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ABSTRACT

In this paper we introduce an approach to increase integration rate of field-effect heterotransistors in
the framework of a bootstrap switch. In the framework of the approach we consider a heterostructure
with special configuration. Several specific areas of the heterostructure should be doped by diffusion
or ion implantation. Annealing of dopant and/or radiation defects should be optimized.
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1. INTRODUCTION

An actual and intensively solving problems of solid state electronics is increasing of integra-
tion rate of elements of integrated circuits (p-n-junctions, their systems et al) [1-8]. Increasing
of the integration rate leads to necessity to decrease their dimensions. To decrease the dimen-
sions are using several approaches. They are widely using laser and microwave types of an-
nealing of infused dopants. These types of annealing are also widely using for annealing of
radiation defects, generated during ion implantation [9-17]. Using the approaches gives a pos-
sibility to increase integration rate of elements of integrated circuits through inhomogeneity
of technological parameters due to generating inhomogenous distribution of temperature. In
this situation one can obtain decreasing dimensions of elements of integrated circuits [18]
with account Arrhenius law [1,3]. Another approach to manufacture elements of integrated
circuits with smaller dimensions is doping of heterostructure by diffusion or ion implantation
[1-3]. However in this case optimization of dopant and/or radiation defects is required [18].

In this paper we consider a heterostructure. The heterostructure consist of a substrate and sev-
eral epitaxial layers. Some sections have been manufactured in the epitaxial layers. Further
we consider doping of these sections by diffusion or ion implantation. The doping gives a
possibility to manufacture field-effect heterotransistors in the framework of a bootstrap switch
S0 as it is shown on Figs. 1. The manufacturing gives a possibility to increase density of ele-
ments of the integrator circuit. After the considered doping dopant and/or radiation defects
should be annealed. In the framework of the paper we analyzed dynamics of redistribution of
dopant and/or radiation defects during their annealing. We introduce an approach to decrease
dimensions of the element. However it is necessary to complicate technological process.

DOI: 10.5121/ijme.2024.10101 1


https://airccse.com/ijme/vol10.html
https://doi.org/10.5121/ijme.2024.10101

International Journal of Microelectronics Engineering (IJME), Vol.10, No.1, January 2024

| T L

HD |G |8 DG |8 DG |8 DlG |8

(=

Holo s DG |s 1 DG |s

Fig. 1. The considered switch

2. METHOD OF SOLUTION

In this section we determine spatio-temporal distributions of concentrations of infused and
implanted dopants. To determine these distributions we calculate appropriate solutions of the
second Fick's law [1,3,18]
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The function C(x,y,z,t) describes the spatio-temporal distribution of concentration of dopant;
T is the temperature of annealing; D¢ is the dopant diffusion coefficient. Value of dopant dif-
fusion coefficient could be changed with changing materials of heterostructure, with changing
temperature of materials (including annealing), with changing concentrations of dopant and
radiation defects. We approximate dependences of dopant diffusion coefficient on parameters
by the following relation with account results in Refs. [20-22]
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Here the function Dy (x,y,z,T) describes the spatial (in heterostructure) and temperature (due to
Arrhenius law) dependences of diffusion coefficient of dopant. The function P (x,y,z,T) de-
scribes the limit of solubility of dopant. Parameter y [1,3] describes average quantity of
charged defects interacted with atom of dopant [20]. The function V (x,y,z,t) describes the spa-
tio-temporal distribution of concentration of radiation vacancies. Parameter V" describes the
equilibrium distribution of concentration of vacancies. The considered concentrational de-
pendence of dopant diffusion coefficient has been described in details in [20]. It should be
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noted, that using diffusion type of doping did not generation radiation defects. In this situation
&= &= 0. We determine spatio-temporal distributions of concentrations of radiation defects
by solving the following system of equations [21,22]
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Boundary and initial conditions for these equations are
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Here p =I,V. The function | (x,y,zt) describes the spatio-temporal distribution of concentra-
tion of radiation interstitials; D,(x,y,z,T) are the diffusion coefficients of point radiation de-
fects; terms V2(x,y,z,t) and 1%(x,y,z,t) correspond to generation divacancies and diinterstitials;
kiv(x,y,z,T) is the parameter of recombination of point radiation defects; kii(x,y,z,T) and
kv.v(X,y,z,T) are the parameters of generation of simplest complexes of point radiation defects.
Further we determine distributions in space and time of concentrations of divacancies
dy(x,y,z,t) and diinterstitials @(x,y,z,t) by solving the following system of equations [21,22]
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Here Day(x,y,z,T) are the diffusion coefficients of the above complexes of radiation defects;
ki(x,y,z,T) and kv(x,y,z,T) are the parameters of decay of these complexes.

We calculate distributions of concentrations of point radiation defects in space and time by
recently elaborated approach [18]. The approach based on transformation of approximations
of diffusion coefficients in the following form: D,(X,y,z,T)=Do,[1+¢&, g,(X,y,Z,T)], where Do,
are the average values of diffusion coefficients, 0<g,<1, |g,(X, y,z,T)|<1, p =I,V. We also used
analogous transformation of approximations of parameters of recombination of point defects
and parameters of generation of their complexes: kiv(x,y,z,T)=kav[1+av Qiv(X,y,z,T)],
Kii(X,y,z,T)=kori [1+&.1 9i(X,y,z,T)] and kv,v(x,y,z,T)=Kov,v [1+e&vv Qvv(X,Y,z,T)], where Ko, are
the their average values, 0<ayv <1, 0<a, <1, 0<av<l, | giv(X,y,Z,T)IKL, | 9ui(xy,z,T)<L,
lovv(X,y,z,T)|<1. Let us introduce the following dimensionless variables: y = Xx/Ly,
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mation of Egs.(4) and conditions (5) to the following form
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We determine solutions of Egs.(8) with conditions (9) framework recently introduced ap-
proach [18], i.e. as the power series

M

T
)

plrmd.9)=2e, 20 205, (2.n.¢.9). (10)
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Substitution of the series (10) into Egs.(8) and conditions (9) gives us possibility to obtain
equations for initial-order approximations of concentration of point defects IOOO(;(,n,¢, 3) and

V,..(7.7.4,9) and corrections for them 1. (z,7,4,9) and V, (7,7,6,9), i >1, j >1, k >1. The

4



International Journal of Microelectronics Engineering (IJME), Vol.10, No.1, January 2024
equations are presented in the Appendix. Solutions of the equations could be obtained by
standard Fourier approach [24,25]. The solutions are presented in the Appendix.

Now we calculate distributions of concentrations of simplest complexes of point radiation
defects in space and time. To determine the distributions we transform approximations of dif-
fusion coefficients in the following form: Day(X,Y,Z,T)=Doay[1+ ca,gas(X,Y,Z,T)], Where Doa,
are the average values of diffusion coefficients. In this situation the Egs.(6) could be written
as
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Farther we determine solutions of above equations as the following power series

@ (x,y,z,t)=3e @, (xy,z1). (11)

Now we used the series (11) into Eqgs.(6) and appropriate boundary and initial conditions. The
using gives the possibility to obtain equations for initial-order approximations of concentra-
tions of complexes of defects @.0(X,y,z,t), corrections for them @,i(x,y,z,t) (for them i >1) and
boundary and initial conditions for them. We remove equations and conditions to the Appen-
dix. Solutions of the equations have been calculated by standard approaches [24,25] and pre-
sented in the Appendix.

Now we calculate distribution of concentration of dopant in space and time by using the ap-
proach, which was used for analysis of radiation defects. To use the approach we consider
following transformation of approximation of dopant diffusion coefficient:
DL(x,y,z,T)=Do[1+ ag.(x,y,z,T)], where Dq. is the average value of dopant diffusion coeffi-
cient, 0<a< 1, |gu(x,y,z,T)[<1. Farther we consider solution of Eq.(1) as the following series:

el XE'C (% y.2,t).

j=1

™

T
)
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Using the relation into Eq.(1) and conditions (2) leads to obtaining equations for the functions
Cii(x,y,z,t) (i =1, j >1), boundary and initial conditions for them. The equations are presented
in the Appendix. Solutions of the equations have been calculated by standard approaches (see,
for example, [24,25]). The solutions are presented in the Appendix.

We analyzed distributions of concentrations of dopant and radiation defects in space and time
analytically by using the second-order approximations on all parameters, which have been
used in appropriate series. Usually the second-order approximations are enough good approx-
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imations to make qualitative analysis and to obtain quantitative results. All analytical results
have been checked by numerical simulation.

3. DIScussION

In this section we analyzed spatio-temporal distributions of concentrations of dopants. Figs. 2
shows typical spatial distributions of concentrations of dopants in neighborhood of interfaces
of heterostructures. We calculate these distributions of concentrations of dopants under the
following condition: value of dopant diffusion coefficient in doped area is larger, than value
of dopant diffusion coefficient in nearest areas. In this situation one can find increasing of
compactness of field-effect transistors with increasing of homogeneity of distribution of con-
centration of dopant at one time. Changing relation between values of dopant diffusion coef-
ficients leads to opposite result (see Figs. 3).

It should be noted, that in the framework of the considered approach one shall optimize an-
nealing of dopant and/or radiation defects. To do the optimization we used recently intro-
duced criterion [26-34]. The optimization based on approximation real distribution by step-
wise function y (X,y, z) (see Figs. 4). Farther the required values of optimal annealing time
have been calculated by minimization the following mean- squared error

L

1
LLL£

X Yy z

L.

f[c(x,y,2,0)-w(xy,z)]dzd yd x. (12)
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Fig. 2a. Dependences of concentration of dopant, infused in heterostructure from Figs. 1, on coordinate
in direction, which is perpendicular to interface between epitaxial layer substrate.

Difference between values of dopant diffusion coefficient in layers of heterostructure increases with
increasing of number of curves. Value of dopant diffusion coefficient in the epitaxial layer is larger,
than value of dopant diffusion coefficient in the substrate
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Fig. 2b. Dependences of concentration of dopant, implanted in heterostructure from Figs. 1, on coordi-
nate in direction, which is perpendicular to interface between epitaxial layer substrate.

Difference between values of dopant diffusion coefficient in layers of heterostructure increas-
es with increasing of number of curves. Value of dopant diffusion coefficient in the epitaxial
layer is larger, than value of dopant diffusion coefficient in the substrate. Curve 1 corresponds
to homogenous sample and annealing time ® = 0.0048 (L,>+L,*+L,%/D,. Curve 2 corresponds
to homogenous sample and annealing time ® = 0.0057 (L,>+L,*+L,%)/Do. Curves 3 and 4 cor-
respond to heterostructure from Figs. 1; annealing times ® = 0.0048 (L*+L,?+L,%)/Do and ® =
0.0057 (L, +L,*+L,%)/Do, respectively
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Fig.3a. Distributions of concentration of dopant, infused in average section of epitaxial layer of hetero-
structure from Figs. 1 in direction parallel to interface between epitaxial layer and substrate of hetero-
structure.

Difference between values of dopant diffusion coefficients increases with increasing of num-
ber of curves. Value of dopant diffusion coefficient in this section is smaller, than value of
dopant diffusion coefficient in nearest sections
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Fig.3b. Calculated distributions of implanted dopant in epitaxial layers of heterostructure. Solid lines
are spatial distributions of implanted dopant in system of two epitaxial layers.

Dushed lines are spatial distributions of implanted dopant in one epitaxial layer. Annealing
time increases with increasing of number of curves
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Fig.4a. Distributions of concentration of infused dopant in depth of heterostructure from Fig. 1 for dif-
ferent values of annealing time (curves 2-4) and idealized step-wise approximation (curve 1). Increas-
ing of number of curve corresponds to increasing of annealing time
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Fig.4b. Distributions of concentration of implanted dopant in depth of heterostructure from Fig. 1 for
different values of annealing time (curves 2-4) and idealized step-wise approximation (curve 1). In-
creasing of number of curve corresponds to increasing of annealing time
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Fig. 5a. Dimensionless optimal annealing time of infused dopant as a function of several parameters.

Curve 1 describes the dependence of the 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 describes the dependence of the annealing time on value of parameter & for a/L=1/2 and &=
y = 0. Curve 3 describes the dependence of the annealing time on value of parameter & for
a/L=1/2 and ¢ = y= 0. Curve 4 describes the dependence of the annealing time on value of
parameter yfor a/L.=1/2and ¢ =&=0
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Fig.5b. Dimensionless optimal annealing time of implanted dopant as a function of several parameters.

Curve 1 describes the dependence of the 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 describes the dependence of the annealing time on value of parameter ¢ for a/L=1/2 and & =
y = 0. Curve 3 describes the dependence of the annealing time on value of parameter & for
a/lL=1/2 and ¢ = y = 0. Curve 4 describes the dependence of the annealing time on value of
parameter yfor a/L=1/2and e=£=0

We show optimal values of annealing time as functions of parameters on Figs. 5. It is known,
that standard step of manufactured ion-doped structures is annealing of radiation defects. In
the ideal case after finishing the annealing dopant achieves interface between layers of hetero-
structure. If the dopant has no enough time to achieve the interface, it is practicably to anneal
the dopant additionally. The Fig. 5b shows the described dependences of optimal values of
additional annealing time for the same parameters as for Fig. 5a. Necessity to anneal radiation
defects leads to smaller values of optimal annealing of implanted dopant in comparison with
optimal annealing time of infused dopant.
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4. CONCLUSIONS

In this paper we introduce an approach to increase integration rate of field-effect heterotran-
sistors in the framework of a bootstrap switch. The approach gives us possibility to decrease
area of the elements with smaller increasing of the element’s thickness.
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APPENDIX

Equations for the functions 1, (x,7,¢,9) and V, (x,7,4,9), i 20, j >0, k >0 and conditions
for them

a OOO(Z 77 ¢ l9) D azi:JOO(Z’n’¢7 l9)_'_ aZTOOO(Z’U’¢’ l9)_'_ azrooo(z’ﬂ’¢1 l9)
09 D,| or on’ o¢

aVOOO(Z’T] ¢ ,‘9) D 82\7(')00(1’77’¢’ l9)_'_ aZ\Z’)OO(l’U’¢’ l9)_'_ az\7(’)00(l”7’¢’ 19) .
09 D, ox on’ 0’ ’

Ol(2.9) _ ¢Fz mo(ﬂc,n,¢,9)+azﬂoo(ﬂc,n,¢,9)+82'700(75,77.;15,19)} Dy
DOV

09 D ox on’ 04’

ov

x {%{9. (rngm) 2z d8), 9)} 677{ () oluelen8.9) 1°°(Z’77’¢’9)}+

oy on

0 Lol z011.6,9) P>
a¢{ (rn.eT )g—;}' 21,

avmg(;(,s): /%[a vmo(;(,?,¢, 9)+ 0 Vm(z,?mﬁ. 9) L0 Vo (2,77, 8, 9)}+aﬁ{gv(l,n,¢;) x
ol Z

oy on ¢’

e z,n ¢.9) Nﬁ \/7 { (xm.4, T)—V' 1°°(§7’777’¢’ 9)} ;Agv(z ANE

LoV, m(ﬂc 7.4.9) | [y
DUI , -

o¢
ly(2.1..8) _ [Dy | 01z $9) O lulrm.8.9)  *lolrim.8.9) |
6(9 Dov aZZ 8772 a¢2

~R+e,9,, (rm 8T sz.1.8. Vo (2,7,0,.9)

No2.1.6.9) _ [Do | Voulzi1.89)  Volzm.8.9)  0V(zm.8.9) |
09 D, | oy on’ P’

_[1+g|,vg|,v(/1/177!¢’-r)] ooo(l n, ¢ ‘9) 000(/1/ m ¢ ‘9)

(21 8.9)_ [Dy | lurm8) , 0T(zm.8.9) 0" luz.m 89|
09 D,| ox° on’ 0P’

~hv e 0, e d TNl 6 IV, 8.9+ 120,89V, (2. 6,9)]
Noo(2:1.6,9) _ [y [ 0Vou.1.8,8) | Viwx.m.8,9) 0V, 9)} )

09 DOV I alz 8772 a¢2
“lr e e Dl 8. 9Nz, 6,9)+ 1o (16,9, (27, 6, 9):
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aIOOI(Z'n'¢’ l9)2 DOI aZIOOl(Z'n'¢719)+ 82|001(Z,77,¢, l9)_*_ 62|001(Z,77,¢,19) _

094 D,, oy’ on’ o9’
~f+e, 0,z DI E(2m.6.9)
Now2,1,4,9) _ |Duy | Vel 2,11,4,9) 0V 2:m.8.9) | 0V (1.1.6,9) |

09 D | oy’ on’ o’

ol

LT

] —

~Lre,0,, (rn e TINVE(2m.6,9);

lu(z:1:4.9) _ [Dy | 0°Lulz1.8.9)  O'lurin.9) , 8*L(z.m.8.9) |, [D
09 D e on? Gl D

X{i[g. (x,n,¢,T)w}+%{g| (75,77,¢,T)w}+%[g| (7.7.6.T)x

X

ox ox on

%;ww)} [, N1 6.9)+ o6 OV, 6. )]

X [1+8I,I gl,l (Z’T]'¢’T):|
No(2,1.4.9) _ (D {62\7“0(1,77% 9) , WVulz1..8) | V,(2.1.9, .9)}+

09 D o7 on’ 0¢
D, | 0 N, (r.n89)]| o N, (r.n.6.9
+ D—W{a—{gv(ﬂc,nﬁﬁ)—“”(lw )}—{GV(I,W,T)—(;{W )}
w [0X ox on on

641{ g T )%W}}—[lﬁwgw(Z.n,¢,T)]x

B/wo(l 77 ¢ l9) OOO(Z 77 ¢ l9)—"_V000(Z 77 ¢ '9) 100(Z 77 ¢ '9)] _
(2.1 8.9)_ [Dy | lilrm$9) , 0T(zm.8.9) 0" lz.m.8,.9)|
09 D, | oy’ on? d¢°
~f+e,0., (8. T 6. 2. 6,9)

Nual2.1.6.9) _ [Do | Vorlzi1.8.9) Vool z1.8.9) | 0V,(z1.8.9) | _
09 D, | dy° on’ o’

[+ 20,90 (1.8, E NG 6 S Voo21,8,9):
Olu(z.n..9) _ [Dy, {aim(z,n,qz 9), Olulz.n.9) aZEM(z,n,czﬁ,s)} N

09 D,, oy on? Gl
DOI i arom(z’nv¢1'9) i ar001(}(v77’¢"9)
D {al{g.(ﬂm,qﬂ)—al } 8n{g.(z,n,¢,T)—an +
20 ensm DA B b N5
¢ o4
Ny(2.7.8.9) _ [Dy | Vuz.1.6.9)  Vu(z.n.8.9)  N(z.n.8.9) |,
09 D, dx on’ o¢’
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D, | @ wlm$.9)|, o No(2.1.6.9)
D, {a{ Lo, ¢T)T} 677{9V(Z'77'¢'T)—677 +

(Z{gv (.87 )%W}—[H £,9, (21,07 2.1 6. 9N, 1. 6.9);

olurm$9) _ Dy |0 Tuznd9) & 1ulxnd8) & llnns9)]
09 D,| o o op

x [1+8.,.9.‘.(;c,77,¢,T)] Lolz.1.8.9) -+ ,,0,, (202,07 oz, 6, 9)V000(z 7,6,9)
Nyolz.1.6.9) _ [Dy| Vos(z.1.69) , 0Viulr1.8.9) 8Vilzm6.9)|

- row(;{ ur ¢ ‘9)X

_\7010(/%771¢’ 3) X

09 D.| o on’ oF |
x[1+e,,9,, (18T Voot 6,9) -+ £, 9, (01 8,O) Lo 21, 8,9V (27,6, 9)
0p (s ) _ o 0pxndd) _ hzmd ) o lendd)

a Z x=0 a Z x=1 a 77 7=0 a ’7 7=l ’
85ijk(}(1771¢"9) -0 0 ijk(}(1771¢1‘9) -0 (i >0, j >0, k >0);

o¢ oo ’ o0¢ o

Poo:8.0)=f,(x.1.8)/ 0" 5, (x.1..0)=0 (i=1,j>1,k>1).

Solutions of the above equations could be written as

Pl )= + = SF,celn)cl0le, (9).

where an:ijcos(;rnu)}cos(;rnv)lcos(fznw)fnp(u,v,w)ddedu, c(y) = cos (z n p),
p 0 0 0
em(&):exp(—;rznzé) D, /D, ) env(s)zexp(—ﬂznzs Dm/Dw)?
D = 9 1 1 10
) =2 [ 2 Sne, (elo)elple, (9)fe, (o) (o, (0 Taslthe)

x ¢, (w)g, (u,v,w,T)dwdvdud r—Zﬂ\/ggncn(z)c(n)c(gﬁ)em(19)£em(— r)!cn(u)jsn(v) x
x jcn(w)gI (u,v,W,T)wd wdvdud T—2”\/?2”0“(1)0(77)0((/5)9“.(9)Ten. (-7)x

0 Vv

< Jc,(u)fc () ()g,(uva)dedvdudr i>1,

Voulzm.6.8)= =25 [ 22 S e, ()e()elp)e,. (9)fe (aisn(u)icn(v)igv<u,v,w:)x
5\7100( DOV 9 1 1
x ¢, (W) " dwdvdudr J:zlnc nv(.9)£em(—r){cn(u)gsn(v)x

< 2xle (wW)g, (u,v,w,T)alaL()dwdvdudr 2 J? 06, (2)clr)cldle. (9) »

Vv

xfem(— r)jcn(u)jcn (v)1 s,(w)g, (u,v,w,T)Wd wdvdudrz,i>1,
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where sn(y) = sin (zn p);

Pl .9)=-25 ¢, (2)e,n)e. 9)e, (9)fe, (e, w)jc, (e, ()

x[L+e,,9,, Wv,w )T, uv,w)V,, (uv,wz)dwdvdudz;

Pl d8)=-2 25 ¢ (2)e, (), (e, (e, (Ve ), e, w rs,,

ov

)

0

x g, (uv,w,T) ][I010 (u,v, W, 2V, (U, v, w,7)+ 1, (u, v, w, 7V, (u, v r)]dwdvdudr;

Pl 19)=-250,(2)e,n)e, @)e, (e, (- r>gcn<u>§cn<v>;cn<w> .

|1+ g, (uv,wT)| 52, (uv,w,z)dwdvdudz;

Pulin6.9)=-25¢,(x)c,(n)c, (e, (9)]e,, (= )ic, W)c, v)]c, (w)

x [1+gp‘pgp,p(u,v,wT ) B, v, W, 7 pooo(u v, W, r)d wdvdudr;

T .9)= -2 [0 S0, () ke, @, (9)fe, (s @ 0. )

g ) g gy or [ S (7)), G, (9)
xjen,(_f)icn(u)isn(v)icn(u)g,(u,v,w,T)wdwdvdudf_z,z \/B: 3
<Sne, (9)fe, oo, 0)e, 0, 0o, v w) sV g g ygyg

n n n n
n—1 0 0 0 oW

< ()0, 00, (0)- 256, (r)e, (9)c. (e, e, - e, We, (e, 0L £,

xg,, (U, v,w,T) ][I (u,v,w,7)V,

100

v, w, o)+ 1 (u v, w7V (U, v, w, r)]d wdvdudr

1

T 8)=-2m 2500, o) k. (9 ()]s 0o, 0] )

Vol 2) g4y -22 [P S (), (n)e, e, (9

vow T
x g, (uv,w )= =

ol
9 1 1

xfe,(=7)fc, (u)fs, (v)jcn (u)g, (u,v,w,T)wd wdvdudz— 27;\/';7

0 0 0 ov

< ne (e, (e, e, ()]s ()gv(uva)dedvdudrx

n=1 0 0

e 6 ) 9)-255, (2. (9% e @ Vo e Wi, 9, vnT))
+1,,,(u,v, W, 7))V, (u,v,w,r)]dwdvdudr;
(

o en.8)= 2[5, 7). (9, () -2 0, 0] ovonT)

co () eV W)y id e 2e 12 S e, () r) ) . (9)

ou

x ¢, (w) [I ouv,w, o)V (uv,w,7)
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cfo, e, g, 09T} 80 g gy dug o2 [P e, (3 e, ke, )
0 0 v n=1

)a 1(uv,w,7)

cn(v)gsn(w)g,(u,v,w,T "™

dwdvdudz-23¢,(x)c,(n)c, () x

xe,(9)fe,(=7)c.(u)fc, (v)ic,(w) L+e,, 0, Wvw T uv,wo)V, (uv,wz)dwdvdudz

Bov iln c.(zx)e,(7)e,(P)e,. (19)ienv (- r)z s, (u)icn (v)i g, (u,v,w,T)x

ol

y CH(W)Md wdvdud T—zn\/?incn(z) c.(n)c.(@)e, (9e,, (~7)fc, (u)x

ou 0

0 0 Vv

><Tsn(v)jcn(w)gI (u,v,w,T)wd wdvdud T—Zﬂ\/?nilnen.(S)Cn(}()cn(ﬂ)cn(@><

xfenv(—r)lcn(u)lcn(v)fsn(w)gv(u,v,w,T)Wd wd vdudr—zgcn(;{)cn(n)cn@)x

E)ll(z,n,¢~9)=—2§cn(x)cn(n)c() ()Ie.( riC( u)je () ( ){ Lo UV, W, 7) x
[

X [1+g,v,g|v|(u,v,w,T)]1I~ (uv,w,2)+ L+e,,9,, @V w T (uv,w o)V, (u,v,w, r)}d wdvdudz
(

[(n)c,(P)e,. (9 )Iev( o)fe, (e, (Ve (Wi Tluvwr)x
) Tl

u,v, w1, (U v, w7V, 000(uv,w,r)}dwdvdudr.

001

Equations for functions @i(x,y,zt), i >0 to describe concentrations of simplest complexes of radiation
defects.

20, (xy,2t) _ Dm{ﬁzcb.o(x, y.zt) I’ P, (xy.2t) I DX y,z,t)}+
ot OX? oy’ oz’

+k,, (%Y, 2, T)I(x Y, 2,t) -k, (%, y,2,T)1(x,y,2,t)

2D,,(x,y.2,t) _p,. {0”2 @, (X y,2,1t) I @,,(x y,2,t) I @,,(x, Y, z,t)}r
ot ox? oy? oz’

K, (Y 2TV Y, 2, t) K, (% Y, 2TV (%, 2,1);

20, (xy.zt)_ Do{ﬁ ¢, (xy.zt) Fexyzt) Foe,x y,Z,t)}
ot o x? ay? o1’

+ DOG)I {%{gml (X, y1 ZiT)M}_{_%[gm (X, y, Z’T)W}*_

OoX y

+%{gm. (x y,z,T)M} 21,

01
20, (xy.2.0)_ [azc1>w<x,y,z,t)+a2<1>w(x,y,z,t)+a@w(x,y,z,tq+

ot OX? oy’ o1’
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0 o0, (XY, zt o 5 xyzt
s e

+2 {gmv(x Y.z, T\a ﬂ(xzy L t)}},izl;

ﬂ

Boundary and initial conditions for the functions takes the form

oD (x,y,z,t) o o0, (xy.zt) 00, (xy.zt) 0D (xy.zt) o
oX L ox o oy o oy - o

oD (x,y,z,t) oD (x,y,z,t) _ .

5, =0, e =0, i20; D0(xy,2,0)=fap (X,y,2), Dsi(X,y,2,0)=0, i>1.

Solutions of the above equations could be written as

Fos 2 &
D (%Y, 2,t)= — pL T ;Fmbpcn(x)cn(y)cn(z)en(bp (t)+—Z:)n c,(x)c,(y)c,(z)
Xy 2z

Xy —z

e, .(Oe,,,()fe, () e, 0) e, Wk, (v, w1,y m2)-

(u va)I(u VWZ')]deVdudT
o,

L,

where F, = [c, u) () (W)f, (uv.wdwdvdu, e, (t)=exp|-znD,, t{L7 +L7 +L7)], calx) =

cos (7 n x/Ly);

2 © t Lx Ly Ly
0, 3,202 $06.096, () . (e, O, s @ fe. e, 0) 0, T
P v dude -2 S e (e (e, e, e, e, (1)
x 4 wdvdu T_LXLZYLZ xnc,(x)c, y)e,(2)e,,, !e%n —rle%n —7) %
Ly { Ly L oD, . (u,v,w,
oWl s e wa, v 20D gy gyg 2T s

9., (uv,w,T)dwdvdudr x

e, 6, (0fe,, (-0
x ¢, (y)c,(z),i=1,

where sp(x) = sin (7 n x/Ly). Equations for the functions Cij(x,y,z,t) (i >0, j >0), boundary and initial
conditions could be written as

8C00(X, Y, Z’t) =D azcoo(x’ Y, Z't)+ D aZCOO(X, Ys Z’t) +D azcoo(xf Y, th) :

ot o ox’ " oy’ o 0z’
0C, (% y.2,t) _ DOLFZC“J(X’ y,z,t) . o°C,.(x,y,2,t) . o°C,(x,, z,t)} .
ot ox? oy’ 0z’

+D

oL

%{QL(X, Y, Z,T)W}L D i{gL(x, Y, Z,T)M}-{-

m_ay oy
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oC . (x,y,2,t)] .
+ DOL %|:9L(X' Y Z’T)Ly)}v i 21;

0z
0C, (% y,2,t) _ D, o°C, (x y z t) +D, 82001(x y,z t) 4D, *C,,(x,y,z,t)
ot 0z’
CL(x,y,z,t) 8C,,(x,y,2,t) Cu(x,y,z,t) 8C,(x,y,2,t)
+D0L OL +
ox| P’(x,y,z,T) ox 8y (x,y,2,T) oy
{ 7 (x,y,2,t) 6C, xy,zt}
DOL
oz| P (x,y,z,T)
0C, (% y,2,t) _ b 9°C L(x,y, zt *C,(x,y,2,t) .p & C,.(x, y,z,t)+
ot o ox’ D oy’ o 0z’

+D0L{86 [ (xy.zt) S H(x,y,2,8) 8C,,(x, y’z’t)}tai{cm(x,y,z,t)% (xy.z1)
X y

"Pr(x,y,2,T) OX P’ (x,y,z,T)

% acoo(xv Ys Z1t):| +ai|: C01(X’ Y, Z,t\coy(; (Xv Y, Z’t) aCoo(X’ Y, Z’t):|}+
z

oy "Pr(x,y,2,T) 0z

oy } { sl [2]chu,

}Pf(x,y,z,T) 01z “lox| P (x,y,z,T)
(x, y z,t) (x,y,2,t) 8C,(x,y,2,t) L0 C.(x,y,z,t) 8C,(x,y,z,t)]| .
xsz) oy oz| P (x,y,z,T) 0z '

acn(xi y’ Z’t) =D aZCu(X’ y’ Z’t) +D GZCH(X, y’ Z’t) +D aZCM(X, yl Z't) +
ot oo X’ “ oy’ o 07°

+{i{c (xy.2. }Cy (X’y’z’t)ac‘“’(x’y’z’t)}+%[cm(x,y,z,t)c‘)} (x,y,z,t)><

OX P (x,y,z,T) OX

M} 0 { (y,2)Sie (69,21 0C, % V’Z’t)}}om

oz "Pr(x,y,2,T) oz

+D,,

(x,y,2,t) 8C,(x,y,2,t) L0 CL(x,y,2,t) 8C,(x,y,2,t) .
xsz dX ay| P'(x,y,2T)  ay

i{ (x,y,z,t) C,(x,y,z, t)}}+DOL{i{gL(X, y’Z’_I_)aCm(x,y,z,t)}+
0z x Y, zT 0z OX

oX
oC,(xy.zt)] @ aC,,(x,y,z,1)
i v T) =\ Ve 5t L
oy (xy,zT 5 +l 9y, 2 T)== ;
2C,(xy.z,t) 0 aC,(x,y,z,t) 0 aC,(xy,2,t) 0 oC,(xy.zt)  _
ox . ox . ' ay o oy "
26, y.zY (;’ vzl _ 0, ZHXy.2Y) (g’zy’ 2y _ 0,20, j >0; Coo(x,y,z,0)=fc (xy,2), Cij(xy,2,0)=0,
z =0 z=L;

i>1,j>1.

Functions Cij(x,y,z,t) (i 20, j >0) could be approximated by the following series during solutions of the
above equations
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Culky 2= SR 000 ) @)e. )

L L

Here enc(t):exp[ 7°n’D, '{le le +%]] F. = fc.(u)fe.(v)] f.(uv,w)c,(w)dwdvdu;

t Lx Ly L

SR (e v e e -)fs )6, 0 o (v

(w )Wd wdvdudz— LiZTL in F.c.(x)c.(y)e,(2)e..(t)e. (~7)x

Lo\ )ac, L(uv,w,7)
ov

Colxy,2t)=-

xc, (w

x[c,u)]s,(v)[c,(v)g, (uv,w,T

0 0 0

2r =
dwdvdudrz— nF e (t)x
T I_LI_Z"'Z:l nC nC()

X Yy z

dwdvdudz,i=>1;

xc,(x)e, (y)e, (@)]e..(7)fc,(u) [e,(v)[s,(v)g, (uv,wT

0 0 0 0

: TN )aCHO(u,v, w,7)
ow

t Ly Ly Lz

Culy.20) =~ £ e, (), 2o e s ), 0,

Cgo(u,v,w,r)acoo(u,v,w, 7) 2r &
X P’(U,V, W,T) au L L? LZ nz=1n FnCCn (X)Cn (y)cn (Z)enC(t) X

t L by L C"(U,V,W,T)@C (U,V,W,T) T =
_ \ oo 00 _
x{enc( r){cn(u)gsn(v)gcn(w,P ) - dwdvdudr LXLyLinZ:ln e, (t)x

dwdvdudrz—

xF ¢ (x)c,(y)c, (Z)£ e.(- r)jjcn (u) f C, (V)Lgsn (w) IS{O((LT\\//\\/IVVTT; ac‘)“(;’x’ w7) dwdvdudr;

2 . t Ly Ly L,
Culley,2.t) =~ 5 nFc, (1)e. (y)e, (2)ec Of e (-7)fs, (0) fe, ), ()
x C,(u,v,w, 7 = (u.v.w.r) 9C, {1 V’W’T)d wdvdudz— LifL fj F..c.(x)c, (y)x

}P(uva) ou

L

< 2 O 0o 0 €. o) Bt} i)

L iTLf S nF.c,(x)c, (y)e, (2)e (t)]e. (- T)Lfc" (U)IC" )

L CHu,v,w,7)0C_ (u,v,w,
Xls"(w)c luvw, )Poo(l(.l VWTT)) OO(GW d

xc,(w)dwdvdudz -

dwdvdudrz—

2r =
CLL >n c,(x)x

<F e (Y)e (@)oo o)fs. o) e, e, (e, (v ) Gt er)

ou

x _CF:)OO (l(JUVVWWTT)) dwdvdudz— ini;—z 2 nF.c,(x)c,(y)c,(2)e,. (t)lenc(— r)Tcn (u)x

Ly

X jsn(v)Lfcn(W) C,,(u,v,w,z \C°° (CAAD T)acm’(u’v’w’r)d wdvdudz -
o "o " P (u,v,w,T) ov

i
x Foc,(x)e, (y)e, (Z)enc(t); S ){C(U)Ec (V)ISn (W)C,,(u,v,w, )M

P"(u,v,w,T)
dowdvdudr— CLL ZFHCCH(X)CH(V)CH(Z)(?” ()iec( )js (u)x
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c.(u,v,w,7)6C,,(u,v,w,7)
P (u,v,w,T) au

x nLjycn(v)Lfcn(w) dwdvdudz— -

2r &
t
e el

><Fnccn(y)Ienc(—r)Icn(u)Lfs (v )jc( E ((SJVV\:ITTgac (L(;\\//’W’T)d wdvdudz x

LLLzZnF . (x)c, (y)e, (2)e, ()genc(—r)LgC()IC()I s, (w) x

y C.(u,v,w,7) 6C01(u,v,w, 7)
P (u,v,w,T) oW

xnc,(z)-

dwdvdudr;

2 o t Ly Ly L
€. .2:) =25 0F. .06 (1. e e (s ) e, 0 )
x gL(u,v,W,T)Wd wdvdudz— - iZTL in F.c.(X)c,(y)e,(z)e,.(t) x
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