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On influence of missmatch-induced stress and porosity
of materials on manufacturing of a quadrature
relaxation oscillator based on heterostructures to
increase density of their elements
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Abstract

In this paper we introduce an approach to increase density of field-effect transistors in the framework
of a quadrature relaxation oscillator. 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: Quadrature relaxation oscillator, 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 6. To increase the performance of these
devices it is attracted an interest determination of materials with higher values of charge
carriers mobility 1%, One way to decrease dimensions of elements of integrated circuits is
manufacturing them in thin film heterostructures % 1. 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) 351, An alternative approaches to increase dimensions
of integrated circuits are using of laser and microwave types of annealing [*6-281,

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 quadrature relaxation oscillator. 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

Epitaxial layer

Buffer layer
Substrate

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 [X-20-23],

aClxyzt) 8 [ ﬁCtJ:\y.z.tj} d [ ﬁ'C(.J:,_v.z.t:l] d [ ﬁ'C(.J:,_v.z.t)}
at _a,rD B +6'_vD 8y +ﬁ‘zD Bz +

a [Ds , L, ,
+0 - [ﬁ Vepty (x,v,2,t) fn Clx, _},W,t)dW} +

3 [Ds , L, ;
+!2'E[Ep'sii1(x,},z,t)fo clx,y, W, t)dW]+ o

a [chﬂu:tx.yz.r]} a [chﬂu:i.x\vz.t)} a [chﬂ'u:tx\vz.ﬂ]
VKT dz

dotx LVET dx doty LVET dv gtz

with boundary and initial conditions

ac(xy.z.r) ac(xy.z.r) ac(xy.z.L)

Al =0, — =0, gtixy.zt) =0,C (x,y,z,0)=fc (x,y,z)’
dx x=0 da x=L, dy ¥=0

ac{xy.z.r) aC(xy.z.r) acixy.z.r)
xy.2L) —o0, XN, —0, -0
dy x=L dz z=0 dz x=L_

Here C(x,y,z,t) is the spatio-temporal distribution of concentration of dopant; Q is the atomic volume of dopant; Vs is the
symbol of surficial gradient; fUL”C(x,y,z, t)dz is the surficial concentration of dopant on interface between layers of
heterostructure (in this situation we assume, that Z-axis is perpendicular to interface between layers of heterostructure);
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(xy,z,t) and zo(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 2421,

c¥{xyz.i) Vixyzt) V3 (xyat)
D= DL[x,y,z, T) [1 +fm] [ +cy - Ca RE }
CYixyzi) Vixyzi) Vi(ayzt)
Ds= DSL(X’ Y.z, ) [1 +4s P}'t'x\vz.T‘J [ T4 v 62 vH* } ' @

Here D. (x,y,z,T) and Dys (x,y,2,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 324 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]

ari, \.zrl

- [D; (x .z, T) aII:.J..J-.Z r|:|

[D!(x .2, T) arix, '»zrl:| +

+ [D;(x V.2, T)EH.J.,}.ZII]

k!,! (x.! }}.! Z, T)IZ (x,}’, Z, t) - k! W (x.! }}.! Z, T} X
x 1(x, v,z t)V(x, v,z,t) —l—ﬂa [ Ve(x, v, z, t)_[ I(x,y,W, t)dW]

+ﬂa [D” Vept(x, v, 2, t)f I(x,y, W, t)dW] o [D” M}

VET dx
d [D;g augi-_;_-\vz.r)} d [D;_-; Ei'ugt'x\vz.rj] (3)
dv LVET dv dz LVET dz
av ,T) avixy.z.r avixy.zt
tJ.a:z ) [D._,-(x y,z, T} tJ.mz |:| [DV(X vz, T) (J.‘u.z |] +

+ [Dv(x V.2, T)M]

kV,V (x.! }}.! Z, T)Vz (x, j}: Z, t) - k!,v(xJ j}: Z, T) *
x 1(x, v,z t)V(x, v,z,t) —l—ﬂa [  Vep(x, v, 2, t)_f Vix, v, W, t)dW}

a [D” Veu(x, v, z,t) f:” Vix,y, W, t)dW] [f{f_ a“gu;z tl} +

d [Dys ﬁagi'x,_v.z.t)} d [Dys ﬁ'ngt'x\yz.tj]
gy LVET ay gz VLT dz

with boundary and initial conditions

allx,y.zr) -0 al(x,y.ze) -0 al{x,y.zr) -0
Bx x=0 ' dax x=L, ’ gy =0 '
GIix,y.zt) 0 I{x,y.zL) -0 alix,v.zt) 0
dy Y=Ly ' gz z=0 ’ dz z=L; '
gV ixy.z.t) _ o GV(xyzD) -0 aVixy.zt) -0 (4)
da x=0 ' dx x=L, l dy ¥=0 '
GV ixy.z.r) aVixy.zt) Vix,y.zt)
il bt =0, ovixyat) =0 — =0, | (X'y'z,O):
ay dz z=0 dz =L

¥=Ly =Ly

= (y,2), V (%y,2,0)=f (xy,2), V(xy + Vit vy + Vit 2, + V0, 6) = V[ 1+ —=22

|
I:T\|.J:f +yi+zt
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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, 281 and appropriate references in this book); kiv(xy,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; w = a3, 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 » = \/xf + y and z; before annealing % With
time small pores decomposing on vacancies. The vacancies absorbing by larger pores 1, With time large pores became larger

due to absorbing the vacancies and became more spherical ?"). Distribution of concentration of vacancies in heterostructure,
existing due to porosity, could be determined by summing on all pores, i.e.

V(x,y,z,t) = Yo X o D=0 Volx +ia,y + jB,z+ kx,t), R = Jx2 + y? + 22,

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,

d&laxy.zt)

_a ﬁ"#';(.J. y.z.t)
8t - [Dﬁ(x v.2.T) ]

d d 2 ]
[D@I(x V.2, T) @;U.mzt] +

By, zrl]

[D‘f‘j (x V. Z T) + 0= [_L FS#’]. (xrj}rz! t) J-ULE 4’! (xr.vr W} t)dw:l +

+.Q: [D'* = Vepty (x, 7,2, t)f0 & (x,y, W, t)dW}+k”[x vz, I (x,y,2t) +

ﬁ ﬁu: (x.y.2.5) ﬁ Dy 5 duqlxyzt) ﬁ ﬁ' (x.y.zt)
:—] _*z_“:—} “3—] +
S'J. VET dx 6"» VkT ay ﬂ'z VET dz
+k! (x.! }}.! Z, T:}I (x.! jf,z, t) (5)
deylryat) _

ﬁ gy (x )

ﬁ dEylxyzt)

dar

ﬁi'hr,,r(.:l.;»z rl]

[D.i,;,(x v,2,T) +ﬂa [ * Veuy (%, v, 2, t)_f &y (x,y, W, t)dW]

D,
+.Qa— (x,v,2 t)fn &y (x,y, W, t)dW} +kyy(xy, 2, TIVE(x, v, 2, t) +
a [qus ﬂ'ugi'.x.yz.rj] 8 [D¢Vs Bugi'.x.yz.rj] g [Dﬂ.s Bugi'.x.yz.r)] ¥
dx L VkT dx dy L VLT ay dz L VET dz
+I{V(xryrzr T)V(x:}j;z; t)
with boundary and initial conditions
delxyzt) -0, GIix,y.zt) -0, aI(x,y.zr) —0,
dx x=0 N dy  lu—p
alfx,y.zr) -0, ddpixy.zt) -0, alxy.zt) —0,
a-"‘ .VzLy dz z=0 dz Z=Lz
deplryar) —0 avix.yzr) —0, V(. y.zr) =0, ©)
dx x=0 dr le=r, A
avix,y.z.t) -0, avVix,yz.r) — o, fdplxyzt) -0
dy V=L dz z=0 gz z=Lg

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), Dais (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 ky(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 29,

,l.ll:E(Z)QO'ij [Uij(X,y,Z,t)+Uji(X,y,Z,t)]/Z, (7)
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ous 2y
ﬁ'.rj- + a..l'i'
components Ux(x,y,z,t), uy(x,y,z,t) and u,(x,y,z,t) of the displacement vector (x, y, z, t); X, X; are the coordinate X, y, z. The Eq.
(3) could be transform to the following form

where E(z) is the Young modulus, o is the stress tensor; u; —(

=3 ) is the deformation tensor; uj, u;j are the

du;(xyze)  duilxyeo)| (1] du;(xyze) | du;lxyzi)
X, v, Z, t) = G 4 J + ] 1 f] _
,[.‘.( ¥ ) [ Bax; + dx; ] {2 [ Bax; + dx;

a(2)8;; [ﬁuk('.x.yz.t:l

—en 5.
00 + 1-2a(z)

— 38, — K@B@T (1,2 1) — 16, }2E(),

where o is Poisson coefficient; & = (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; S 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,

P ulxyziL) oy (xyzt) | Boylxyzt) | doy(ayzt)
Z =
P (2) ar® dx + By + dz

(z) 5y }.(-.:.-\v Z.T) _ Ei'fr}.Jr (xy.z.r) + a a'yyt'x\v Z,r) a Tyz (xy.2.0)

gt dx dy + dz
FPuglxyzi) Ggglayzt) | Bogyu(xyzt) | oz (xyzi)
p(2) et - B + 8y + gz

E(z) dulxyzr) Guixryze) 6 duylxyzr)
where g;; = [ : i — Lk

ﬂ'uku\mzrl .
s [P e |+ k@8, x x 242220 _ pok(a)(1(x,y.2.0) ~T1, p @) is

the density of materials of heterostructure, g; Is the Kronecker symbol. With account the relation for o last system of equation
could be written as

] k3 = .z L) k3
p(z)ﬁ‘ uxi.:l.;»zr [K( )+ S5E(z) }6‘ U, lxy.2.L) —|—[H‘(z)— E(z) }X

6[1+a(z)] ax® 3[1+aiz)]
8 u (xyzt) E(z) [ﬁzu lxyzo)  0%uglx mztl] [ E(z) }
l) A fy s :". W 5 =
X Bxdy 2[1+a(z)] gy + K(z) + 3[1+a(z)]

e g ug(xy.zt) _ K[z)ﬁ(z) ﬁ'TtJ.é::z-t.'

dxdz
(Z) 87 uylxyzt) _ Elz) [63 uy(xyz.i) a2 uxt'.l:\yz.t:l] OT (xy.z.t)
ar® 2[1+a(z)] B Bxdy ay
E(z) du, (xyzt)  duglxyzt) 8 u (xyz.L)
x K Z Z [ l) A By = W r]} l) A fy x 8
( )ﬁ( )+5 Az L2[1+a(z)] dz + dy + ay* (8)
SE(z) E(z) 8 u (xyz.L) u (x, vzt
(D () 4 () — —EE | Fua050) | ) P
12[1+a'tz:|]+ ( ) + ( ) B[1+a(z]] dydz + ( ) dxdy
(Z) FPuglxyzi) _ El= [ﬁ'g ug(xyzt)  Cuglayzt)  ulleyzr)
P ar® 2[1+a(z)] B ay® fxdz

#u, (xyzr)
+—'?] +

8 [K(Z) [ﬂuxf;':z.r,l + Buy,(x.y.zr) n Buxtx\vz.r,l}} v

dydz dz dy dz
1 a [ E(z) uglayzt) Ouylxyzt) duylxyzi) ﬁuzi'.x,y.z.t)“
6 gz \1+a(z) dz dx ay dz

—K(z)ﬁ(z) aTt'Jr;;v.z.zju .

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

AU(0y.zL) ULy .z.E) fu(x0.z8) fu(xL, 2.t
da dx ay dy
AU (xy.0,8) Bulxy.Lat)
—— =0, ———== = 0;1(x,y,2,0) = tly; i(x,y,2,%) = .
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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

ac(xy.z.r) a [ BCt'J:\v.z.rj:| a [ BC('.J:\vz.z'l:I [ aCI:.J..J-.Z r|:| 1
i el —— e — |\ - a
o rl Ll 2 P D 5 ol 1 + (1a)

g [Decs ﬁngt'.l:.y.z.t)} g [Des ﬁagi'.r,_v.z.t)} g [Dcs ﬁ'ngt'.l:\yz.tj]
gztx LVET gx =ty LT ay gz VLT dz

a Eﬂ'ugtr\vz.ﬂ] i[ﬁ L. ]
gtz ['Ir_’kT dz +0 dx LkT F‘:.;_u(x,y,z,t) J-U C[x,y, w, t)dW +

8 [D L,
+o- ﬁ&ﬂ(x,y,z, t)fn C[x,y,W,t)dW}

ariax, \.zrl Ei'ItJ.'»ztl

gt

[D; (x .z, T) a!'l:.J.J-.Z r|:|

[D!(x v,z T) } +

8 [D L,
+04- ﬁ?spl(x,y,z,t) fn I[x,y,W,t)dW}+

+ [D;(x V.2, T)ﬁ!i.m.ztl]

—I—ﬂ.a [ Ver, (%, v, 2, t)_f I(x, y,W, t)dW} ky (x,y,2, T (x,y,2t) —

—kpy (5, y,2, T (x, 3,2,V (x, y.2,t) + fi(x,y,2) 6(t) (3a)

aVixy.z, tl

a dVixy.z.t)
2202 [0, o) 25220

d av () ]
[DV(X V.2, T) Vt.l.mzt] +

= [D” Ve, (x,v,2,t) f;” Vix, v, W, t)dW] +

+ [DV(X V.2, T) E'V(.J.,}.z tl]

g
+0 2 22 vy (x,y,2,0) [ 106, 3, W, 0dW | — by (6, 3,2, T (5,3, 2,8) =

_kI,V (x.! }}.! Z, T}I(x,jf,z, t)V(x! jf,z, t) + f'.f (x.! }}.! Z}'ﬁtt)

ﬂ'fﬁ;('.:l:.yz.r )

6'-:61(.:. ¥z, rl]
gt

A (xy.zr)
17] +

2 [pa (e y.2T) =[P vz

a&plxy. ztl]

a
+52 [Dﬁ(x v,z T) + 00— [—L Vetty (x, v, 2,t) f;” & (x, v, W,t)dW] +

+.(.?Ia [D'* = Vepty (x, 7,2, t)f0 & (x, v, W, t)dW}+k;[x v,z TH(x,y,zt) +

au. [w.:" T2 ”m} By [vu‘ 3#13(;;2?'} Bz [ VT fﬂtzi;z‘»zf'] +
+k; (x, 3,2, T (x,v,2,t) + fe,(x, ¥,2)6(t) (5a)
A D, (x,Y,1z,1) _ D (%Y, z,T)é)(DV (X,y,2,1) +i De, (%Y, z,T)ﬁcDV (X,y,2,1)
ot OX OX oy oy

d L
= [anr,r(x:}’:z: 7) Gon (63,20 | %oy, w,rmw] +
i}

s, (x v, Z, t) qu.vs
dz ax

d [D L
—I—Q—[ #15 P:;;Al(x,y,z,t)f & (x,y, W,t)dW] + k(o v,z T (x, v,2,t) +
0

dv | kT
i Dgys 015 (x y.z t) 9 [Dags 0tis (x Y.z t) qugs Opz(x,y,z,t) +
dx | VkT 6‘1? VkT VkT oz

+kV,V(x:j}:Z: T)VZ(X! }}.! Z, t) + f@v (x.! }}.! Z}&(t)-
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Farther we replace concentrations of dopant and radiation defects in right sides of Egs. (1a), (3a) and (5a) on their not yet
known average values aip. In this situation we obtain equations for the first-order approximations of the required
concentrations in the following form

ac,(x,v,zt) d 71 Ds d 1 Dg
— g — %y [Zﬁ P'S_ul(x,y,z,t)] + alcﬂ% [Zﬁ ATH (x,y,z,t)] +
D¢s du (x V.2, t) D¢s duy(x,y,2,t)
e (%3, 2)8() N x[i}.:;' : =y V.:;' : *
8 [Des dpz(xyzi)
azz L7 dz ] (1b)
a1, (x,v,z,t) d D5
T_ql z‘ﬂa IfT P:;.U.(x ‘Vzt):l—l—alfﬂa [ -II:T P-S.Iu‘(x ?Zt)]
0 | D5 O, (x V.2 t) Dys dpi; (x Y.z, t) Dys 0p,(x,y,2,t) n
dx |VkT 6‘1? VkT ﬂz VkT
+fi(x,y,2)8(t) — afrky (x, 3,2, T) — ayapky (x,y,2,T) (3b)
v (x,y,z,t) d [Dys d [ Dys
— - Cwillg [ﬁ Vst (3.2, t)] + ﬂ’wﬂﬁ [Zﬁ Vous (x, 3, 2, t)] +
0 | Dys dp, (x V.2 t) Dys dpi; (x Y.z, t) Dys 0u,(x,y,2,t) n
dx |VkT 6‘1? VkT ﬂz VkT

+fr (v, 2)8(t) — afykyy(x, .2 T) — ayayky (x,9,2,T)

ddy(x,y,2,t)
”T n-mjzﬂa [ 15 Gepty (x, 7, 2, t)] —|—n'l,,g,jzﬂa [ T 2 Vs (X, 7, 2, t)]
i I_)ﬁs du, (x V.2, t) 0 |Dgys0pts (x Y.z t) 0 [Dg,s 01y (x,y,2,t) n
dx |VkT 6‘1? VkT é‘z VkT
+Ha, (%, 3,2)8(8) + Ky (x, .2, DI (xy,2,8) + Ky (6,3, 2 DI (v y, 2, ) (5b)
d(x, v,z t) d [Da,s d [Da,s
— = qmvzﬂa [k_; F':;_ul[x,y,z,t)] + alévzﬂ%[k—;%gl[x,y,z,t)] +

0 | Days Oty (x .z, t) d [Daysdpts (x V.Z, t) qugs dpy(x,y,2,t) +
dx | VkT 6‘1? VkT VKT dz

+flf'v(x: }}!Z)é‘(t) + kv(x,jf,z, T)V(x! }}.! Z, t) + kV,V(xJ:F:Z: T) Vz (x.! }}.! Z, t)'

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 V(x,y,z1) Vi(x,y,2,1)
Cilxy,z,t)= “lcﬂEL Dg (%, 2, T)ﬁ[l‘f‘ﬁ 7 +62 TRE

al a rt at
X Vepry(x,y,2,7) [1+£ dT}Jrﬂlca—vJ Dy, (x,y,2T) [1+ stic
Yo

PY(x,v,2,T) PY(x,y,2,T)
z V(x,y,2z1) Vi(x,y,21) a Dcs
x ‘!?P:;“l(x::przr r)ﬁl:1+gl Ve Gz (VH)E r+a —ox f VkT
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duy(x,y, z, 0  [* D Ouqy(x, v,z a Dqs @
y #z[xJ’ZT)dr_l_ f Des Nz(x}’ZT)dr_l_ J cs #2(?51"33) -
dx d=yl, VKT dy d= VKT dz
+fe(x,y.2) (1c)

l{J. (x! }’: Z, t) = al!'z‘!?a J;] ﬁ P:;#’l (x,jf,z, r)dr + ﬂ_uZJ?@ J;] ﬁ P:;-ul (x,jf,z, T)dr +

+

ad fr D;s dp, (x,jf,Z,t)d a fr D;s dp, (x,jf,Z,t)d a [ Dps Aps(x, y, 2, t)
o), Tt ax Wl vy Tazl, vkt ez

+fi(xy.2) —af; J-[]r kpp(x,y, 2, T)dr — ﬂ'uﬂ'wﬁ kry(x,y,zT)dt (3c)

I’i (x:j}:z: t) = ﬂ'lvz‘!?aj;] ﬁ P:;#’l (x’j}’Z’ r)dr + all’!z‘ﬂ%fo ﬁ FSH’J. (x:}’: Z, I’)dl’ +

+

d fr Dys 0pz(x,y,2,t) d fr Dysdp;(x,y,2,t) d [ Dys dpy(x, . 2, t)
ax ), vkt~ ox ayJ), vk ay Tez) vkt ez

t t
+h(xy.z) - ‘vaJ kyy(x,y,2,T)dt — ﬂ’uﬂ’wJ ky(x.y,2,T)dt
0 0

‘ Dy
kT

t = sﬂ]( )d ﬂ
F LE, T 1’—'—

& (x,v,zt)= n'l,i,jzﬂ Vepty (x, v, 2, 7)dT X

0

tﬂq, Gua(xyzr) 8 ptDg,58ualxyzT)
X @y,2 + fo, (0, 7.2) + - fn s —dr 3 Jo _Lw.r —5 dr+ (5¢)

d frDﬁs a#z(x;j"yz; T)

[
e fn Ki(ny,2 DIk, y, 2, D7+

t
+ J ky;(x,y,2 T (x,v,21)dt
0

L L

Dgys d ["Dg,s
V. dr+ .0 — v
5x ), kT VY2 AT QG0 | S

Py (01,2 t) = 44,20 —— Vsuy(x,y,2,1)d7 X

+

a Jt D503 (x,y,2,7) P d f Dg,s0uy(x,y,2, r)
0

X Q15,7 + f3,(x,7,2) +é‘x VkT ax t dyl), VET dy

8 ["Dg,c0p,(x,v,2,7) ¢

EL I‘T'ff;'fi" 3z dr—l—Lk._,-[x,y,z, TWV(x,y,z 1)dr +

+ fnt ky (%, v, 2, TV (x, v, 2, 7)dT.

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

“1p = eLxL L Jqn fn fn fn p1(x,y, z, t)dzdydxdt. )

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

%1c = LyLyls fn fo fg [ (x, v, 2)dzdydx,
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(az+4)? 8a;B+0°L, L, L a. az+4
ﬂl!=J —4(B+ IL')EJ)__ y

2
day ay day

_ 1 [@ Ly Ly L, B B
ty = | I 1 fr (e y, 2)dzdydx — ey Sy GLA.L}.LZ},
where
o Ly Ly (L ; ;
Sppij = J-o (&—1) J-ux.'.u) fu:kp-p (6, y,2. DIy, 2.0V (x,y, 2, t)dzdydxdt, a, = Sy X

Ly Ly oL
% (Sitro0 — Str00Svvoo0)s @2 = SprooSimoo + Siroo — StrooSvvon @2 = fg * fg 7 fg * fr(x, ¥, z)dzdydx x
Ly Ly L
X Siyo0Sfoo + Swoo@L3LE L2 + 25vv005xmof f f filx,y, 2)dzdydx — OLLL2 L2 S0 —
o Yo Yo

Ly Ly L Ly Ly, L
—Sfiro0 fg x..l-u ! .[g *fi(x,y,z)dzdydx, ay = Spyoo fg * fg ! fg *fi (x,y, 2)dzdydx, ag = Syyoo X

Ly pLy pLg z as a aa N
x[fo 1LY 1 ﬁ(x,y,z)dzdydx} ,A=J8}E+82a—i—48a—i,3=6—£+ Wa*+p?—q—
3| ——— a%a aa, a as
~Na¥+pi+a.q =E§(4an—meyaz ;:)—ezé(waz—@za—:)—

o%ad 2,2,28%1 _ sd@pag-ol L loaya;  fay
- "_L.J.‘L‘FLZ ) =8 2 ]
Sday ~ Bay 12ay 18a,

R [y 1 Ly ply plz
SN R o ] S,
1T @L Ll OL.LL  LLL ) ) o) Tt :

Ry Syvao

_ 1 Ly oLy L
Coy = Grants GILXLJ.LE_'_LXLJ.LE 1057 [ fa, (x, v, 2) dzdydx,

where R, = f;[@ —t) f;x f;’f;” ki (x,v,2, T)(x, v,z t)dzdydxdt.

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 %8, 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 anptp n1 (X,Y,2,t). The replacement leads to the following transformation of the
appropriate equations

aC,(x,v,z,t) 4

ot dx

[ﬂ'ZC + Cl(x:jjrzr t)]}{ V(x: }?,Z, t) VZ (x,:!l.}, z, t)
SR T CATe VR | R R (O

X DL (x:jfrzr T)

ﬂCl(x,y,z,t)) 7] ([1 Vix,y,zt) Vzﬁx,y,z,t) ac,(x,y,z.t)

ax 3_1? Ve Gz V)2 ay

+ Cylx,y,z,£)]Y d Vix, vzt Vi(x, vzt
XDL(X,jJ‘,Z,T){l—l—f[azC NERS-24] }) ([1 o (x,y,21) (x,v,2,t)

P, v,2.T) 3z v T e

0C,(x.y.2,t ayc +Cy(x,v,2,0)]"
XDL(x,y,z,r)M{l Loz + €100y, 2.0)]

dz PY(x,v,2,T) }) + fr(x, v, 2)8(t) +

+ @ [Dcs Ouy(x,y.2,t) n @ [ Dcs Ouy(x,y,2,t) n @ [Dcs Oux(x.y,z,t) +
d = x|VkT dx = v|VkT dy =z |VkT 0z

d (Ds L,
—H?E{ﬁ Vspty (.7, 2, t)L ez + Clx, v, W, t)]dw} +

8 (D L,
s [ﬁ Vsuy (0,3, 2,t) [ "laye + Clx,y, W, t)]dW} (1d)
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i, (x, v,z t) _ d

al, (x, 3 z, t)
at T ax

al(x,yv,z,t
[D: (x,y.2,T) #] +

[DI (x:}?.! Z, T)

d
+to [D; (x,y,2,T) — k(v 2 Dlay +11(xy,2 D) -k y(x,y,27T)

aIl (x: jf,z, t)
dz dz

X lay+L(xy.z Ollay +Vi(x,v.z0] + 02

d Ls
E{%H’(x: V.2, t) f [Q'ZI_'_ Il(x!y:wp t)]dw X
0

DIS a a raﬂz [X,y,z, t)
kT}+ﬂ33’{kT Vsulx,y, zt)f lay; + 11 (x. y, Wt)]dw} axLTx
Dis t Dys aug(xo,zrl t Dys Bug(xy.zt)

X o dr+ fo w.:"i fu w.rizdr 3d)

V(x,y.zt) @
ot T ox

uASEDIN

v, (x v 2
dy

[Dv(x ¥.zT) [Dv(x ».zT)

d
= [thx, v.2T) — Ky (832 Dlag + Vi (5,3, 201 — k(67,27 x

Vi (x, y,z,t)
dz dz

d Ls
X |:a':|.1I + lrl (x:jfrzr t)] [alv + V;. (x! V. g t)] + "QE {P:;H'(x: V.2, t) f [Q'ZV + V;. (x:j}: W: t)]dw X
0

tap'z (x,jf,z, t)
— X

D d 0
*ﬂm—{iwx;zr)f [azvm(xywtﬂdw} axfo dx

kT dy | kT

DV_; Dys ijt Dys dpq(x,y,2,t) dot f Dys 9uy(x,y.2, t)

“rr®t Tay ), vk ay ezl vk oz
ddy (x, v,z 1) d (x,v,zt) d d&y(x,v,z,t)
T_E D@I(x:j}:ZJT)— +a_y D@I(ij}:ZJT)a—y +

d (D Le
+0— Em { ,:;{5 Vep(x,y,z,t) J [afz,ﬂ + & (x, v, W, t)]dW} + k(% 3,2, T (%, y,2,) +
0

+.Q{,i {I;{T + &y, (v, W, t)]dW}+k;(x vz, T(x,v,2t)+

2 [Das 01z t)] [D G .2 t)] Days aﬂzﬁx'l"z’”] ;

dx | VKT dy |VkT 3z |VkT
2 [De,(x,y.2, 1) BEEZI 4 £, (x,7,2) () (5d)
b,y (g:ty:z:t) _ ;_x [D.f.;,(x,y,z, T) ddy (;»’ Mg t) [quv(x 7.2,T) a‘#llf(g;}y:zrt) N

d (D L
+ﬂ§{ :’;5 Veplx,y, z,t) f [aﬁ"v + &y (x W, t)]dW} + kyy (x, vz, v? (v, z t)+
i}

d (Dg,
+.QE{ T 2 Veul(x, v, 2, t)[ [afﬁ.v + &, (xy, W, t)]|d }+k.,[x,y,z, TW(x,yzt)+
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i Dy,5 01, (x J’ Z, t) 9 [Dags 0tis (x J" Z, t) qugs dus(x,y,z, t)
dx | VkT ﬂy VKT VKT dz

a dd .z
+35; [D‘f“r,,r (x,v,2T) %} + fa, (x, ¥, 2)8(2).

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

a (* [aye + C (x .z D)]Y V(x,y,z1) Vi(x,v,21)
Cz{x’l”z’t)‘aj {1 S PGyan T v ey

0

ac,(x,y.z,1 £
XDL(x,y,z,T)%d +EI Dy(x,y,2zT)|1+¢

V(x,y,z1) Vi(x,y,z1)
Ve G2 (VH )2

ac,(x,y,z1) 1 [afzc+51(x,y,z,t)]‘“ f V(x :v‘ Z,1) Vi(x,y,z1)
>< aj! + f .P]!(x, y, Z, T} (;2 (VH)E

X DL (x:jfrzr T)

ac,(x,v,z,1) {1 ; laze + Ci(x, v,z T)]Y

az PY(x,y,2,T) }dHfC Coy2)+

d [*Ds L a ff
+ﬂ—J —Vs;i(x,y,z,r)f [azc +Clixr:&hW,r)]der+—f Vsu(x,y,2,7) X
dx J, kT 0 ay J,

Derc dpu-(x,v,2,t
€5 Nz( ¥ )]+

Dg d
P ﬂkTJ [azc + Ci(x, W, r)]der—i—a [VkT

3 [Bes ﬁug(m‘z;t)} 8 [Dcs ﬁ'n;(.rg,ztn] (1¢)
dey LPkT By dzz lFeT dz

a a5, (x,v,z1) t 8l (x,v,2,7)
IZ(X,}E,Z, t) ZEL D;[x,}f,Z,T)Tdr—l—aj f D;(x V. Z, T)Tdr+

6‘11(3: 3 z, r)

t
Yoz f D,(x.y.21) dr— [ kipoy.zDlay + 1oy, z,0)Pdr -
0

T a r
_f kI,V(x:j}:Z: T)[“z: + lrl (x:jfrzr 1—)] [a2V+ Li (x:jjrzr T)]dr_'_af FS#(x!y!zp 1—) X
0 0

Lg a r Lg
ﬂﬁf lag; + I, (x, v, W, T)]dW dT +a—yf Voul(x, v, z, r)[ lag; + I, (x, vy, W, T)] X
0 0

0 [Dis Iz, y z t) D5 9u,(x,y.2,t)
ﬂ—de _
* kT + X [VI{T oy VkT +
g [Dyg dualxyzt)
+om e + Aty (3¢)

d 7t av,(x, v,z,1) d 7t v (x,y,2,1)
V(x,v,.zt) ZEL D.',[x,y,z,T)Tdr+a—yL Dy(x,v,z, T)a—ydr+

d [° v, (x, v,z T r
+—f D.,,(x,y,z,T)Ldr—f kyv(x v,z Tlasy + Vi(x, v,z 1)]%dr —
dz 0 0z 0o

T a r
—f kpy( vz Tlay + 1 (v, 2, D)]azy + V; (x, v, 2, T)]dT + EI Vert(x,v,2,T) X
0 0
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Dy
xﬂ—J [zrzv—i—if'l[var)]der—i-a flf{;_u[xvzr)J oy + Vi (x, v, W, T)] %

kT
NS dwdr + 9 |Pvs 6”2(" Y.z t) Dys 0y (x,y,2,1) N
kT 8 = x |VkT = |7kT

0 [Dysduy(x,y,z,t)
Z[ s ]+fv£x,_v,z)

VkT

o, (x, vz, T d [rfad,(x,v,z1
1 () )dr"‘a_f 11 1.1 )x

a t
#1(5,9.2,8) = 3 | Dy, 2T T
0

dy

a‘i’lf (x: j}: Z, 1—)

3 rt
X D,ﬂ(x,y,z, T)dr—l—EL quj (x,7,2T) 32

a- [
dt +Q—J Vep(x, v, 2, 1) %
0x 0

ﬁs &5

J [azs, + &1, (6,3, W, T)]deT—i-ﬂa f J (@26, + ®1;(x, 3, W, T)]dW x

D s0us(xy,z, T)
VEkT dx

t d
x Vept(x, v, 2, r)dr—l—J ky(x, .2, T (x,y,z r)dr—i—EJ T+
0

d ("Dgcdpu.(x,v,zT d ['Ds 0u-(x,v.z1
f 2,5 Ot (%, )dr EJ 2,5 Otz (X, )dr+f¢;(x’3”z)+

ayJ, VkT ay o VKT 9z
+ fnt ki (x, y,z, T)(x,y,z, 1)dt (5€)
d [F d,(x, v.2,T) d [fdd(xv,2z1)
&y (x, v,2,1) _EL D%(x,y,z, T)Tdr+%fo 3—‘h’ %

¢y (x,y,2,1)

a r
X Dy, (x,y,2T)dr+ Fr fo D,, (x,v,2T) e

a T
dr+ﬂ—f Vet (x,v,2,7) %
dx 0

le’;.rS

d
f [@2e, + #1y (x, 3, W, D)]dW df+ﬂavf0 .f.;,sf [@2e, + 1y (x,y, W, D)]dW x

Dy, s Ou;(x,y.2, 1')
VKT dx

d
X Voulx, v, z, r)dr+f ky v (x v,z TIVE(x,y, 2, r)dr+a [ T+

d ['Ds c0u-(x,v,z1 d ("D c0u-{x,v,z1T

+_f days ol )d _f Jeys ol )dr+f¢. (v.2) +
ay J, VKT dy dz J, VKT oz v

+ _l'nr ky(x, v,z T)V(x, y,z,1)dT.

Average values of the second-order approximations of required approximations by using the following standard relation [?8],

@2p = le__(.L L fﬂ -fo fn fo [Pz(x Y.z, t) P]_(x V. Z, t)]dzdvdxdt (10)

Substitution of the relations (1e), (3¢), (5e) into relation (10) gives us possibility to obtain relations for required average values
a2p

(bg+E)?
4p3

sagF+@3LxLyLzz:1) bg+E

_4(F+ by an, '

02c=0, coan =0, ooy =0, ayy, = J

2
- Cy — o3y Syyvoo—zv(25vves +5N10+'5'LxLyLE:J_5Wuz =51
2 — )
Syl teavSivon
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1 1 StooS
Where by = msxzvuoswuu - msgvousuool by = _?;T:EJ (28yvo1 + S0+
SvooSvvoo Sivoo
+8L.J:Ly£'z) + m (Sivor+ 2810+ Svor + OL,L, L)+ m (28yyo1 + S0 +

52 S S11005
+9LJ:L}‘LZ) - %’ b, = ?;T::E: (Syvoz + Stvi1 + Cv) — (Stvi0 — 2Syvor + 8L, L, X

SIVUU

5!' Vo lSVVUU
OL,L,L,

x L )?
2+ OL,LL,

(6L LyL,+ 2S;10+ Sivo1) + (Sivo1 + 2Si10 + 2501 + OL, Ly, X

SIZVUU CISIEVUU ZSJ'VJ.U
———— 2 (Cy — Syyoz — Sr1) + -
eL,L, L,V "V TS Tg2121212 @L,L,L,

X L)(2Syyo + eL,L,L. + Siv10)

Srryq +5 +G Sivos
X StvooStvor b1 = Siroo m;;.jzz . E:2'5"-4".4'01 + St GLxL.sz] + lei.UlL (QLJCLJ’ X
¥y yoE

_ SJ'V].US!ZVU]. _ SIVGU
OL,L,L, OLLL,

X L+ 28110+ Srvo) (28yvo1 + Siyae + QLL}'LZ) (3S1y01 + 2510+

s Sva.
+0L,LyL.)(Cy — Syvoa — Sya1) + 2C1SivooStvor bo = ElLfLu_:LE (Stvoo + Syvez)* — ﬁ X

CV - SVVUZ - SJ'Vll
OL,L,L,

1
g [:QLJ:L}‘LZ + 281110 + Siv01) (G — Syvoz — Siva1) + 2C1SF01 — Srvos

CV - SVVUZ - SJ'Vll
OL,LyL,

1
o (QLxLyLz + 251110 + Sv01) (G — Syvoz — Stvan) + 2C1S%01 — Stvon

2
@35S1r00 _ Smzo Sizo Sivis

— Tutv
X Spyo1(OLyLyLs + 281110+ Spyon), €1 = BLXLJ_LESWUU SLylyly | GLilyly | lelyly

2
—_ 2 _ _ — 28z Gy o _ Bdp
Cy = ay;@1ySivo0 + A1ySyvoo — Svvoz — Syin £ = JBF +O°G 400 F="
T s 8% bb)  6°b3 o®
+ Vs —r = Wi H s+ r = 22 (aby — OL,L, 1,70 ) — 22 2 x
24b ¥Ry 5453 8b
4 4 4 4

2 @%b] s — @2 4bgby,— 0L L LB by b
Z gpi’ 1283 188,

2
x (40b, — 6 i—) — 12121

Farther we determine solutions of Eqs.(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

#u, (xyzr) BT (x,v.2.8) 8% u, (xyzr)
p(z) l:;tz = _K(Z)ﬁ (z) P F'(Z) l";t: =
FPu, Ayt BT (xy.2.5) 2w, (xyzt) 8T (xy.z.t)
2] ) ] ) 2] b ] 4
p() D) g()p(5) T2, () Psz D) _ _(5(5) T

Integration of the left and the right sides of the above relations on time t leads to the following result

Bz @
p(@)ox

U, (%,3,2,t) = up, + K(2)

t 8
f f T(x,y, z 1)dtdd —
0 Yo

(z) @ pow pf
—K(z)%afo fu T(x,y,z 1)dtd?,
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B(2)

t 8
p(2) @1}[ L T(x, y,z,T)drdd —

uy, (%, y,2,t) = ugy, + K(2) —=

Blz) 8
—K(z )ptzua»-[ f T(x,y,z 1)dtd?,
Co3,26) = gy + KD LD [ [“1e,y,2,0)dra0
Uy X, V2, 1) = U, + ZP(Z)ELL X, V,Z,1)at _

B(z) 8 8
—K(=z )EEI [, T(x, y,z, T)dzd?d.

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 ai+ui(x,y,z,t) 28l The replacement leads to the following result

Uy, (x, 3,2, t 5E(z 3%u, . (x, v,z t E(z a%u,.(x, v,z t
s TECLED (o @ VPunboya0 (oo E@ (Putyan
at 6[1+o(z)] dx 3[1 +alz)] dxay
9%u,,(x,y,2,t) E(z) %uy,(x,v,2t) 8%u,(x,y,zt)] aT(xy.zt)
3 3 _ y

dxdy + 2[1+ a(2)] dy? dz2 dx

E(z) 0%u.(xyzt)
x K(2)p(2) + {K[Z) + 3[1+ cr(z)]} dxdz
( ) azuzv (xpyrzr t) _ E (Z) azuly(x:yrzr t) azum[xry:z: t) aT(x:}’;Z; t)
Pz at? - 2[146(2)] dx? + dxdy B dy x
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Integration of the left and right sides of the above relations on time t leads to the following result

5E(z)

m} axzf f Uy, (xy, 2 T)drdﬁ+ ){K’[z)—

HZJ:(X!}}!Z! t) ( ){K(Z)

E(z) E(2)
BETF +O'(Z):|}5‘xavf f uy,(x,y, 2, T)drdd + e )[31’ f f 1y, (x,y,2,7)drdd +

62 r 4 1 1
+ﬁf0 L u(x, v,z T)dﬂiﬁ]l —i—c}'(z) @) ﬂxé‘z[ f Uy (x,v, 2z, 7)drdd {K(z}+

~87 ~


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

International Journal of Electronic Devices and Networking

E(2) ﬁ( ) 8
+m}—f§'{ P( }ﬂ' f f T(x,v.z, T)drdﬁ—ﬁf J Uy (% v,z T)drdd X

5E(z) E(z)

www.electronicnetjournal.com

1 E
p[z) Ep[z) 1E? a(z)] [&y f f Uy, 2, r}drdﬁ-l—a zf f U (X, y,z,7)drdd | —

= E@ 5@
—@{H[z}—l— 3[1 +J[z)]}5xaf?‘z[ J Uy (%, .2, 1)drdd + up, + K(2) —— oz )

a = ?
xafn LT[x,y,z,r)drdﬁ

E(z)
Uz, (X y,2,t) = Zp[z)[lj— ey ﬁxzf f Uy, (x,v,2z, 7)drdd + ——— 3y J J U (% y. 2, r)drdﬁl
1 K(z) a°

1 5E(z)
% 1+0(z) * p(z) dxdy L fn usy(x,y, 2, D)drdd + p(z) {12[1 +0(2)] + K(?-)} X

63: [ [ Uy, (x, v,z T)drdd + 1 9 { E(z)

20(2) 8z |1+ o(2) IEL fn uy,(x, y, 2, T)drdd +

é‘yf f uy(x,v,2, r)drdﬁ”— K(z )ﬁ[ )f f T(x,y, z 1)drdd — [%_

1 E(z)
—K(z )}p[z) ﬂyﬁzf [ Uy, (x, y,2, 7)drdd — 20 )lﬁxzf [ Uy, (x, v,z 1)drdd +

pz) ()
ﬁ‘xﬁyf ful.rixyzr)drdﬁlH =N (}p[)J f’r(x; z,7)dtdd — ok

5E(z)
&x&y[ f Uy, (x,y, 2, 1)dTdd — p[ )Ely J f Uy, (x, .2, r)drdﬁ{—lz[l—i—cr[z)] +

w o0 a w ~0
oY TSIy L
o <0 o <0

1 1 E(2)
@O s ), J, e

E(z)
2[1 4+ a(z)]

u,(x,v,z,t) =

ﬂxzf f Uy (x, v, 2, 7)drdd + ) 2[ f Uy (x, v,z 7)drdd +

~ 88 ~


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

é‘xé‘zj f et

d
* E{H[Z)

uh (x,v,z, 1)dtdd

dyadz I[) @

g If ﬂ N
— u .[x,y,z,r)drdﬁ—i——f f’u (x, v,z 1)drdd +
a.x o . 1x a.,h} . . 1x

+—f- J ,( Z I)dldﬂ + -— [ ) 6—J- J U z[ )dldﬁ—
.. ! I ET
dz o Yo 1\ Yo 2 6p[3) oz 1-|—C|"[3) dz 0 0 120 Y. 2

a oo ﬂ a a0 ﬂ a - ﬂ
__xjn Lulx[x,y,z,r)drdﬁ—%k Luly[x,y,z,r)drdﬁ—EL Lulz[x’y’z’r)drdﬁl}_

||5"i:3| d
—K(z2) ) 32 fn fn T(x, v,z, 7)dtdd + g,

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.

154 A
1.0 4
0.5 4
Substrate
0.0 . ,
0 L4 L2 3L/4 L
v

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(L,?+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

C(x,0)

~—

0

L,

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

1

U —
Lolyls

J ULx J.UL“'" fULE [€(x,y,20) —¥(x, v, 2)]dzdydx,

(15)

where  (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 &= =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 yfor a/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.

0.4 —

0.0

0.0 Z a

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 quadrature relaxation oscillator. 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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