameters of recombination of point radiation defects and generation of their
complexes, k is the Boltzmann constant; w = &3, a is the interatomic distance; ¢ is

the specific surface energy. To account porosity of buffer layers we assume, that

porous are approximately cylindrical with average values r = 1/)(12 + yf and z,

before annealing [23]. With time small pores decomposing on vacancies. The
vacancies absorbing by larger pores [27]. With time large pores became larger due
to absorbing the vacancies and became more spherical [27]. Distribution of
concentration of vacancies in heterostructure, existing due to porosity, could be
determined by summing on al pores, i.e.

I m n
V(X y,zt)= V. (X+ia,y+]B,z+kyp,t [z 2,2
(xy2t)=2 3 ¥ Vo(xtiay+ifzikat) R= sy 7.
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Here a, b and ¢ are the average distances between centers of poresin directions
X, yand z, |, mand n are the quantity of pores inappropriate directions.

Spatio-temporal distributions of divacanciesF,, (x,y,zt) and diinterstitialsF, (x,y,z,
t) could be determined by solving the following system of equations [25,26]

2d,(xy.zt) 2 20, (xy,zt)| 2 oD, (xy,21t)
— o _é)X{D(DI (x,Y, Z’T)—a”x +a”y Dy, (X, y’Z’T)—a”y +

+§{D®| (x,y,2T)

2D, (xy,21t) L0l
oz

D L
e GX{ 2OV (X, Y, 2,t) [ @, (X, y,W,t)dW}+

kT 0

0%
oy

0 |:D<D|S 6#2(X1y' Z't) n

D ,
{ qull's V(X Y, z,t)LJCI)I (X, y,W,t)dW} +k (XY, 2T)1%(x y, z,t)+
0

+§7 D<P|S 6#2()(1 Y Z!t)]*_ 0 {Dmls 6#2()(1 Y Z,t)]*_
X

0
VKT  ox } oy|VKT  ay 0z|VKT oz
+k (% y,2T)(x,y,21) (5)

2D, (xy, Z’t)=ﬁ{D@v (%Y, z,T)ﬁq)V(X’ Y, z,t)}+ﬁ{D®v (XY, z,T)ﬁq)V(X’ Y, z,t)}+
ot ox ox oy oy

JFOP[D(DV (x,y,2T)

oD, (x,y,21) L0l
oz

DvaS L,
oz 8)({ V(X y,2,t) [ @ (x, y,W,t)dW}r

kT 0

D Z
’ Qj)/{k(pv'rsvsﬂl(x, Y, Z,t)z Dy (X' y’W’t)dW} " kV,v (X1 Y, Z'T)VZ(X’ Y, Z’t)+

+i D<DvS 6#2(X,y,2,t) +i D<DvS 6#2(X,y,2,t) +i D<DvS aﬂz(x’y’z’t) +
OX|V KT 0 X oy|V KT oy 0z|V kT 0z

+k, (%, y,ZTIV(x,y,zt)
with boundary and initial conditions

2D, (xY,z1)
' aX

2D, (xY,zt)
) oy

2D, (xy,zt)
X

=0

X=Ly

=0

x=0
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20, (%y,21) _o 29 (xy,z1) _o 9% (x,y,2t) 0
ay v, oz o oz ]

2®, (x,y,2t) 0 2®,(x,y,2t) _o 2D, (xy,2z1t) 0 g
X o X el : oy y-0 , (6)

2D, (x,y,z1) _o 29 (xy.zt) _o 2P (x,y,2,t) 0
ay v, 0z o S oz .

FXy.z0)=f (xy,2,F,(XY,z0) =1 (XY,2.

Here D (X, ¥,z T), D (X ¥, Z T), D (X ¥, z T) and D_ (X, ¥, z T) are the
coefficients of volumetric and surficial diffusions of complexes of radiation defects;
k(X y,z T)andk (X, Y, z T) are the parameters of decay of complexes of radiation
defects.

Chemical potential ., in Eqg. (1) could be determine by the following relation
[20]

W= E(z)Qs”. [uij(x, Y,z t)+ uji(x, Yy, z,1)]/2, @)

1( ou 0y,
where E(2) isthe Young modulus, o is the stress tensor; Y = P (axf 87); J isthe
J

deformation tensor; u,, u are the components u (x,y,zt), uy(x,y,z,t) and u(x,y,zt) of
the displacement vector U(X, Y, Z,t); X X are the coordinate x, y, z The Eqg. (3)
could be transform to the following form

2

lou(xy.zt) ou(xy.zt)||1] ou(xy,zt) ou(xy,zt)
y(x,y,z,t)_[ axle ’ 0% H[ axi./ ’ 0% }

e+ O o L g . 20)- T a”}iE(zx

where ois Poisson coefficient; ¢, = (a-a_, )/a,, isthe mismatch parameter; a, a_ are
lattice distances of the substrate and the epitaxial layer; K isthe modulus of uniform
compression; 4 is the coefficient of thermal expansion; T is the equilibrium
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temperature, which coincide (for our case) with room temperature. Components of
displacement vector could be obtained by solution of the following equations [21]

» (2)82 u(x,y,zt) do,(xY, Z’t)+ 0o, (%Y, Z,t)+ 0o,,(% Y, zt)

ot? - dX oy oz

, (2)82 uy(x,zy, z,t) _ 0o, (XY, Z’t)+ 0o, (XY, Z’t)+ 0o,(%y,zt)
ot 0 X oy 0z

» (2)82 uz(x,zy, zt) _00,(x Y, Z’t)+ 0o ,(xY, Z,t)+ 0o, (%Y, zt)
ot 0 X oy 0z

where
o = E(z) |ou(xy, z,t)+8uj(x, y,zt) 8 au(xy, zt) +K(2)3, x
b 2+ o(2)] X, dX 3 00X :

><auk(x, Y,zt)
0 X,

heterostructure, 3 Is the Kronecker symbol. With account the relation for o last
system of equatlon could be written as

pTSUY 2k @) SEE | TULSZY ) E O

ot 1+o(z X 31+ (2)]

-B@K[TxY.z2t)-T.] , (2 is the density of materials of

><azuy(x, Y, z,t)+ E(2) {52%()& Ys Z1t)+82UZ(X, y; Z,t)}{K(Z)WLs[lE(Z)}

oxoy 2[1+o(2)] oy’ oz +o(2)]

%, (x y,z,t) T (x,y,zt)
* 0xoz k(252 oX

ozt E@){y%WJJﬁ+ywﬁdiﬂ}ﬁTM%Lﬂx
P ot? 2[1+o(2)] X2 OXdy oy

8 { E(z) Fuy(x, y,Z,t)JrauZ(x, y,z,t)}} o2u,(x,y, 2, )

T 2+ o (2)] 0z oy oy: ©®
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X{EE(Z)Z)]+K(Z)}+{K(Z) E(2) }azuy(x’y’z’t)m(z)@z“y@@%z’t)

1201+ ( 6ll+o(2)]] oyoz oxdy

p(z)62 uz(x,zy, zt)_ E(z) |d%u,(x Y. z,t) . ou,(x, Y. z,t) . o?u (x,y,zt) .
ot 2[1+o(2)] dX oy oxoz

+62“y(x’y’z’t)}+ 0 {K(Z){aux(x, y.zt), 0u,(xy.zt) au,(xy, Z,t)}}

oyoz oz o X oy oz

1o E(z2) 68uz(x,y,z,t)_8ux(x,y,z,t)_3Uy(X,yyZ,t)_8uz(x,y,z,t) ~
60z|1+0(z2) oz o x oy oz

K(@)p(r) 22l

Conditions for the system of Eq. (8) could be written in the form

au(o,y,z,t)zo_ ou(L,,y,zt) 0. 1 (x,0,21t) 0. ot(xL,,zt)

0X ’ 0X ’ oy ’ oy
o u(x,y,0,t) 0.0 a(x y,L,,t)

07 ; o7 =0: t(x,y,z0)=0,; TG(x,y,z0)=0,.

We determine spatio-tempora distributions of concentrations of dopant and radiati-
ondefects by solving the Egs.(1), (3) and (5) framework standard method of averaging
of function corrections [28]. Previoudy we transform the Egs.(1), (3) and (5) to the
following form with account initial distributions of the considered concentrations

6C(x,y,z,t)=6{Dac(x,y,z,t)}+6{Dac(x,y,z,t)}+6{Dac(x,y,z,t)}
ot o X o X oy oy
i { Des ﬁyz(x,y,z,t)}Lﬁ{Dcs i ;zz(x,y,z,t)}+

f V,Z2)olt)+—| =
" C(xyz) ()+5x V kT o X

.2 { Des 2 (%, Z’t)}+Qa{DSVSy (%Y, z,t)LjZC(x, y,W,t)dW}+

oz|VKT oz ox| kT >
0 &Vsy (x,Y, z,t)LfC(x, y,W,t)dW
oy| kT 0
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ﬁl();,i/,z,t)zjx{Dl (x,y,z,T)m ();z,z,t)}+jy{Dl (x,y,z,T)m ();;/zt)}+

L

N al(xy.zt)| 0 |Dg
+§Z{DI (x,y,2,7T) by }+Qﬁx{kT Ve (XY, z,t)il (X, y,W,t)dW |+

+Qaﬁy{E'II§VSM(X’ Y, z,t)ZI (%, y,W,t)dW}—kH (X, ¥,2T)1%(x,y,2t)-
—k (%Y, ZT)H(X Y, 2V (X Yy, zt)+ f, (% y,2)5(t) (3a)
ﬁV(x,y,z,t)zﬁ{D (xy zT)ﬁV(X’y’Z’t)}+§{D (xy Z_I_)ﬁv(x,y,z,t)}+
ot ox| VT X oyl T oy

L

N V(xy.zt)|, 5 0| Ds
+§Z{D\,(x, Y,z T) >3 }+Qﬁx{kT Ve (XY, z,t){)V(x, y,W,t)dW |+

+ Q@i{{tk)\_?vsyl(x, Ys Z1t)L£V (X, y,W,t)dW} -k, v (X, Y, Z,T)Vz(x, Y, z,t)_

Ky (%Y, ZT)1 (X, y, 2tV (Y, zt)+ f, (X y,2)5(t)

atb,(x,y,z,t):i D, (x.y ZT)aq),(x,y,z,t) . 1p (xy ZT)&tl),(x,y,z,t) N
ot ox| " ox oyl ©TT oy
+ 20 p, (xy2T) RN | 0 [Dosg (0 0 (x v W, )dW |+
oz| T oz ox| kT S ET AR S
D L,
100 20y (% y, 2) [O, (% YW, )AW |k, (%, v, 2 T)1 (%, ¥, 2,t)+
oy| kT 0
+i D(DIS 6#Z(X'y'z’t) +i D(DIS 6#2(X,y,z,t) +i D(DIS 6#Z(X'y'z’t) +
OX|V KT oX oy| VKT oy 0z|V KT 0z
+k, (% Y, 2T)1%(xy, 2 )+ f,, (xy,2)5() (53)
o0, (xy,zt)_ 2 D, (x yZT)ﬁdbv(x,y,z,t) . 90p (x yZT)ﬁdbv(x,y,z,t) .
ot ox| ™ X oyl T oy
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o 2D, (x,y,2t) 0 | D, L
+&Z{D¢V(x, Y, z,T)VaZ}+QaX{ kCDTS Ve (XY, z,t)gq)v(x, Y, W, t)dW |+

D i
002 2 oy 2], b W)W [ (1, 2TV (13, 20)+
0

L0 Dy,s 0 11,(%, Y, 2,t) L0 Da,s 0 11,(%, Y, Z,t) L0 Da,s 011,(%, Y, Z,t) .
T ox| VKT X 0y|VKT oy 0z|V KT 0z

+ky (%Y, ZTIVE(X Y, 2,t)+ f, (X,Y,2)8(t).

Farther we replace concentrations of dopant and radiation defects in right sides
of Egs. (1a), (3a) and (5a) on their not yet known average valuesa, . Inthissituation
we obtain equationsfor the first-order approximations of the required concentrations
in the following form

aC,(x,y,z,t o|_D o|,b
l(@ty) = alCan{Zk'IS' VS;ul(X1 Y, ZJ)} + OllCQay|:Zk_|S_VS,Ul(X, Y Z’t)} +

D D
+ fe ()(1)’12)5(t)4-i _¢s o 'UZ(X’ y,z,t) L 9 2 cs O ,UZ(X y,zt)
x|V KT o X Ay|VKT oy

0 | Des 2 py(x,y,2,t)
a”z{VkT oz (1b)
2L(Xy,zt o|D 0 D

l(é):l)zal, zQa {k_'lf' Veu (x Y,z t)}La”Qay{zk'lﬁvsy (x,¥,2, t)}

L9 Dis ou(xy,2t) L9 Dis 0 15(%, Y, 2,t) L0 Dis dm(x, y,zt)

6x VKT oX oy|V kT oy 0z|V KT 0z

(X Y, Z ) () alzlkl,l (X1yvZ1T)_a1|a1vk|,v(x1y1Z1T) (3b)

2V,(xy,zt 0| D 0 D
l(é)ty) aleQa{k\_’l_s V(X y,zt)}tavaay{z k\'/lf V(X y,zt)}

0z

L0 { Dys 0 uy(, y,zt)}L 0 {DVS ayz(x,y,z,t)}L 0 { Dys 0 u,(x, y,zt)}

Tox|VKT  ax oy|VKT oy VKT 0z
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(X Y,z ) ( ) aleV (X1 Y, Z1T)_a1| ay K v (X1 Y, Z1T)
0 | Dy oD
= atyy, zQa{ k'II' V(X y,z,t)}tozwI zQay{ kdz;_s V (X, y,z,t)}L

9, (X1 Y Z1t)
ot

L0 Dy, s 0 1,(x, y,zt Dy,s 0 1,(X,y,2,t) L0 Dy,s 0 1,(X,y,2,t) .
T ox| VKT oy| VKT oy 0z|V KT 0z

+ Ty (X .2 ) +k (x, y,zT) (X, y,zt)+k (% y,zT)1%(xy,zt) (5b)

o0y (% y,2t) _ o [ Dy,
lva”t { (x, y,zt)}Logm,V ZQay{ = (x .2, t)}
0 [ Pugs uxy.20)], 0 [ Duvs cslxy.2)], & [ Pus sy, 2],
OX|V KT 0X oy|VKT oy 0z|V KT 0z

+ fo, (X ¥,2)8()+k, (%, Y, ZT)V(X, y,2t)+ K,y (X v, 2T )V3(x, y, 2, t).

Integration of theleft and right sides of the Egs. (1b), (3b) and (5b) ontimegives
us possibility to obtain relations for above approximation in the final form

ot XY, 2 V3(x,y,z,
Cl(X1y1Z1t)=a1cQaXJ(; SL(X y’ZT)kT {1"' ( Vy T)"‘gz ((Vy)z T):IX

Ve a t Ve
XVSIU,_L(X, y, Z,T)|:1+ FV(é):(?C;TCZ’T)i|d T} + (2718 aiyi DSL(X1 y, Z,T)|:1+ FV(é):(?c;:icz,T)i| +

X, V,Z V23(x,y,z,
x QVssa(x, y’zr)kT{H (\3/* T)+g2 ((v*y)2 7)} o"XoVkT

Xé’yz(x,y,z,r)dﬁLi} Des 5”2(X’y’z’f)df+ij Des a”yz(x,y,z,r)d

= — +
o x SyoVkT oy FZoVKT oz ‘
+fo (%, Y,2) (1c)
L(xy,zt)=a, zQ—j Dss Ve, (X y,2,7)d 7+ ey, zQ—j Dss Ve, (% y,z,7)dz+
Xo kT yokT
a} Dis ayz(x,y,zt) I Dis ayz(x,y,zt) a} Dis ayZ(X’y’Z’t)dz-+
axOV kKT OX ayoV KT oy aZOV KT oz
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t t
+f, (X1 Ys Z)_ alzl J(;kl,l (X1 Y, Z1T)d Ty alvj(;kl v (X1 Y, Z1T) dr (3¢)

o tD o tD
V,(x,y,2,t) =, zQ&({k—_'lf’Vsyl(x, Y,2,7)d 7 +ay, zQa—y(j)k—_'lf’Vsyl(x, Y,z,7)dz+

04 s ounlxyzt)y |, 01 Dhs Quulxyzt)y | 04 Dus opuleizt)

] ]

— — — +
OxoVKT  ox oyoVkT  ay 0zoVKT oz

t t
+1f, (X1 \Z Z)—aﬁ,(j)kqu (X1 Y, Z1T)d Ty alvj(;kl v (X1 Y, Z1T) dr

D
kdill's Vs,ul(x, Y, Z,z') drx

D t
S Vs,ul(x, Y, Z,z') d z'+QaaX(j)

ot
@, (x,y,2t)=a, z2Q—
1|( y ) Qe aXiE KT

+£}E’¢,s 3 11,(X, y,z,r)dﬁLi} Dus 0 1,(%,Y,2,7)

z+f, (Xy,z V
Xy, d’l( y ) oxoV kT OX oyoV KT oy

dr+ (50)

D
0 } oS 5ﬂz(x1y’z’r)dr+}k, (x,y,2T)l(x,y,z7)dzc+

+—[—=
0zoV KT 0z 0

+ :j)k,q, (x,v,zT)1%(x,y,z7)dz

tD t D
0 jﬁvsyl(x,y,z,r)dr+§2ij S

50 kT aXO kT vsﬂl(xly1zyz—)dz'><

@, (X, Y, z,t):amsz

T+

tD tD
Xa, Z+ f, (x,y,z)+ijiqxvs 8#2(X,y,z,r)df+ﬂjimvs ayz(x,y,z,r)d
v v oxoV kT O X ayOV kT ay

0 tDy,s 0u,(%,y,2,7) t
P2k d Y d
+az£VkT 0z T+£kv(x’y1z1 ) (X,y,Z,r) T+

+ }kw (x,y,zT IV (x,y,z7)d7,
0
We determine average values of the first-order approximations of concentrations
of dopant and radiation defects by the following standard relation [28]

- = M(J:pl(x,y,z,t)d zd yd xdt, 9
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Substitution of the relations (1c), (3c) and (5¢) into relation (9) givesus possibility
to obtain required average values in the following form

1 &by 2 ®a,B+O°L L L
|_ d ,a1| :\/(33+A) —4[8-{- % Xy ZaiJ—

48] a,

yL,

(j) f(xy,z)dzdydx—ay,S, - @LXLyLZ}

(€] . .
where S, =(j)(®—t)£ (j)k Xy z2T)L(x Y.zt (x y, zt)d zd yd xdt | a,=S,,x

LL

X (Si/oo_SmoS/voo)’ a3=$v00$|00+32\/00_$|003/v00’ &= (J){)y

Lx LY

x Svooszvoo + SVOOGLi Li Li +2Sy 00500 (J) i

LX L LZ LXL

_SZVOO.(EJ:.(EfI (X,y,Z)dZd de, 31=Sv00£(£y

2 2
C)
x{ f, (x,y,z)d zd yd x} , A:\/8y+®2:é—4®2, Bz—aaz+3 Vo +pi-q-

L,

[ f,(xy,z)dzd ydx x
0

f,(xy,z)dzdydx—-0©L2L2L2S, 00 —

o ~_.Nl_

fi(xy,z)dzdydx, a, =S, 4 X

o—I"

o -_.Nl_

Ly
J
0

®3a2 ad; | o2 & 2@ )
\hlq +p +0, q= [4a0 G)LLL a, @@4@32 @aj

@332 212 @ aj_ 2 4a0a4 -0 LxLyLza:LaS ®a2
- 3 XLyLZ >, p=0 5 -
544 8a; ’ 12a; 18a,’

o '_'x'_

P PR Sizo 1 LJXLijf (x,y,z)dzd ydx
®oeLLL, eLLl, LLlL ooo "

N

R, S/vzo 1 Lh
= f. (X,y,z)dzdydx
“ oL L, TeLLL,  LLL 1o, (xy2)dzdydx,
(€] LxLyLz .
where R,=[@©-t)[ ][k (xy,zT)l;(xy,zt)dzd yd xdt.
0 000
We determine approximations of the second and higher orders of concentrations
of dopant and radiation defects framework standard iterative procedure of method
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of averaging of function corrections [28]. Framework this procedure to determine
approximations of the n-th order of concentrations of dopant and radiation defects
we replace the required concentrations in the Egs. (1c), (3c), (5¢) on the following
sum a_+p_ . (X,y,z1). The replacement leads to the following transformation of the
appropriate equations

aC,(x,y,zt) 8 . [, + (%, Y, 2, t)] . V(x,y,z,t)+ V2(x,y,zt) y
—Hl g Py(X,y,Z,T) }|:1 S1 * S2 (V*)z :|

ot 0X
2
<D, (x, Y, z,T)acl(g’))(/’ Z’t)}ta[ {1+ 1V(X’ b Z’t)+ 2V (()\(/’*y)’zz’t)}acl(gj’z’t)x

oy
| e v

x D (x,y,2T) acl()(;’ zy ), {1+ £ [acht (Cxl(;/( ;/_I_Z)t)]y }j +f. (%, y,2)8(t)+

, 9| Des 2 1,(%, Y, 2,t) .2 | Des 2 1,(%, Y, 2,t) , 9| Des 2 1,(%,y,21t) .
OX|VKT 78 AYy| VKT oy 2z|VKT oz

L,

+ Qa{DSVSM(x, Y, Z,t)[[er,e +C (X, y,W,1)] dW} +

ox KT
02 1Ps v (v, 2.0 [ase +C(x y,W,1)] dW
O Tk sl Yz J(;azc+ YW, (1d)
a”lz(x,y,z,t)za”{DI(x,y,z,_l_)a”ll(x,y,z,t)}La”{DI(X,y,z,_l_)a”Il(x,y,z,t)}+
ot o X oX oy oy

+jZ{D| (X, Y, Z,T)Oﬂ)ll(gz,z,t)} ki, (X1 Y, Z1T)[a1| + Il(x1 Y Z1t)]2 —kyy (X’ Y, Z’T) X

X [all + |1(X1 Ys Z1t)][a1v +V1(X1 Ys Z,t)]+QaaX{VS,u (X1 Ys Z,t)I]Z[aZ, + |1(X1 y1W1t)] dWx

t

D o |D L, 0 L0u,(Xvy,zt
Xkllf}jLQay{k'II"SVSﬂ (x,y, z,t)g[az, +1,(x, y,W,1)] dw}jLaxJ)ﬂZ(axHX
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x DIS df+i-t[PIS ayZ(X’y’Z’t)dT-f‘ a -t[ DlS ayz(x1yvz1t)dr

VKT T oyoVkT oy Z0V KT oz (3d)
oV, (xy,zt) & N(xy,zt)| & AV, (%, y,z,t)
CRIN2Y_ 21D, (xy,zT) Y2 1, D (xy,7,T) 2V B0

i x| DOy 2 T) =22 Yoy V(% y,2T) v

)&Vl(x, Y, zt)

o
+— | D,(X,V,2T
az{ vy Jz

}mx, .2 ) +V,(% Y, 20F —k, (% y,2T) x
Lo 10y, 2 #0200 LIV G2+,

D o |Db i 0 L0u,(XYy,zt
XI<\'/I'S}+Q§y{I<\'/I'SVSﬂ (x,y, z,t)g[az\, +V,(x, y, W, t)] dw}+aX£ﬂ2(6Xy)X

D D D
x 7VS df+i‘t[ 7VS aﬂz(xy y1 Z’t)df+i‘t[ 7VS a/*lz(x1 y1 Z,t)df
VKT ' oyoVkT  ay 0zoV KT oz

2D, (Y, Z’t)=5|:D¢ (xy, z,T)é)Q)l' (%Y, Z’t)}té[D@ (xy. z,T)é)Q)l' (%Y, z,t)}+
ot ox| OX oy| oy

D Z
+Qaax{ kdil'-s Veu (xY, z,t)Lj [azq,l + @, (% YW, )] dW}+ k,(%y,zT)I%(x,y,zt)+
0

Z

D
+Qai/{ kdzll's Vi (XY, ZJ)? [azcb. +®,(x Y1W1t)] dW}+ k (Y, zT)l(xy,z,t)+
0

o[ 2on nteynt], 2 Ous a1 Dus dnfrnn],

+—| = —| = —| =
oxX|V kT oX oy| VKT oy 0z|V KT oz
K 2D, (x,Y,21t)
+ﬁ Z{le(x,y,z,T)aZ }+ fo, (X, y,2)5(t) (5d)
aq)zv(x!y!z!t)zi D (XyZT)a(DIV(X’y’Z’t) +i D (XyZT)a(DIV(X’y’Z’t) +
ot x| T X AT oy

a D LZ
an{ kCD_FS VS/I (X1 y1 Z,t)g[azm\/ + q)lv (X, y,W,t)] dW} + k\/,V (X, y, Z,T)VZ(X, y, Z,t)+
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a D LZ
+Qay{ km_lv_s Vs (%, .7 t)i[azq) D, (x, y,W,t)] dW}+ K (xy,zT)V(xy,zt)+

L0 Du,s 0 1,(X,y,2,t) Gl Dy,s 0 11,(%, Y, Z,1t) L0 Da,s 0 1,(x, y,zt)
ax V kT X 0y|VKT oy 0z|VKT 0z

Vi o0,,(X%Y,zt
ﬁLO,)Z{D(bV (%Y, z,T)lV(O,)Zy)}L fo, (X, ¥,2)3(t).

Integration of the left and the right sides of Egs. (1d), (3d) and (5d) gives us
possibility to obtain relations for the required concentrations in the final form

C,(x.y, Z,t)=§XH1+§ [tz +Ci(x, Y, 217)]7} {1+ glV(X,\jl*, z,r)+g2V2(x, Y, Z,z'):| y

P (x,y,2T) (\/)2

oC,(x,y,2, ot V(x Y,z VZ3(x, Y,z
DL(x,y,z,T)1(8)3(’T)deray!)DL(x,y,z,T){hg1 (Vy T)+g2 ((Vy)2 T):lx

acl(x1 ¥, Z, T) [azc + Cl(X1 Ys Z1t)] t (X ¥, 4, T) VZ(X1 Ys Z1T)
X oy {1+§ (% y.2T) } £{1+ S ; +g }x

aCl(X1 Y, Z, T) [azc + Cl(x1 Y, Z T)]y
D, (x,y, z,T)iaz {1+§ o (xy. 2T) dr+f.(xy,2)+

L,

0t ot
—j Vsy (%,¥,2,7)[[aye +C, (X YW, 2)| dWd 7 +— [V (X, Y,2,7) %
oXok 0 0Yo

Ds | Des @ w(xy, zt
ka_IS_(j)[aZC+C(Xsz')]def+{Vlzfr yz(é)xy )}

+

2 [ Des 0 ey, o [ Des 2 sy.z)

Ay|V kT oy z|V KT oz (1)

o | a1, (x .z ot a1, (x Y,z
'z(x1y1z1t)=é,x({Du(XJ,Z,T)l(ag(lf)dr+m(j)D,(x,y,z,T)l(a§//T)dT+

+i} D, (%Y, z,T)Ly’Z’T)dr—}kI (%Y, 2T) [y +1,(x, Y, 2,7)fd 7 -
7o oz o
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Ty (02T [ L vz o)l + Vi y 2o} dr 2 (Vo (xy,2.0)x

-

x QET i[oz2I +1,(% y,W,7)] dez‘+—J'VS,u (x,y,2, T)I[am +1,(% y,W,7)]

'Sde Dis 2 m(xy.2t) + = 2 | Dis & u(x, y,Zt)
2T ToX VKT ox 2y|VKT  2dy

2 | Dis 0 u,(xy,zt)
*az{vm v M (39)

ot )@Vl(x, Y,2,7) drt
X

oV, (XY, z,
V,(x, Y, Z,t)=5£DV(x, y,zT )1((;’1)

@t
dr+—([Dy,(XV,ZT
T é,yj(; v( y

+—jDV(x y,zT)M

t
o ey e T ek by 2T e + oy 2o fd e -

Ty (02T [ L0y 2o +Vulx iz} dr 2 (Vo (xyiz)

L,

X Q%T[az\, +V1(X, y,W,z')] dwd z’+ij'vs,u (X, Y, Z,z‘)j[az\, +V1(X, y,W,z')] x
KT o 0Yo 0

Q%d Wdr+ 2 PVS 2 1y(%, Y, 2,t) L2 Dys 2 u,(x, y,zt)
x|V KT I X A2y|VKkT oy

D
+é[ VS 5y2(x’y’z’t)}+ f, (% Y,2)

2z|V kT oz
D,, (%, Y, z,t):i}D(15 (%Y, z,T)—é’q)lI (x.y, Z’T)dr+£tj—a®” (x.y, Z’T)x
dXo o X Yo ay

xD, (XY, Z,T)dz’+ij' D, (x,y,2T
! J 20

)Wdﬁﬁjxivsu (% y.2,7)

D L, L
x —uS j[am D, (X y,W, Z')] der+Q—j Do, j[aml +0,, (X, y,W,r)]dW X
kT o yo KT o

x Vo (x,y,z,r)dr+}k,,,(x,y,z,T) 12(x, y,zf)dr+—j Do, s ayZ(X’y’Z’T)dr+
0

oxoV kT oX
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L0 Dy,s 811,(X, Y, 2, T)df-i-i_t[ Das aﬂz(X,y,Z1f)dr+f (x,y,2)+
"oy kT oy 0ZoVKT 0z R

thjkI (x,v,zT)I (x,y,z7)dr (50)

0

; é’q)lv(x1y1z17)dz.+£té’q)lv(x1y1z17)x

o
d)zv(x,y,z,t)=5£D¢V(X,y,z,T) py é,yj) oy

oDy, (% y,2,7)
oz

x D, (X, Y, z,T)drﬁLi}D(15 (x,y,2T) dz‘+Qij'VS,u (x,y,2,7) %
v 220 Y 0Xo

D(I,VS LJ

D, .L
KT [azcn +q)lv(x y,\W, T ]de7+Q£} = .[[a2¢V +q)lv(x1 y,Wﬂ')]dW X
0

oyo KT o

X —

ot | Dy,s 0 1,(X,Y, z,r)d
OXoV kT oX

x Vit (x,y,z,r)dr+}k\,v\,(x,y,z,T) Vi(x,y,z7)dz+— T+
0

0 tDy,s 0u,(xy,2,7 0 t Dgys 0p,(X,y,2,7
ol e ae F Qe 0Byt (s

+}kv(x1 Y, Z1T)V (X, Y, Z,Z') dr.

Average values of the second-order approximations of required approximations
by using the following standard relation [28]

oLyl
Y, Z,1)— Y, z,t)|dzd ydxdt
“ o LIy z-pleyzdldzaydxdt

Substitution of the relations (1€), (3e), (5€) into relation (10) gives us possibility
to obtain relations for required average values a.,

(b, + E)? ®a,F +0’LLLb) b+E
&= 0, 8y, =0, &, =0, « \/ 47 4 [F " b, J_ 4b,

G _azzvS/voo —Qyy (23N01+ Svio +®LxLyLz) Svoz =S

Svor + @ Svoo

Qy =

where b, = @L L L, SvooS/voo @L L L, S/vooSmo b, =— M(ZS/V01+SV10+
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2
+OL,L L )+M(S|v01+zsulo+slv01+®l- L,L )+M(ZSNOI+SIVIO+

Y OL,L L, Y oL,L L,
SvoeS _ SioSw
+®LxLyLz)_G);,/E%L;;,:/Ii%, b, —@IEZI_yLOS(S/voz+Sv11+cv)_(3v1o_23/v01+®|-x|-yX

x Lz)2 + m(@LXLyLZ + 25||1o + S|v01)"'®fl\|/_ool_(S|v01 + 25||1o + 28|v01 + ®L><Ly x

Xy —z Xy ~z

2 C S|2 ZSI
x Lz)(ZS/vm"'@LxL Lz + Svm)_ SIVOO (C\/ - S/voz - S|v11)+ 2| 2 v2002 - 2 x
Y eL,L,L, O°LLL. oLL,L,

Xy —z

Svn + S/voz + Cv Svm
= 2 LLL J+—Vor (®LL
X SyooSvors by =S, 00 ®LxLyLz ( Svor T Svie +OL, y z)+ OLLL (® xby X

X"y ~z
2
_S|v103v01_ Svoo (

x I—z+2$|10+Sv01)(23N01+SV10+®LLyLZ) eoLL L OLLL
Xy -z X"y Tz

3Svart 250+

— 2
+0L, I‘y Lz)(Cv —Swoe S|v11)+ 2C, SyooSvors by = ®LxLyLz (SVOO +S/V02) LxLyLz x
1 - —
x *(G)Lx Ly Lz + ZSuo + Svm)(cv - S/voz - Svn)+ 2CI S|2v01 - Svm CV SNOZ SVH X
© eL.L,L,

oy a an S Si 205, S
C — i e \Y + 1l 100 120~1120 V11
x(OLLL, +2S+ Sya), @ @LXLyLZS'VOO eLLL, eLLLl, eLLL,:

2 ®a,
_ 2a3 _ i = —
oV =a1|a1v3v00+0‘1%/3/v00_3/v02_$v11’ E_\/8y+® % 4®a4’ F 68.4 i

©%b, bb, | 6%  ©°
+?\’/\/r2+s3—r—§/m+r, r=24bf[4bo_®|-x|-y|-zb _54bf_b°87bfx

4

2 “n? 4bb,-OLL L
x 4®b2—®2§ —L2X|_2|_§®k;l s=0° B.b, ey AHb;  ob,
b YR8k 12b7 18b, °

4

Farther we determine solutions of Egs.(8), i.e. componentsof displacement vector.
To determine thefirst-order approximations of the considered componentsframework
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method of averaging of function corrections we replace the required functionsin the
right sides of the equations by their not yet known average values «. The substitution
leads to the following result

pl) TN 2_ ()5 TONZY () T 02

T (x,y,zt) *u,,(x Y, zt) T (x,y,zt)
=K 1z =K Sy
@827, o) @p) 22,
Integration of the left and the right sides of the above relationsontime t leads to
the following result

(z
pl(z

m

9
0X

u.(xy,zt)=u, + K(2) tjfT(x,y,z,r)drdS—
00

~—

—K(z)ﬂ(z)i

p(z) ox

o—38

]gT(x,y,z,r)drdS,
0

(2) &

p(z)o

m

Uy, (X ¥,z t)=u,, + K (2)

o —

fT(x,y,z,r)drdS—
0

~—"

<

~K(z )ﬁg;gziT(x,y,z,r) drzdg

t9
[[T(xy,z7)drd -
00

(z
pl(z

m

o
0z

ulz(x1 y’ Z,t)= qu + K( )

~—

—K(z)ﬂgZ;aZMT(x y,zz)dzd 9

Approximations of the second and higher orders of components of displacement
vector could be determined by using sandard replacement of the required components

on the following sums a+u(x,y,zt) [28]. The replacement leads to the following
result

p(z)%,zy,z,t) _ {K (2)+ G[SE(Z) )]} Uy (%, Y, Z1t)+{K (Z)_g[lE(Z)} «

ot 1+o(z ox? +o(2)]

><(32Uly(X,y,Z,'[)+ E(z) {@2 U, (X, y,zt) aulz(x,y,z,t)}_@T(x,y,z,t)><

X0y 21+o(2)] ay? oz dX
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x K (Z)ﬂ(z) + { K (z) T 3[15(02_)(2)]} aZUl;())((éyz’ Z,t)

p(2)

Fuonat)_ E@) [Fu ) dulye)] otz
ot 1+0(2)] ox oxay oy

d E(z) [ou,(xy.zt) odu,(xy.zt)|| &u,(xy.zt)
* K(Z)ﬂ(z)+az{2[l+0'(z)]{ 0z ! 8;/ }}4_ % X

X{J.ZSE(Z)Z)]+ K (z)}+{K (2)- 6[1'5(2) }azulv(x’ V.28, (P l* Y2

[L+o( +o(z)]] oyoz X0y
°u,,(x,y,2,t) E(z) |d%u,(xy,zt) d%u,(xy,zt) d%u,(xy, zt)
(2) . = - + > + +
ot 2[1+o(2)] X oy Ox0z

Plenat)] o fpfontena) et ucrai],
oyoz oz 0X oy 0z

. E@  afouxy.zt) ou,(xy.zt) ou(xy.zt) ouxyzt)]
6[l+o(z)] 0z 0z dX oy 0z

ou(xyzt) w2t ou(yzt)ll E@) () 52T (xv20)
oX oy 0z 1+0(2) oz -
Integration of the left and right sides of the above relationson time t leads to the

following result

U, (% y,2,t) = — 1K (2)+ 5E(2) aZtyu xy,2,7)drd g+ —IK (z)-
byl SR ) arao k()

2 2
B E(z) }5 i]:uly(x,y,z,r)drdSszE(Z){aziiuly(x’y’z’r)drd'gjL

3[l+o(z2)] oxoy p(2)| 0y
o te 1 1 8% e
1 Y & d d'-g y Yy 4y d dlg K
+822££UH(X v.27)de }1+o-(z)+p(z)axaz££un(x .z7)ds { (2)+

E(Z) ﬁ(z) o te az g
+3[LLU(Z)]}—K(Z),O(Z)M(J)£T(X,y,z,r)drdg—axzO(j)ulx(x,y,z,r)drdgx
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- e 5E(z) | N E(2) PE vee)deds

P(Z){K() 6[1+0'(Z)]} {K() [+ ()]}6 oy ££ (% y,27)drd 3
X 1 E(Z) 09 X, - ; +67200.9u « - T ~
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Framework this paper we determine concentration of dopant, concentrations of
radiation defects and components of displacement vector by using the second-order
approximation framework method of averaging of function corrections. This
approximation is usually enough good approximation to make qualitative analysis
and to obtain some quantitative results. All obtained results have been checked by
comparison with results of numerical simulations.

DISCUSSION

Inthissection we analyzed dynamics of redistributions of dopant and radiation defects
during annealing and under influence of mismatch-induced stress and modification
of porosity. Typical distributions of concentrations of dopant in heterostructures are
presented on Figs. 2 and 3 for diffusion and ion types of doping, respectively. These
distributions have been calculated for the case, when value of dopant diffusion
coefficient in doped area is larger, than in nearest areas. The figures show, that
inhomogeneity of heterostructure gives us possibility to increase compactness of
concentrations of dopants and at the same time to increase homogeneity of dopant
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Figure 2: Distributions of concentration of infused dopant in heterostructure from Fig. 1 in
direction, which is per pendicular tointerface between epitaxial layer substrate. | ncreasing of
number of curve corresponds toincreasing of difference between values of dopant diffusion
coefficient in layers of heterostructure under condition, when value of dopant diffusion
coefficient in epitaxial layer islarger, than value of dopant diffusion coefficient in substrate
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Figure 3: Distributions of concentration of implanted dopant in heterostructure from Fig. 1 in
direction, which is per pendicular to interface between epitaxial layer substrate. Curves 1 and 3
corresponds to annealingtime Q = O.OO48(LX2+Ly2+LZZ)/DO. Curves 2 and 4 corresponds to
annealingtimeQ = 0.0057(LX2+Ly2+L22)/DO. Curves 1 and 2 corresponds to homogenous sample.
Curves 3 and 4 corresponds to heterostructure under condition, when value of dopant diffusion
coefficient in epitaxial layer islarger, than value of dopant diffusion coefficient in substrate
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distribution in doped part of epitaxial layer. However framework this approach of
manufacturing of bipolar transistor it is necessary to optimize annealing of dopant
and/or radiation defects. Reason of this optimization is following. If annealing time
is small, the dopant did not achieve any interfaces between materials of
heterostructure. In this situation one cannot find any modifications of distribution of
concentration of dopant. If annealing time is large, distribution of concentration of
dopant is too homogenous. We optimize annealing time framework recently
introduces approach [29-37]. Framework this criterion we approximate real
distribution of concentration of dopant by step-wise function (see Figs. 4 and 5).
Farther we determine optimal values of annealing time by minimization of the
following mean-squared error

1 LXLyLZ
U= C(xVy,2,0)- ,V¥,2)|dzd yd
o [ty z0)-yxy2lazayax (15
2
@ 3
N
ol 1
\4\
0 L

X

Figure 4: Spatial distributions of dopant in heterostructure after dopant infusion. Curvelis
idealized distribution of dopant. Curves 2-4 are real distributions of dopant for different values
of annealing time. Increasing of number of curve corresponds toincreasing of annealing time

where v (X,y,2) is the approximation function. Dependences of optimal values of
annealing time on parameters are presented on Figs. 6 and 7 for diffusion and ion
typesof doping, respectively. It should be noted, that it isnecessary to anneal radiation
defects after ion implantation. One could find spreading of concentration of
distribution of dopant during this annealing. In the ideal case distribution of dopant
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Figure 5: Spatial distributions of dopant in heterostructure after ion implantation. Curve lis
idealized distribution of dopant. Curves 2-4 are real distributions of dopant for different values
of annealing time. Increasing of number of curve corresponds toincreasing of annealing time
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Figure 6: Dependences of dimensionless optimal annealing time for doping by diffusion, which
have been obtained by minimization of mean-squared error, on several parameters. Curvelis
the dependence of dimengonless gptimal annealing timeon therdation a2 and &= y=0for
equal to each other values of dopant diffusion coefficient in all parts of heter ostructure. Curve 2
is the dependence of dimensionless optimal annealing time on value of parameter sfor a/£=1/2
and &= y= 0. Curve 3isthe dependence of dimensionless optimal annealing time on value of
parameter £for a/L=1/2and &= y= 0. Curve 4 isthe dependence of dimensionless optimal
annealing time on value of parameter yfor a/L=1/2and g= £=0
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achieves gppropriate interfaces between materials of heterostructure during annealing
of radiation defects. If dopant did not achieves any interfaces during annealing of
radiation defects, it is practicably to additionally anneal the dopant. In this situation
optimal value of additional annealing time of implanted dopant is smaller, than
annealing time of infused dopant.

Farther we analyzed influence of relaxation of mechanical stress on distribution
of dopant in doped areas of heterostructure. Under following condition e,< 0 one
can find compression of distribution of concentration of dopant near interface between
materials of heterostructure. Contrary (at €,>0) one canfind spreading of distribution
of concentration of dopant in thisarea. This changing of distribution of concentration
of dopant could be at least partially compensated by using laser annedling [37]. This
type of annealing gives us possibility to accelerate diffusion of dopant and another
processes in annealed area due to inhomogenous distribution of temperature and
Arrhenius law. Accounting relaxation of mismatch-induced stressin heterostructure
could leads to changing of optimal values of annealing time. At the same time
modification of porosity gives us possihility to decrease value of mechanical stress.
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Figure 7: Dependences of dimensionless optimal annealing time for doping by ion implantation,
which have been obtained by minimization of mean-squared error, on several parameters.
Curve 1 is the dependence of dimensionless optimal annealing time on therelation a/Z and &= y
=0 for equal to each other values of dopant diffusion coefficient in all parts of heterostr ucture.
Curve 2 isthe dependence of dimensionless optimal annealing time on value of parameter sfor
a/L=1/2 and £= y= 0. Curve 3isthe dependence of dimensionless optimal annealing time on
value of parameter £for a/L=1/2and £= y= 0. Curve 4 isthe dependence of dimensionless
optimal annealing time on value of parameter yfor a/L=1/2and = £=0
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Figure 8: Normalized dependences of component « of displacement vector on coordinate zfor
nonporous (curve 1) and porous (curve 2) epitaxial layers

0.4 —

V(Z) 0.2 |

0.0 ,

a
0.0 7

Figure 9: Normalized dependences of vacancy concentrations on coordinate zin unstressed
(curve 1) and stressed (curve 2) epitaxial layers

On the one hand mismatch-induced stress could be used to increase density of
elements of integrated circuits. On the other hand could leads to generation
didocations of the discrepancy. Figs. 8 and 9 show distributions of concentration of
vacancies in porous materials and component of displacement vector, which is
perpendicular to interface between layers of heterostructure.
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CONCLUSION

In this paper we model redistribution of infused and implanted dopants with account
relaxation mismatch-induced stress during manufacturing field-effect
heterotransistors framework a downconversion mixer circuit. We formulate
recommendationsfor optimization of annealing to decrease dimensions of transistors
and to increase their density. We formulate recommendations to decrease mismatch-
induced stress. Analytical approach to model diffusion and ion types of doping with
account concurrent changing of parameters in space and time has been introduced.
At the same time the approach gives us possihility to take into account nonlinearity
of considered processes.
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