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On analytical approach for optimization of
manufacturing of a relaxation oscillator with a single
current source based on heterostructures to increase

density of their elements with account missmatch-
induced stress and porosity of materials

EL Pankratov

Abstract

In this paper we introduce an approach to increase density of field-effect transistors in the framework
of a relaxation oscillator with a single current source. Framework the approach we consider
manufacturing the inverter in heterostructure with specific configuration. Several required areas 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
value 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: Relaxation oscillator with a single current source; optimization of manufacturing;
accounting of missmatch-induced stress and porosity of materials; analytical approach for modelling

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 [*€l. To increase the performance of these
devices it is attracted an interest determination of materials with higher values of charge
carriers mobility [, One way to decrease dimensions of elements of integrated circuits is
manufacturing them in thin film heterostructures -5 . In this case it is possible to use
inhomogeneity of heterostructure and necessary optimization of doping of electronic
materials [*2 and development of epitaxial technology to improve these materials (including
analysis of mismatch induced stress) *%°1. An alternative approaches to increase dimensions
of integrated circuits are using of laser and microwave types of annealing [16-281,

Framework the paper we introduce an approach to manufacture field-effect transistors. The
approach gives a possibility to decrease their dimensions with increasing their density
framework a relaxation oscillator with a single current source. We also consider possibility
to decrease mismatch-induced stress to decrease quantity of defects, generated due to the
stress. In this paper we consider a heterostructure, which consist of a substrate and an
epitaxial layer (see Fig. 1). We also consider a buffer layer between the substrate and the
epitaxial layer. The epitaxial layer includes into itself several sections, which were
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 paper is analysis of redistribution of dopant
and radiation defects to determine conditions, which correspond to decreasing of elements of
the considered oscillator and at the same time to increase their density. At the same time we
consider a possibility to decrease mismatch-induced stress.
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Fig 1a: Structure of the considered oscillator 19
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Fig 1b: Heterostructure with a substrate, epitaxial layers and buffer layer (view from side)

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,z,t):i{Dac(x, y,z,t)}r o {Dac(x, y,z,t)}ri{Dac(x, y,z,t)}r
ot O X OX oy oy 0z 0z

o [ D, »
+Q&{EVSM(X, Y, z,t)gc(x, y,W,t)dW}+

L,
+Q%L(D—;Vsﬂ1(x, y,z,t)gc(x, y,W,t)dW}+ (1)

L9 Des & 1,(%,y,2,t) G Des 0 15,(%,y,2,t) L9 Des & 1,(%,y,2,t)
OX| VKT O X oy|V KT oy oz|V KT oz
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with boundary and initial conditions

oC(x,y,z,t) 0 oC(x,y,z,t) o oC(x,y,z,t)

=0, c (xy,2,00=fc (x,y,2),
O0X C

0 X \ oy

x=0 X=L, ‘ y=0

0C(x,y,z,1) 0 0C(x,y,7,t) . 0C(x,y,z,t)

= =0.
oy 0z 0z

Z

i 1

x=L, z=0 x=L

Here C(x,y,z,t) is the spatio-temporal distribution of concentration of dopant; Q is the atomic volume of dopant; V; is the

LZ
symbol of surficial gradient; IC(X, Y, Z,t)d Z is the surficial concentration of dopant on interface between layers of
0

heterostructure (in this situation we assume, that Z-axis is perpendicular to interface between layers of heterostructure);
(xy,z,t) and ze(x,y,z,t) are the chemical potential due to the presence of mismatch-induced stress and porosity of material; D
and Ds 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 242

C’(x,y,z,1) V(x,y,z,t)  V3(xy,zt)
14 KNz VXYY VY. 4
S]]

C’(x,y,2,t) V(xy,z,t)  V3ixy,zt)
——= |1 .
P7(x, y,z,T)} T TRy @

Here D. (x,y,z,T) and Dis (x,y,z,T) are the spatial (due to accounting all 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 e [* 31 [24];
V (x,y,z,t) is the spatio-temporal distribution of concentration of radiation vacancies; V" is the equilibrium distribution of
vacancies. Concentrational dependence of dopant diffusion coefficient has been described in details in 4. Spatio-temporal

distributions of concentration of point radiation defects have been determined by solving the following system of equations 2%
23, 25, 26]

o -0

D = DSL(X’ Y, Z’T)|:l+§s

ol(x,y,z,t) &
= D T
ot O X ,(x,y,z, )

A1(x,y,z,) L0 D(xsz)m(X’y’Z’t) N
X oyl T Ay

+§i D, (x, y,z,T)%y’z’t) —k, (%, y,2,T) 1%(x,y,2,t)=k,, (x,y,2,T) x
i i ’ ’

LZ
x1(x,y, 2,1V (x, y,z,t)+Q% %Vsy (X, y,z,t) [ 1(x, y,W,t)dW |+
0
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o|D L 0| Dis duy(xy,2,t)
Q| 5V (x,y,2,0)[1(x, y,W,t)dW |+ s 9%
" 8y{kT .2 )g by W) } ax{v kT OX }

©)

L0 Dis (X, y,2,t) L0 Dis du,(x,y,2,t)
ay V kT oy 0z|V KT 01

oV (x,y,z,t) & oV (xy,z,t)| & oV (x,y,2,t)
T _ﬁx{DV(x,y,z,T) EY }rﬁy{Dv(x,y,z,T) 2y }+

)ﬁv (x,y,2,t)

01

’
+E{D\,(x, y,z,T

}—kmx, 2 TIVA(% . 2) =k (6,9, 2T)

LZ
x1(x,y,z,t)V (x, y,zt)+Qaa {EVTSV (x,y,z,t)jV(x,y,W,t)dW}+
0

Dys Dys a,uz(x Y, Zt)
+Q8y{kT Vsy(xyzt)£ (x, th)dW} -~ {VkT P }

L 0] Bvs am(xyzt)] o[ Dys amlxy.zt)
oy| VKT oy 0z|V kT 017

with boundary and initial conditions

A1(x,y,z2,1) 0 A1(x,y,2,t)
X - X

x=0

X=Ly

21(x,y,z,t) 0 21(x,y,2,1) 0 21(x,y,2,t) 0
oy ’ oz - oz ’

y=Ly z=0

V(x,y,2,t) 0 AV (x,y,z,t) 0 OV (x,y,2,1)

= =V, = 0, (4)
0” X 0 é’ X x=Ly é) y ‘y:O
Viyzt| oy aveyzt) g Vit g
0 y ‘y:L 2y z=0 o1 =L,

=fi (xy.2), V (y.20)=h (xy2), V (% +V 1, ¥, +V 1,2, +V 1, 1) =V | 1+ 2tw .
TX +Y,+17
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Here | (x,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials; 1" is the equilibrium distribution of
interstitials; Di(x,y,z,T), Dv(x,y,z,T), Dis(x,y, z,T), Dvs(x,y,2,T) are the coefficients of volumetric and surficial diffusions of
interstitials and vacancies, respectively; terms V?(x,y,z,t) and 12(x,y,z,t) correspond to generation of divacancies and
diinterstitials, respectively (see, for example 28, and appropriate references in this book); kiv(x.y,z,T), kii(xy,z,T) and
kvv(x,y,z,T) are the parameters of recombination of point radiation defects and generation of their complexes; k is the

Boltzmann constant; = a3, a is the interatomic distance; ¢ is the specific surface energy. To account porosity of buffer

. Lo . [\,2 2 .
layers we assume, that porous are approximately cylindrical with average values I' =/ X; + Y, and z; before annealing

(231, With time small pores decomposing on vacancies. The vacancies absorbing by larger pores 7). With time large pores
became larger due to absorbing the vacancies and became more spherical [?’1, Distribution of concentration of vacancies in
heterostructure, existing due to porosity, could be determined by summing on all pores, i.e.

|
V(xy,20)=3 % EVy(x+iay+jBz+kpt) R=\X+y +2°

i=0j=0k=0

Here «, fand y are the average distances between centers of pores in directions x, y and z; I, m and n are the quantity of pores
inappropriate directions.

Spatio-temporal distributions of divacancies @y (x,y,z,t) and diinterstitials @& (x,y,z, t) could be determined by solving the
following system of equations [25 261,

o®,(x, y,z,t):i{D(D (x y,z,T)ﬁ(D'(X’ y,z,t)}ri{D@ (x y,z,T)a(D'(X’ y,z,t)_+

ot OX OX oy oy i
+21D (x,y,z,T)ﬁCD'(X’ y.2.1) 0l D®'SV yl(x,y,z,t)Lch (x,y,W,t)dW_+
oz| " o1 ox| kT ° 0 | .

D LZ
40 0| Do Vit (X, y,2,0) [, (X, y,W,t)dW |+k, ,(x,y,2,T)I1%(x,y,2,t)+
oy| kKT 0 '
+i D‘I)lS alle(X,y,Z,t) + 0 D(DIS aﬂz(X,y,Z,t) +i D‘D|5 aIUZ(lelZ’t) +
OX|V kT O X oy|V KT oy 0z|V KT 01
+k, (%, y,2,T)I1(x,y,2,1) ®)
o, (xy,zt)_ 2 Dq)v(x’y’z’T)é’CDV(x,y,z,t) N quv(x,y,z,T)ﬁq)V(X’y’Z’t) .\
ot OX OX oy oy
oD, (x,Y,2,1)

0z 5 KT

D ,
. }LQ 0 { X2 V(X y,z,t)ECDV(x, y,W,t)dW}r

7
nLﬁ—{DQDV (x,y,2,T)

D 7
ma%{ 1 Vera(x Y, 2], (x y,W,t)dW}Lkv,v(x, Y. 2TV (X y,z,t)+
0

+£ DCPVS 5,[12(X,y,2,t) 4 0 Dq)vS 8y2(x,y,z,t) +i D@\/S 5,[12(X,y,2,t) 4
Ox|V KT O X oy|V kT oy oz|V kT 0z
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+k, (X, ¥, 2, TV (x,y,2,1)

with boundary and initial conditions

o®, (xy,2,1) 0 2, (x,y,z,1) 0 o®,(x,y,121) 0
é, X x=0 Of’ X ‘X:LX 0/) y y=0

oD, (x,y,1,t) o 2, (x,y,z,1) 0 oD, (x,y,2,t) 0
é)y y=Ly o1 z=0 o1 z=L,

o, (x,y,2,1) _0. 9% (x,y,2,1) 0 9% (x,y,2,1) 06
ﬁ X x=0 a X ‘X:LX a y ‘y:o

o ®, (x,y,2,t) _g 9% (x,y,2,t) _o 9%, (x,y,2,t) 0
0’7y y=Ly ﬁZ ‘z:O 0"2 z=L,

D (x,Y,2,0)=far (X,y,2), D (X,y,2,0)=Fav (X,,2).

Here Dai(x,y,2,T), Dav(X,y,2,T), Dars (X,y,2,T) and Davs(X,y,z,T) are the coefficients of volumetric and surficial diffusions of
complexes of radiation defects; ki(x,y,z,T) and kv(x,y,z,T) are the parameters of decay of complexes of radiation defects.
Chemical potential z4 in Eq.(1) could be determine by the following relation 2%

/.tle(Z)QO'ij [Uij(X,y,Z,t)+Uji(X,y,Z,t)]/Z, (7)
. . 1( oy,  0u; | .
where E(2) is the Young modulus, gjj is the stress tensor; Uij = —| —— +—— | is the deformation tensor; u;, u; are the
2(0X%;  OX
components ux(x,y,z,t), uy(x,y,z,t) and u(x,y,z,t) of the displacement vector U(X, Y, Z,'[); Xi, Xj are the coordinate x, y, z. The
Eqg. (3) could be transform to the following form

ou.(x,y,z,t) ou;(xy,z,t)||1]| ou.(x,y,z,t) Ou;(xy,zt
u(x,y,z,t): (8xy )+ 1(6)( ) E (axy )+ J(ax )
J i j i

o (2)d; |:auk(x’ y: Z’t)_350:|— K(z)B)[T (x,y,2,t)-T,] 5, %E(Z):

0 X,

where o is Poisson coefficient; g = (as-aeL)/aeL is the mismatch parameter; as, ag. are lattice distances of the substrate and the
epitaxial layer; K is the modulus of uniform compression; g is the coefficient of thermal expansion; T, is the equilibrium
temperature, which coincide (for our case) with room temperature. Components of displacement vector could be obtained by
solution of the following equations 24

» (2)82 ux(x,zy, 2,t) _00,(xY, Z’t)+ 00, (XY, Z’t)+ oo, (XY, z,t)
ot 0 X oy 0z

o’ u,(x,y,2,t) do,(xy, Z’t)+ 0o, (XY, Z’t)+ 00,(xy.zt)
ot? - O X oy 0z

p (z)
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» (2)62 uz(x,zy, z,t) _d0,(xY, Z’t)+ 0o,,(x,Y, Z’t)+ oo, (xy, z,t)'
ot 0 X oy 0z

Where

ST ox, o, 3 ox

E() l:aui()(,y,z,t)+auj(x,y,z,t)ﬁauk(x,y,z,t)}rK(z)ax

><c?uk(x, y,2,1)
0 X,

Kronecker symbol. With account the relation for oj; last system of equation could be written as

P70 @) S [P0 ) B0 L

—IB(Z)K (Z)[T (X, Y, Z,t)—Tr], p (2) is the density of materials of heterostructure, & Is the

ot 6[l+c(z ox 3Ml+o(z

azuy(x,y,Lt)Jr E(z) )]{52 ,(xy,7, t) 0%y, (%, y,Z,t)}{K(Z)JF E(z)

X3y 2[1+ o (z oy’ oz° 3[1+0(Z)]}<

o°u,(x,y,z,t) K(z)ﬂ(z)aT (x,y,2,1)

o -
p(z)azuy;xézy,z,t): 2[152)(2)]{82uy(ax),(z/,2 t) azayf t } aT (x, y 2t)

N
feeotr o logils ]}az“z(i’;f”K<z>az“g(§’§f'”

p(2)2 u,(xy.zt)_ E(z) )]Vuz(x, y.z,t) 3%, (xy.2t)  dulxyzt)

ot? - 2l+o(z OX2 oy’ OX01

o%u, (x, y, z,t)} +Q{K (Z){aux(x, y,z,t) 0u,(xy,2t) au,(xy, Z,t)}}jL

0yoz 0z 0X oy 0z

1&{ E(z) [6auz(x,y,z,t)_8ux(x,y,z,t)_5uy(X,y,Zat)_auz(XJ,Z,t)}_

+_
60z |1+0(z) 0z O X oy 0z

T (x,y,2,1)
k(s T2

~B53 ~


file://server/test/Electronics%20Engineering/Devices%20and%20Systems/issue/1%20Vol/1%20issue/www.electronicnetjournal.com

International Journal of Electronic Devices and Networking www.electronicnetjournal.com

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

0 G(0,y,z,t) O_GUUW,%ZJ)

0. 0 U(X,O,Z,t) 0. 0 U(X,Ly,z,t)
ox oX " dy ’ oy

%y’o’t):o; 0 U(Xéy’ I‘Z’t):O; G(x,y,2,0)=0y; U(x,y,2,50)=0,.
Z z

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

oC(x.y.2.1) g{Dacu,y,z,t)} 0 {Dac_wz,t)} ‘ {DM}M

ot ox o oy oy oz Y

D D
+ fc (X’ y,z)5(t)+ d __°° é)ﬂZ(x’ y,z,t) + 4 _—¢Cs é?ﬂz(x’ y,Z,t) N
OX|V KT o X Y|V kT oy

O | Des 0 uy(x,y,2,1) o|D L,
- Q-2 =25V 4 (xy,z,t)fC(x y,W,t)dW
+éh{VkT o7 "ok it Yk oy 2O CLy W AW

o|D L
+Qa_y{ﬁv3ﬂ (x,Y, z,t)gc(x, y,W,t)dW}

ol (xé’i/ zt) _ é)ﬁx|:D| (x.y, Z’T)al (X@i/ z,t)}r jy{Dl (x.y, Z’T)al (xﬁ;/ z,t)}r

~N

o al(xy,zt o|D r
+E{D,(x,y,z,T)(ﬁ—Z)}+Qa{k—$Vsﬂl(x,y,z,t)gI(x,y,W,t)dW}+

+Qi{%vs;ﬁ(x, y,z,t)LfI (x, y,W,t)dW}—kI (X, y,2,T)1%(x,y,2,t)—

oy| kT 0 ’

—K, (% ¥, 2T (X, Y, 2,0V (X, Y, 2,t)+ T, (X, y,2)S(t) (3a)

oV (xy,zt)_ 2 {D\,(x, y,z,T)aV (x, y,z,t)}r 2 {D\,(x, y,z,T)aV (x, y,z,t)}r
ot O X OX oy oy

o OV (X, Y,z 0 r
+E{D\,(x,y,z,T) (az )}+Qa{%vs;ﬁ(x,y,z,t)£v(x,y,W,t)dW}L

+Q%{%Vsﬂl(x’ Y, Z’t)LfV (X, y,W,t)dW}—kV,V (X, Y, Z,T)VZ(X, Y, z,t)_
0
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—K, (% Y, 2T (X, Y, 2,0V (X, y,2,0)+ f, (X, y,2)5(t)

ﬁq)l(x’ y,z,t): o |:D(I) (X, y,Z,T)ﬁCD'(X’ y,z,t)}ri{% (X, y’Z’T)ﬁdb,(x, y,z,t)_+

ot Ax OX oy oy

o oD, (x,Y,z,t 0 | Dy, L |
+E{D®I(x,y,z,T) '(ﬁzy )}+Q5{ kqil's Vs,ul(x,y,z,t)ch,(x,y,W,t)dW +

02 {[l)(q"s V(X y,z, t)j (%, y,W,t)dW}+k,(x, Y, 2, T)(X,y,2,t)+

<DS 8/Uz X, Y,Z, t):| |:D<DS 5/12(X, y,Z,t):|+ 0 |:D<DS a/Uz(x Y, Z, t):|
oy

ox| VKT 0 X VKT oy oz|V kT 0z
e, (0, 2Ty 20 B, (x,1,2)50) -
o0, (xy,zt)_ 2 D, (% .2 T)ﬁd)v(x, Y, Z,t) . 21p (x.y.2 T)ﬁqbv(x, Y, Z,t) N
ot ox| MV X oy| M oy

o oD, (x,y,2,1) o | Do, L,
+E{D®V(x, y,2,T)— g }+Qa{ qul's Vg (X, y,z,t)gd)v(x, y,W,t)dW |+

D L
+Q%|: kGD_FS Vs/ul(X, Y, Z’t)J.ch (X’ y’W’t)dW:| +ky (X’ ys Z’T)V (X’ Yy Z’t)+
0

. 0| Dos 0(xy.2t) | 8| Das op(xy.zt)| 2| Days dm(xy.2.t)|
8x V KT 0 X 8y V kT oy 0z|V KT 0z

+kyy (X Y, ZTIVE(X Y, 2,t)+ fy, (X, y,2)5(t).

Farther we replace concentrations of dopant and radiation defects in right sides of Eqgs. (1a), (3a) and (5a) on their not yet
known average values i, In this situation we obtain equations for the first-order approximations of the required
concentrations in the following form

o0C,(x,y,2,t o|.,D 0|, Db
1(65/ ):alcQ—x|:Zﬁvsﬂl(Xvy’Z1t)}+a1C98_y|:zk_.ls-vs/‘1(Xvy’z’t):|+

Ff (%, y,2)8(t)+ | Des 0 py(x,y,2,t) N | Des 0 py(x, y,zt)
e x|V KT J X Ay|VkT oy

(1b)

5 Des 5’#2(X y,zt)
62 VKT oz
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M:%zg} 0 {D'S Vo (X, y,z,t)}+allQaay{z&Vs,u (x,y,2 t)}

ot KT KT

L 9] Dis O p,(x%,y,2,1) L 0| D O t,(x,y,2,1) L 0] D 8,uz(xyzt)
T ox| VKT O X oy|V kT oy 0z|V KT 017

+ fl (X' y’ Z)é(t)_alzl kI,I (X’ y’ Z’T)_6(1ICKZI.VkI,V (X' y’ Z’T) (Sb)

AV,(X,y,2,t o
1(0"'[y ):alsza_%vsﬂl(X, yizlt)j|+a1v98y{ E\'/lf VSIul(X y.z t):|

_'_i Dy s aﬂz(xv y,z,t)_ Dy s 8/,12(X Y, Z, t) Dy s a/uz(x Y, Z, t)
OX|V KT OX 6y V kT oy az V kT 017

+ fV (X’ y’ Z)é(t)_alil kV|V (X’ y’ Z’T)_allalv kI,V (X’ y’ Z’T)

D D
0Py (;"ty’ 2t _ e, ZQ%{ Vg (x, Y, z,t)}%. ZQa—ay{ 2 Ve, Z,t)}

8 D<D|5 a/UZ(X Y, Z, t) n 0 D®|S aﬂz(xl y,z,t) L9 0 D<D|S aIUZ(X Y, Z, t)
8x V kT OX oy|V KT oy 0z|V KT 017

+ fo, (% ¥, 2)8)+k (X, y, 2, T)1(x Y, z,t)+k, , (X, ¥, 2, T)I%(x, y,2,t) (5b)

oD, XY, olD oD
N(ﬁty )=0‘1¢VZQ&{ k?s Vsia(X, y,z,t)}%vzga_y{ k?s V(X y,z,t)}

+i Dq)VS a'UZ(X’ y’Z’t) + 0 Dq)vs aﬂz(x’ y’Z’t) 4+ 0 D‘DVS a;uz(x Y, Z, t)
OX|V KT O X oy|V kT oy 0z|V KT 01

+ f, (% Y,2)8()+k, (X, ¥, 2TV (X, ¥, 2,t)+k, (%, ¥, 2T )VE(X, ¥, 2,1).

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

_a t Z ] H
Cl(x,y,z,t):alcaniDSL(x,y,z,T)—kT {1+ng+g2W «

0 y
x Vg 14 (X, y,z,r){1+ sQc }d T}+alc _aygDSL(X’ y,z,T){lJr Py(is’alc’T)}r
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z VIxyz, VZ2(x,Y,z, Aot D
R s

X&yz(x,y,z,r)dpr o }PCS é)ﬂZ(X’y’Z’T)dr+ o } Des ﬁ,uz(x,y,z,r)dr+
o X AYyoV kT oy 0o

+ feo (x,y,2) (1c)

otD o tD
1,(x, y,z,t)=a1,zQ5£k—'TSVSyl(x, y,z,7)d r+a1,zQ8—y£k—'TSVSﬂl(x, y,2,7)d 7+

0 } Dis Guz(X,y,Z,t)dT+ 0 } Dis 8u2(X,y,Z,t)dT+ 0 } Dis 5ﬂz(x’y’2’t)dr+

+—[= —[= —[=
oxoV kT 0 X oyoV kT oy 0zoV kT 0z

t t
+ f, (X’ Y Z)_alzl .[kl,l (X’ Y, Z’T)d z'_0‘1|051vj.kl,v (X’ Y, Z’T) dr (3c)
0 0

otD otD
V,(x, y’Z’t):al"Zgagk_lTSVSﬂl(x’ y,z,7)d T+a1VZQa_y£k_-va81ul(x’ y,z,7)d 7+

2 05 B oplayzt)y | 08 s dpplxyzt)y 0k Dus dplxy.zt)y

oxoV kT O X oyoV kT oy 0zoV kT 0z

t t
+ fv (X’ Y Z)_aﬁ/gkv,v (X’ Y, Z’T)d T_allalvgkl,v (X’ Y, Z’T) dz

o tD otD
q)l,(x,y,z,t):alq,lzﬂa(j) kqfl'_s Vsyl(x,y,z,r)dr+95£ kqfl'_s Vi (X,y,2,7)d rx

D D
X 2+ f,, (X,y,z)_,_ai:{_@.s 5ﬂz(X, y,Z,T)dT_l_i} S 8/12(X, y,z,r)

— dz+ (50
XoV kT 0 X oyoV kT oy

0 t Dys 8;{2(X,y,2,7) t
273V k dr+[k )i
+5ZE[V kT 82 T+£ I(X’y121 ) (X,y,z"[)dz'+

+}k,,I (x,v,2,T)I1%(x,y,z,7)d

0

0 t Dy, 0 t D,
@, (X, y,z,t):alq)sz&g qul's Ve (X, y,z,r)dr+£2&£ kqil's Vi (x,y,2,7)d rx

D‘DvS a/uZ(X7 y’Z’T)dZ'-i- 0 j‘D‘DVS a/uZ(X1 y!Z7T)d
V kT 0 X oyoV kT oy

t
Xa1®vz+ fCDV (X,y,Z)+%£ T+
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D
+ %iviﬁ 5/12(2,2% Z’T)d T+ }k\, (x,y, 2TV (x,y,z,7)d 7+

t

+Jkyy (%Y, 2, TIV?(x,y,2,7)d 7

0

We determine average values of the first-order approximations of concentrations of dopant and radiation defects by the
following standard relation [2¢]

LLyL

]

Z

L [p(x,y,z,t)d zd yd xdt. ©)
0

o, =——
Y @LLL

Xy =z

?

Substitution of the relations (1c), (3c) and (5c¢) into relation (9) gives us possibility to obtain required average values in the
following form

BN i ©®aB+OLL L
1L Ijyjfc(x,y,z)dzdydx,all:\/(aer;A\) —4{B+ ;b + Ly ZalJ_
x=y=z 0 00 4a4 a,

~N

ay =

a,+ A 1 [etLy
’ a.

f

o—I"

f(x,y,z)dzdydx—a,S, —@LXLyLZ]
S|V00 11

Ly

0
wheresppij=£(® )g

o '—'x'_
o — I

k(%Y. 2Ty 2tV (x y,z,t)d zd yd xdt, a, =S,

Ly
X (Slzvoo _Snoosvvoo)’ a; = S|vooS||oo +S|2voo _Suoosvvoo’ a, = (J; fv (X1 Y, Z)d zd yd X X

o —
o —s I

LxLyLz
XSlvooslzvoo +S|voo®|—i|—§/|—i +25vvooS||oo £ £ g fl (X’ Y,z )d zd yd X— ®LXL§/L§SVVOO -
2 LxLyLz LxL)’Lz
_S|v00£££ fl (X, y,z)d zd yd X, & :Slvoo.([g.([fl (X’ y,z)d zd yd X, &, :vaoox

LLyL, 2 2
X{Hff. (x,y,z)d zd yd x} ,A:\/8y+®232_4@ﬁ, B:%Jri/ QP +pi-q-
000 a’ a, 6a,

—\/\/q +p*+q. Q—

2
[4a0 —oLLL, aﬁ%) 0% £4®a @23—3]—
a, 8a’ a,

@3 3 L L2L2 @ al p:®2 4a0a4_®LxLyLZa1a3 _ ®a2
54a Y 8a; 12a; 18a,
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Ay = Rys + Suzo + 1 LfoLff(D (x,y,z)d zd yd x
TeLLL, eLLL, LLL oo ™

X~y —z

Rv 1 va 20 1 Ly

= + + f (x,y,z)dzdydx,
“o TeLLL eLL L LXLynggg o, (Xy,2)d2dy
(0] LxLyLz .
where R | :£(®—t)£(j)£k, (x,y,2,T)Li(x,y,z,t)d zd yd xdt.

We determine approximations of the second and higher orders of concentrations of dopant and radiation defects framework
standard iterative procedure of method of averaging of function corrections %81, 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 anstp n1 (X,Y,2,t). The replacement leads to the following transformation of the
appropriate equations.

oC,(x,y,2,t) @ [{1+§[a2‘3 +C,(x, y,z,t)]y} {Hglv(x, y,z,t)+ VE(x, y,z,t)}

ot " ox P”(x,y,z,T) v’ 72 (Vo) g

0C.(x,y,z,t ) V(x,v,z,t V3(x,y,z,t)|0C. (x,Y,zt
XDL(X’y’Z’T)l(ﬁ—;)}a_y[ {Hgl A ((v*y)z )} l(ayy .

x D (x, y,Z,T){1+§[a20 +C(xy, 2t} }}Lﬂﬂuﬁv (x, Y, z,t)+g2V2(x, y,z,t)} .

P"(x,y,2,T) 0z \Y; (\/)2

x D (XY, z,T)éCl()(;’zy’ Z’t){l+ £ [%CPJ; (C):(l(;( ZyTz)t)]y }] + fe (x,y,2)5(t)+

n J | Dcs o”yz(x,y,z,t) n J | Dcs é’,uz(X,y,Z,'[) " 2 | Dcs é’yz(X,y,Z,t) n
OX| VKT O X Oy|V kT oy Oz|VKT o1

o |D L,
Q&{k_'lsivwl(x’ Y, z,t)!)[oz20 +C(x,y,W,1)] dW}+

o— I

+Qi{&vsyl(x, Y, 2,t)[[a,e +C (X, y,W,1)] dW} (1d)

oy |kT

Il (xy,zt) _ 2 |:D|(X,y,Z,T)é)Il(X’ y,z,t)}+ 2 {D,(x, y,z,T)ml(X’ y,z,t)}r
ot O X OX oy oy

+%{D. (x, y,z,T)%Z’Z’t)}k.,.(x, V.2, )le + 106y 2,)F =iy (%, ¥,2,T)
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X [all + Il(x7 y’ Z’t)][alv +V1(X’ y’ Z’t)]—i_Q%{VS/u (X’ y’ Z’t)lt[z[aﬂ + Il(X’ y’W’t)] dW X

Dis 0 | Dy 0 ¢ aﬂz(x Y, Z, t)
— 3+ Q \Y ,Z,t I W, t)[dW
XKT}+ ay{kT slu(xyz ) [0‘2|+ (Xy )] } 8X£ ox

o } Dis Gﬂz(X,y,Z,t)dTJri} Dis du,(xy.21)
V kT oyoV kT oy 0zoV kT 01

oV,(x,y,z,t) & oV(x,y,z,t)| & oV,(x,y,z,t)
Py _éx{D\,(x,y,z,T) P +§y D, (x,y,2,T) 2y +

d 7 (3d)

+%{D\, (X, Y, z,T)avl(g i’ Z’t)} —kyy (%, ¥, 2, Tty +V4(x, v, 2,0)] =K, (X, y,2,T) x

0 L
x [all + |1(X’ Y, Zat)][alv Jr\/1()(7 Y, Z’t)]JrQa{vsﬂ (X’ Y, Z,t)g[azv Jr\/1()(1 y,W,t)] dW x

B],00 [0 0 toumfnya),
kT}JrQ@y{kT Vo (X, y,zt)j[azv +V,(X, th)]dW} (’Bxg P

XDVSd 8} Vs 5#2(Xy2t)d +5} Vs 5#2(Xy2t)df

VKT T oyiVkT oy To0V KT oz
oD, (xy,2t)_ I D, (x, y,z,T)acD“(X’ y,z,t) N D, (%, y,z,T)é’cD“(x’ y,z,t) .\
ot ox| OX ! oy

D L,
+Q%{ kqjl'_s Vsu (X7 yl,t)f[“zan. D, X y,W,t ]dw}+kll XY, 2, T (X’ y,Z,t)+
0

D
Qi{ kqjl's Vi (X, y,2,t) j[azq, @, (X, th]dW}+kI X, ¥,2,T)(x,y,z,t)+

i{ vis O (X, y,zt)} ay{D s 8uz(x,y,z,t)}+ 0 {D s 1% Y., t)}

Ox|V kT O X V kT oy o0z|V kT 0z

%‘QJ

[D (x,y,2 T)é)q)1I (;(,Zy,Z,t)}jL fo, (X, y,2)3(t) (5d)

oD, (xy,z,t oD, (XY, 2zt 7 od,,(XxY,z,t
zv(é)ty ) X{ (DV(Xsz) 1v(é)xy ):|+—|:D¢V(X,y,Z,T) 1v( y ):|_|_
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D Z
+Q%{ 7 Ve (x y,2.8) [ty + @y (x, y,W,t)]dW}+kV,V (%, TIVZ(x y,2,t)+

0

0 | Days L
+Qa_y k_\li VSILI (X1 y,Z t)j[aZQV 1\/(X, y,W,t)]dW +kV(X’ y,Z,T)V (X, y,Z’t)+

0

8 Do, s 5;12(X Y, Z, t) Do, s aﬂz(X’ y,z,t) L9 0 | Days a/'lz(x Y, Z, t)
8x V KT 0 X ay V kT oy 0z|V KT 0z

+%{D®V (x,y, z,T)ﬁq)lV (;(Zy Z’t)} +f,, (X, y,2)5(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,(xy, z,t)=%i{l+§ o +Ci(x,y. Z’T)]y} {1+ aY (X’Vy,j z,r)+g2V2(X, Yy, ZJ)} x

P”(x,y,2,T) (\/*)2

0C,(x,Y,z, ot V(X,Y,z, V2(x,y,z,
DL(X,y,z,T)%dr+a—y£DL(x,y,z,T){1+gl (Vy T)+g2 ((\/y)2 T)}x

L0C(xy.2,7) loye +C(x Yy, 2t | 0 Vyzr)  ViAxy.zo)|
ay {1+§ Py(X, y,Z,T) +82j 1+§1 V* +¢, (V*)Z

% aCl(X’ Y, va) [azc +C1(X’ Y, Z’T)]y
D, (x,y,z,T) P {1+§ P70 y.2.T) dr+f.(x,y,2)+

ot L ot
6_£ V. u (X Y,Z T)g[azc +C1(X, y,W,r)]dez'+a—y£VS,u (X, y,z,r)x

L, D
XQIE);-‘I[%C+Cl(x,y,w,r)]der+ ﬁ{ cs 0 (% yizt)}
0

x|V KT O X
+ % DCS é’ﬂz(x, y,z,t) + 'z DCS 5:“2()(1 y,z,t) (1e)
Ay|V kT oy A2z|V KT oz

J | al(xy,z, al(xy,z,
IZ(X,y,z,t):ang(x,y,z,T) 1(5)3(/ T)d +§_ij|(’ 2,T) 1(5;’ T)dTJr

+£iDI (x, y,z,T)é’ (% y’Z’T)d r—}k, (%,y,2,T) e, +1,(x,y,2,7)fdr—
OZ1o oz o
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t ot
_gkl,v (X’ Y Z,T) [052| + |1(X’ Y ZJ)][“ZV +V1(X’ Y 277)] d T"'&gvs/u (X’ Y, Z,T)X

D L, ot L,
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t
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' oo ! O0Xo

I—Z

okTo

@, (x,y,W, T)]der+Q Uy, + @, (%, y,W,7)] dW x
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0 j'Dq)uS all'lz(x’ y,ZJ)dz__'_i.t[E)cD.s all'lz(x’ y’Z’T)

V d f 1 1
ToyaVkT  ay 0zoV KT 0z v fo, (X y.2)+
+ikI (x,v,2,T)I(x,y,z,7)d 7 o
0
@ (Xth)zijD (Xsz)ﬁq)lV(X’y’Z’T)dT+ % jﬂq)lv(X,y,Z,T)x
AT oxe T O X Sye Oy

oD, (X,Y,2,7)

x D, (x,y,2,T)d r+i}D® (x,y,2,T) dr+QiiVS,u (X,y,2,7) %
Y JoZo OXo
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D .L otD, ..
X qulv_s i[azq)v + @, (X, y,W,r)]der+Qa£ kd>_|v_8 g[amv + @, (X, y,W,r)]dW X

D
XV#WK%LﬂdfﬁmymyATW4K%LﬂdphgiQﬁa”u”ljh
0

— T+
OxoV kT 0 X

0 ! D<1>vs all'lz(x’ y’Z’T)dZ'+ 0 jD%S all'lz(x’ y’Z’T)

]

n - —[= dr+f, (X,y,2)+
oyoV kT oy 620V KT o1z o+ f, (0 3,2)

+.t[kv(xi y’Z,T)V(X,y,Z,T)dT.

0

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

Lx LY I-z

1
[ 11l (x, y,2,t)= p(x,y,2,t)|d zd yd xd t. (10)
000

oy, =——
» @OLLL

Xy =z

ff

Substitution of the relations (1e), (3¢), (5e) into relation (10) gives us possibility to obtain relations for required average values
ad2p

(Q+Ef_4[F+®%F+®%¢wqu_@+E,

=0, a1 =0, doav =0, &y, =
J ab? b, 4b,

C, - azzv Syvoo — Pay (2 Swor t Sivie + ®LxLy Lz) —Syvoz — Sivis

Qy =
Swort %oy S

1 ) 1 2 b = — S 1005w 00 (

mslvoosvvoo _mswoosuoo' 3 ®Lx Ly Lz 2va01 + S|v10 +

where b4 =

2
FOLLL )+ ovodwon (s 4o 4§ L@LL L)+

—=—(2S,y g1 + Syy10 +
X~y —z X~y —z ( Vvl V10
eL,L,L, OLL,L,
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ay a, 6a,

/ > 3 3 3.3 2

+3\/ r2+53—r—3\/ r2+S3+I’,r: ®b22 4b0_®LxLyLz blbs _®b23_b0 ®2><
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i b,) 77 8b7 12b? 18b,

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

pl) S () () TTNEY ()Tl 2
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-k (@)U, T VL) (1)) T2

Integration of the left and the right sides of the above relations on time t leads to the following result
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Approximations of the second and higher orders of components of displacement vector could be determined by using standard
replacement of the required components on the following sums ei+ui(x,y,z,t) 28, The replacement leads to the following result
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Integration of the left and right sides of the above relations on time t leads to the following result
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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

In this section 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 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 2°-%71, 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.

15

Substrate

Epitaxial layer

0.0 ; , ,
0 L/4 L/2 3L/4 L

Fig 2: Distributions of concentration of infused dopant in heterostructure from Fig. 1 in direction, which is perpendicular to interface
between epitaxial layer substrate. Increasing of number of curve corresponds to increasing of difference between values of dopant diffusion
coefficient in layers of heterostructure under condition, when value of dopant diffusion coefficient in epitaxial layer is larger, than value of

dopant diffusion coefficient in substrate
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Fig 3: Distributions of concentration of implanted dopant in heterostructure from Fig. 1 in direction, which is perpendicular to interface
between epitaxial layer substrate. Curves 1 and 3 corresponds to annealing time ® = 0.0048(Lx?+Ly?+L;?)/Do. Curves 2 and 4 corresponds to
annealing time ® = 0.0057(Lx?+Ly?+Lz?)/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 is larger, than value of dopant diffusion
coefficient in substrate
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Fig 4: Spatial distributions of dopant in heterostructure after dopant infusion. Curve 1 is idealized distribution of dopant. Curves 2-4 are real
distributions of dopant for different values of annealing time. Increasing of number of curve corresponds to increasing of annealing time

L,

Ll
1 i[ (x,v,2,0)-w(x,y,z)]dzd yd x, (15)

y
LLL H

y —z

where y (x,y,z) is the approximation function. Dependences of optimal values of annealing time on parameters are presented
on Figs. 6 and 7 for diffusion and ion types of doping, respectively. It should be noted, that it is necessary 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 achieves appropriate 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.
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Fig 5: Spatial distributions of dopant in heterostructure after ion implantation. Curve 1 is idealized distribution of dopant. Curves 2-4 are real
distributions of dopant for different values of annealing time. Increasing of number of curve corresponds to increasing of annealing time
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Fig 6: Dependences of dimensionless optimal annealing time for doping by diffusion, which have been obtained by minimization of mean-
squared error, on several parameters. Curve 1 is the dependence of dimensionless optimal annealing time on the relation a/L and &= y= 0 for
equal to each other values of dopant diffusion coefficient in all parts of heterostructure. Curve 2 is the dependence of dimensionless optimal
annealing time on value of parameter ¢ for a/L=1/2 and &= y= 0. Curve 3 is the dependence of dimensionless optimal annealing time on
value of parameter & for a/L=1/2 and ¢ = y= 0. Curve 4 is the dependence of dimensionless optimal annealing time on value of parameter y
fora/L=1/2and ¢=£=0
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Fig 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 the relation a/L and &=y
= 0 for equal to each other values of dopant diffusion coefficient in all parts of heterostructure. Curve 2 is the dependence of dimensionless
optimal annealing time on value of parameter & for a/L=1/2 and £= y= 0. Curve 3 is the dependence of dimensionless optimal annealing
time on value of parameter & for a/L=1/2 and £= y= 0. Curve 4 is the dependence of dimensionless optimal annealing time on value of
parameter yfora/L=1/2and ¢=£=0
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Fig 8: Normalized dependences of component u; of displacement vector on coordinate z for nonporous (curve 1) and porous (curve 2)
epitaxial layers

Farther we analyzed influence of relaxation of mechanical stress on distribution of dopant in doped areas of heterostructure.
Under following condition &< 0 one can find compression of distribution of concentration of dopant near interface between
materials of heterostructure. Contrary (at &>0) one can find spreading of distribution of concentration of dopant in this area.
This changing of distribution of concentration of dopant could be at least partially compensated by using laser annealing F7.
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 stress in
heterostructure could leads to changing of optimal values of annealing time. At the same time modification of porosity gives
us possibility to decrease value of mechanical stress. 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 dislocations 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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Fig 9: Normalized dependences of vacancy concentrations on coordinate z in unstressed (curve 1) and stressed (curve 2) epitaxial layers

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 relaxation oscillator with a single current source. We
formulate recommendations for 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 possibility to take into account nonlinearity of considered processes.
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