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ABSTRACT

In this paper we introduced an approach to model manufacture process of a multiemitter heterotransistor.
The approach gives us also possibility to optimize manufacture process. p-n-junctions, which include into
the multiemitter heterotransistor, have higher sharpness and higher homogeneity of dopants distributions
in enriched by the dopant area.
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1. INTRODUCTION

Logical elements often include into itself multiemitter transistors [1-4]. To manufacture bipolar
transistors it could be used dopant diffusion, ion doping or epitaxial layer [1-8]. It is attracted an
interest increasing of sharpness of p-n-junctions, which include into bipolar transistors and
decreasing of dimensions of the transistors, which include into integrated circuits [1-4].
Dimensions of transistors will be decreased by using inhomogenous distribution of temperature
during laser or microwave types of annealing [9,10], using defects of materials (for example,
defects could be generated during radiation processing of materials) [11-14], native
inhomogeneity (multilayer property) of heterostructure [12-14].

Framework this paper we consider a heterostructure, which consist of a substrate and three
epitaxial layers (see Fig. 1). Some dopants are infused in the epitaxial layers to manufacture p and
n types of conductivities during manufacture a multiemitter transistor. Let us consider two cases:
infusion of dopant by diffusion or ion implantation. Farther in the first case we consider annealing
of dopant so long, that after the annealing the dopants should achieve interfaces between epitaxial
layers. In this case one can obtain increasing of sharpness of p-n-junctions [12-14]. The
increasing of sharpness could be obtained under conditions, when values of dopant diffusion
coefficients in last epitaxial layers is larger, than values of dopant diffusion coefficient in average
epitaxial layer. At the same time homogeneity of dopant distributions in doped areas increases. It
is attracted an interest higher doping of last epitaxial layers, than doping of average epitaxial
layer, because the higher doping gives us possibility to increase sharpness of p-n-junctions. It is
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also practicably to choose materials of epitaxial layers and substrate so; those values of dopant
diffusion coefficients in the substrate should be smaller, than in the epitaxial layer. In this
situation one can obtain thinner transistor. In the case of ion doping of heterostructure it should be
done annealing of radiation defects. It is practicably to choose so regimes of annealing of
radiation defects, that dopant should achieves interface between epitaxial layers. At the same time
the dopant could not diffuse into another epitaxial layer. If dopant did not achieves interface
between epitaxial layers during annealing of radiation defects, additional annealing of dopant
required.

Main aims of the present paper are analysis of dynamics of redistribution of dopants in considered
heterostructure (Figs. 1) and optimization of annealing times of dopants. In some recent papers
analogous analysis have been done [4,10,12-14]. However we can not find in literature any
similar heterostructures as we consider in the paper.

n-type dopant p-type dopant n-type dopant
Epitaxial Epitaxial Epitaxial
layer 1 layer 2 layer 3
Substrate

Fig. la. Heterostructure, which consist of a substrate and three epitaxial layers. View from above
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——————————— _ n-type dopant
n-type dopant 3 p-type dopant
n-type dopant 4
Epitaxial layer 1 Epitaxial layer 2 Epitaxial layer 3

Fig. 1b. Heterostructure, which consist of a substrate and three epitaxial layers. View from one side
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2. Method of Analysis

Redistribution of dopant in the considered heterostructure has been described by the second
Fick’s low [1-4]

o"C(x,y,Z,t)_i[DCQC(x,y,z,t)]Ir d {Dc07C(x,y,z,t)}_i{l)ca"C(x,y,z,t)} )

Jr Jx Jx Jy Jy Jz Jz
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Here C(x,y,z,f) is the spatio-temporal distribution of concentration of dopant; x, y, z and ¢ are
current coordinates and times; D is the dopant diffusion coefficient. Value of dopant diffusion
coefficient depends on properties of materials in layers of heterostructure, speed of heating and
cooling of heterostructure (with account Arrhenius low), spatio-temporal distributions of
concentrations of dopants and radiation defects. Two last dependences of dopant diffusion
coefficient could be approximated by the following relation [15,16]

D, D(xy&7ﬁ®+§;q%§f%%ﬂr+gV(ﬁfZJL@;V%§§L”}. ©

Here D, (x,y,z,T) is the spatial (due to inhomogeneity (MHOTOCHOMHOCTH) Of heterostructure) and
temperature (due to Arrhenius low) dependences of dopant diffusion coefficient; P (x,y,z,T) is the
limit of solubility of dopant; parameter ¥ depends of properties of materials and could be integer
in the interval ye[l, 3] [15]; 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 discussed in details in [15]. It should be noted, that
radiation damage absents in the case of diffusion doping of haterostructure. In this situation =
&= 0. Spatio-temporal distributions of concentrations of point radiation defects could be
determine by solution of the following system of equations [17-19]
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with initial

p(x9ysZ30)=fp (Xsy,Z) (Sa)
and boundary conditions
ap(‘x’y’z’t) =O, ap(x’y’z’t)| :O, ap(x’yﬁzﬁt)| :0 (Sb)
dy dz |Z:(, dz L.

\':L'\‘

Here p=I,V; I(x,y,z,t) is the spatio-temporal distribution of concentration of interstitials; D(x,y,
z,T) are diffusion coefficients of interstitials and vacancies; terms Vz(x,y, z,h) and Iz(x,y,z,t)
correspond to generation of divacancies and analogous complexes of interstitials; k;(x,y,z,7),
ki (x,y,z,T) and ky,(x,y,z,T) parameters of recombination of point radiation defects and generation
of complexes.

Spatio-temporal distributions of concentrations of divacancies @y(x,y,z,t) and analogous
complexes of interstitials @D(x,y,z,f) will be determined by solving the following systems of
equations [17-19]
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Here Dg(x,y,z,T) and Dg(x,y,z,T) are diffusion coefficients of complexes of point radiation
defects; k/(x,y,z,T) and ky(x,y,z,T) are parameters of decay of the complexes.

To determine spatio-temporal distributions of concentrations of complexes of radiation defects we
used considered in Refs. [14,19] approach. Framework the approach we transform approxi-
mations of diffusion coefficients of complexes of point radiation defects to the following form:
D, (x,y,2,T) = Do, [1+€, g, (x,y,2,T)] and kyy (x,y,2,T)=kory[1+{ h(x,y,z,T)], where Dy, and ko, y are
the average values of appropriate parameters, 0<&,, <1, 0<¢<1, | g (x,y,2, DI, Ih(x,y,z,DI<1. Let

us introduced the following dimensionless variables: ,5(x, y,z,t):—p (xio)i’z’t) , Xx=xIL,, n=ylL,,
1 1 1 o NAL L r

v = Z/Lz’ Z9=l1lD(”VDWV —2+—2+ > a):kw(Lx +Ly +L:) s bx :1+_;+ ; ,
Lv Ly Lz Do: ov L)’ 2
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b = 1+? +L—;, b. =1+ L +§— . Using the above variables leads to transformation Egs. (4) to
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the following form
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We will determine solution of Eqgs. (8) as the following power series

pleny.v)=5e50 3¢, (x.n.y.9). ©)
Substitution of the series into Eqgs. (8) gives us possibility to obtain system of equations for
initial-order approximations of concentrations of defects ,5000( yAIRVA 19) and corrections for them

D, (z.m.w,9) (i1,j21, k=1). The equations are presented in Appendix.

Substitution of the series (9) into appropriate boundary and initial conditions gives us possibility

to obtain boundary and initial conditions for the functions ﬁjk( ANV, 15). The conditions dard

approaches [21,22], are presented in Appendix. and solutions for the functions g, (}(,7],;0,19)
(20, j=0, k=0), which have been obtained by stan

Farther we determine spatio-temporal distributions of concentrations of point radiation defects.
To calculate the distributions we transform approximations of diffusion coefficients to the

following form: Dg(x,y,z,T)=Dogil 1+Eai8 #1(x,y,2,T)], Da(x,y,2,T1)= Doagvl1+Eavgev (x.y,2,T)]. In
this situation Egs. (6) will be transform to the following form
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We determine solutions of these equations as the following power series
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where p =I,V. Substitution of the series (10) into Eqgs. (6) and appropriate boundary and initial
conditions gives us possibility to obtain equations for initial-order approximations of
concentrations of complexes of point radiation defects, corrections for them, boundary and initial
conditions for all above functions. The equations, conditions and solutions, which have been
obtained by standard approaches [21,22], are presented in the Appendix.

Analysis of spatio-temporal distributions of concentrations of radiation defects has been done by
using the second-order approximations on parameters, which used in appropriate series, and have
been defined more precisely by using numerical simulation.

Farther we determine solution of the Eq.(1). To calculate the solution we used the approach,
which has been considered in [13,18]. Framework the approach we transform approximation of
dopant diffusion coefficient D;(x,y,z,T) into following form: D;(x,y,z,T) =Dor[1+& 1 gr(x,y,z,T)].
We determine solution of the Eq.(1) as the following power series

Clxt)=3e>&'C (x.1). (11)

Substitution of the series into Eq. (1) gives us possibility to obtain system of equations for initial-
order approximation of dopant concentration Cyy(x,y,z,f) and corrections for them Cy(x,y,z,f) (i1,
j=1). Substitution of the series (11) into appropriate boundary and initial conditions for the
functions Cy(x,y,z,t) (i=0, j=0)
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Solutions of equations for the functions Cjy(x,y,z,) (i20, j=0), which has been calculated by
standard approaches [21,22], are presented in the Appendix.

Analysis of spatio-temporal distribution of dopant concentration has been done analytically by
using the second-order approximation on parameters, which has been used in appropriate series
and have been defined more precisely by using numerical simulation.
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3. Discussion

In this section we analyzed dynamics of redistribution of dopant with account relaxation of
distributions of concentrations of radiation defects (in the case of ion doping of heterostructure).
The Figs. 2 show distributions of concentrations of infused and implanted dopants in one of last
epitaxial layers in direction, which is perpendicular to interfaces between epitaxial layers, after
annealing of dopant and/or radiation defects, respectively. In this case values of dopant diffusion
coefficient in last epitaxial layers is larger, than value of dopant diffusion coefficient in average
epitaxial layer. The figures show, that interfaces between epitaxial layers under the above
conditions give us possibility to increase sharpness of p-n-junctions and at the same time to
increase homogeneity of distributions of concentrations of dopants in enriched by the dopants
areas.

The Figs. 3 show distributions of concentrations of infused and implanted dopants in one of last
epitaxial layers in direction, which is perpendicular to interfaces between epitaxial layers, after
annealing of dopant and/or radiation defects, respectively. In this case values of dopant diffusion
coefficient in last epitaxial layers is smaller, than value of dopant diffusion coefficient in average
epitaxial layer. The figures show, that presents of last epitaxial layers leads to increasing of
homogeneity of dopant in the average epitaxial layers. However sharpness of p-n-junctions
decreases in comparison with p-n-junctions for Figs. 2. In this case one can obtain accelerated
diffusion in last epitaxial layers. The decreasing of sharpness of p-n-junctions is a reason to use
higher level of doping of last epitaxial layer to use nonlinearity of dopant diffusion. In this case
one obtain n*-p-n* and/or p*-n-p* structures.

15 A
1.0
~ + Interface
A
3 j
QO
0.5 Epitaxial
layerl
Epitaxial
1 I layer2
'
0.0 ———t —
0 L/4 L2 3L/4 L
X

Fig. 2a. Distributions of concentrations of infused dopant in heterostructure from Fig. 1. Increasing of
number of curves corresponds to increasing of difference between values of dopant diffusion coefficient
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Fig. 2b. Distributions of concentrations of implanted dopant in heterostructure from Fig. 1. Increasing of
number of curves corresponds to increasing of difference between values of dopant diffusion coefficient
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Fig. 3a. Distributions of concentration of infused in average epitaxial layer dopant in the heterostructure in
Fig. 1 without another epitaxial layers (curve 1) and with them for the case, when dopant diffusion
coefficient in the average epitaxial layer is smaller in comparison with dopant diffusion coefficients in
another layers (curves 2 and 3). Increasing of number of curves corresponds to increasing of difference
between values of dopant diffusion coefficients epitaxial layers of heterostructure
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Fig. 3b. Distributions of concentration of implanted in average epitaxial layer dopant in the heterostructure
in Fig. 1 without another epitaxial layers (curve 1) and with them for the case, when dopant diffusion
coefficient in the average epitaxial layer is smaller in comparison with dopant diffusion coefficients in
another layers (curves 2 and 3). Increasing of number of curves corresponds to increasing of difference
between values of dopant diffusion coefficients epitaxial layers of heterostructure

Optimal value of annealing time we determine framework recently introduced criterion [12-14].

Framework the criterion we approximate real distributions of dopant by step-wise function and
minimize the following mean-squared error

U="1{c(x0)-y)]dx (12)

0

at annealing time ®. Dependences of the optimal value of annealing time from different
parameters are presented on Figs. 4.
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Fig. 4a. Dependences of dimensionless optimal value of annealing time of infused dopant, which has been
calculated by minimization the mean-squared error (12), on different parameters of heterostructure. Curve 1
is the dependence of annealing time on relation a/L, £=¥=0 and equal to each other values of dopant
diffusion coefficient in epitaxial layers. Curve 2 is the dependence of annealing time on parameter & for
a/L=1/2 and &= y=0. Curve 3 is the dependence of annealing time on parameter & for a/L=1/2 and &= y=0.
Curve 4 is the dependence of annealing time on parameter yfor a/L=1/2 and €= =0
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Fig. 4b. Dependences of dimensionless optimal value time of additional annealing of implanted dopant,
which has been calculated by minimization the mean-squared error (12), on different parameters of
heterostructure. Curve 1 is the dependence of annealing time on relation a/L, £=y=0 and equal to each
other values of dopant diffusion coefficient in epitaxial layers. Curve 2 is the dependence of annealing time
on parameter € for a/L=1/2 and £=y=0. Curve 3 is the dependence of annealing time on parameter &for
a/L=1/2 and €=y=0. Curve 4 is the dependence of annealing time on parameter yfor a/L=1/2 and €=£=0

The figures show, that optimal values of annealing time after ion implantation are smaller, than
optimal values of annealing time after infusion of dopant. Reason of the difference is necessity to
use annealing of radiation defects after ion implantation. After that (if necessary) it could be used
additional annealing of dopant. One can obtain spreading of distribution of concentration during
annealing of radiation defects. Increasing of annealing time with increasing of thickness of
epitaxial layer is the consequence of necessity of higher time for dopant to achieve interfaces
between epitaxial layers of heterostructure. Decreasing of annealing time with increasing of
values of parameters € and ¢ is the consequence of increasing of values of dopant diffusion
coefficient in the area, where main part of dopant has been diffused. Increasing of annealing time
with increasing of the parameter ¥ is the consequence of decreasing of the term [C (x,y,z,f)/ P
(x,y,z,T))” in approximation of dopant diffusion coefficient (3) with increasing of the parameter ¥
because dopant concentration did not usually achieved value of limit of solubility of dopant and
parameter ¥is not smaller, than 1.

4. Conclusion

In this paper we introduce an approach of manufacturing multiemitter heterotransistors.
Framework the approach the considered transistors became more compact and will include into
itself p-n-junctions with higher sharpness.
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APPENDIX

Equations and conditions for functions ﬁi].k ( X1V, 25) (20, j=0, k=0) could be written as
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I 2y, 8) _ [D, | 10 W(xn p.s) 191, ny.s) 191, (rny.v)

Jv D, | b, b, an’ b, o’

IV .y, ) _ D, | 19 IW(IM/, 9), 1L, ny.s) 191,y

29 D, |b, b, an’ b. '’ ’

91, (x.n.p.0) L ;m p.8), 1L, (rny.s) 11, (rnw.d) |,
20 b b, an’ b. v’

D, |1 d a1, (;c,n,y/,zﬁ*) 91 (1.9
w) 9 R/ R 4 NNV AL ik SN P 1)L AT T
o2 {&&nw) e [ e

b dx
1 a aI()()l 2 ’19
——{ (Z ny,T )—(Z 4ild )}};

b dy dy
a "71()1 (Z’ 19) — 1 & Vl(]l (Z’ 77’ W’ ) 1 & Vl(]l (Z’ 77’ W’ 19) + i 82 ‘Z()l (Z’ 77’ W’ 19) +
v D(,, bx axy bv an’ b. y’
D a I()()l (Z 77 W’ ) a 7()()1 (l’ 77’ W’ 19)
+ ,T)— 22 2 JT)—2 2 2y
,/ {b 5 { Lnw.T) 77 e 0., g, (x.n.w.T) £
L1 L, (.9 ||
" aw{gv(xnw, T) T ;
I, ny.8) _ [D, |1 91, (rny.9) 1 1, (rny.s) 191, (ny.0)|
v D, | b, ay’ b, an’ b, ady’

V- ~
—\/T[IOOI(ZJW, IV, (z.mw.8) - by . T)L, (r.n.w.9) V,, (2.1, 8) -
_7000(1771//’ ) 001(Z”V/’ )]

wny.s) 1V, ny.o)|
bz dy’

IV, ey ) _ Dy | 1 IV, ny.) 1 9°V,
v DO, bX Iy’ by an’

V'~ ~
- T [Iom (l’ 7, ‘//’ ) ooo (Z nvy, ) h (l’ ny, T)Iqqa (l’ 1, y/’ ) <1<1<1 (l 7, y/’ )
- 7000 (/1/’ ny, ) 001 (l 7, ‘//’ )]

I _, 9pny ) _ 9B nyd) 9B enw )
8Z x=0 ’ &Z |l:1 ’ 877 |r]:0 ’ 877 7=l ,
25, (.o 95, (n.v.s
Pulenyd) o ORI st 5 (pnw0)= f(,mz//),
&l// =0 &‘// =1 p

2, (x.nw.0)=0, i1, j21, k2L.
Solutions of equations for the functions g, (7. 1m.w,9) (i20, 720, k>0) could be written as
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~ 1 2&
Poo (Z’ ny, 79) = Z + Z;E,pc(ﬂ/)c (77)0 (W)enp (79) s

where F, =p{jc(u)}c( )jc( w) f. (u vow)dwdvdu, c,(0)=cos(xna), e, exp( T’y D 0V/Do,)

e, (9)=expl- 7m0 0,/DW)-

Pl S () o) >e,,,,w>je,,p<—r>j)sn<u>;cn<v>j)gv(u,v,w,ﬂx
we ()2 Pewltvn) o gr 2Dy S ne (). m)e,We, e, (- 2)x
' du bp*LU no U e

1 1 1 0 2nD
xfc W)s )c (w)g, (u,v,w,T)dedvdudT——””Zn c (x) x

0 0 0 aV bp*LvL‘Li =t
xc, (n)cﬂ (l//)eﬂp (ﬂ)]yenp(— z')jcn (u)jc,, (v)j s, (W)M g, (u,v,w,T)d wdvdudrt, i>1;
0 0 0 0 w
Iy )=——2Pu |V Z (2)e,)c,(w)e (é‘)fe (—f)lc(u)ic ()i, (w) x
010 I*L L L n nl nl n n o n

X I()Oo(u Vv, W, T) (,(,(,(u,v,w,r)d wdvdudTt;

7= 2 L5 (e e e, O (e W], e, ()

V*L L L,

0
x I, (v, w, 7))V, (u,v,w,7)d wdvdudr;

~ 2D | |
Tultn o)==t e e e e, e, 2. W], (e ()
xI (u,v,w,z‘)\7 (u,v,w,f)dwdvdudr—& V—i c(p)e (77)c (y/)e (9) x
010 000 I % LA Ly LZ I* = n n n nl

xJe, Co)e,@)]e,0) ¢, 0T, (v, w,2)V, w,v,w,7)d wd vdud

N s ()jfe,,v(—r)(‘)cn(u>ic,,(v)ic,,(w>x

V*LLL,

~ 2D,
I, (v, w, T)Vooo(u»V»W»T)d WdVdudT—m Z c,(¥)e,m)e, (e, (9)x

X lfe (—z')jc (u)lc (v)j c”( )Iooo(u v, W, z') Vm(u,v,w,z')dwdvdudz';
Iom(z n.y.8)=1,(x.n.v.9) =V, (z.0.v.8)=V,,(x.n.v.8)=0;
T (znyo)= 220 f Sne. (e, e e, e, (o). (e, (0)fe. )

bI*LLL
Xg(uva)dedvdudr+2ﬂ—D VS e (e )e. e, (o) x
e du bI*LLL. "
2 1 ! I AL, (u,v,w,7) 27D,
— WV, ’T 010 d d d d + 07
xn!eﬂ,( z’){cn(u)lsﬂ(v)icﬂ(w)g,(uvw )—8v wdvdudrt —b;I*LxLyLiX
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S e e, (2 e 0,00 o )20 g g
=l 0 0 0 0 w

e e, 0 [ S e e e e, @, e e, 0] T i)

0

xc,(w) Ve, w.2)d wdvdud - i’jz =2 e W)e, @), e, e, 0)fe,(w) x

0

X im (u,v, w,z’)Vmo(u,v, w, z')d wdvdudT c, (;[)c (77);

2z D, I = » 1 1 |
7. Grny.)- mgz (e, n)e. e, @), (s e, (e, ()

S wd vdud T V*LLZ 1/ ch(z)c Je,W)e,, () x

X g, (u,v,w,T)

X ljeﬂ‘, (- T)ic" (u)i s, (v)ic” (w)g, (u,v,w,T)%:’w’f)d wdvdudt+ b\/zj‘z% ‘I/— X
N s ! ! I A (u,v, W,T)
xne, () e, (e, )e,, (o)e, e, ()s,00) g, (uvwT) === d wd vd ud 7
n=l 0 0 0 0 w

xenv(zﬂ) V*LLL Z (}() ( ) ( r)ic”(v)iloo(uvwr)V (w,v,w,7)dwdvdudT x

000

e e, )| =22 [Ls ¢ (e e, e (e e, 0 e, 00T, v 2)
><Vloo(uvwr)dwdvdudrew(zﬂ);

TG 0) = S e e e, e, () . e, 0 e funant)

0 0

e, )WWMW*“W e (2)e. e le, e,

)JC( )x

xnjs” (v)l c, (w)g, (u,v, w,T)Md wdvdudrt +%in c, (;()c (77)0” (y/)e”, (ﬂ)x
0 0 Vv . n=1

x(jzje”, (— 2'):) c, (u)ic” (v):l s, (w)g, (u,v, w,T)Wd wdvdudt L 2 IE ;

e yd)= 2 S e e e, e, (2 (e s, )

xnc, (w) %:’W’T)d wdvdud T+ LAZ;LTZb) zn c, (}()c (ﬂ)cn (y/)ew(ﬂ)few(— 2') X
1 1 1 g, (v, w,T) IV, (u,v,w,7) 2z
x{c”(u)j)s”(v)gc”(w Ve e dwdvdudz’+m xne (x)x

e, lr)e, e, w)”e,,v e, (e, O, 00) . v ) Va0
T d) == S e e e e, O, (el e 0) T

1
0 -“ 001 (u’ v, w, T) X

0

dwdvdudr,
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~ " s
XC”(W)V (e, v, w, T)deVdudwaf_m Z (,1’) ( )e, ( )en,(z}‘)gen,(—r)x

xic”(u):]c (v )]c (w) I Ooo(u v, wT)Vom(u,v,W,T)dwdvdudr—# Z (x)c. () x

xc,)e,, (e, (~)e,@)fe, () v, (9) T, 0v,0.2) V(v w.2)d wd vd ud 7

Ve 0= g £ e @e e e, @fe, e e, 0)fe. 0
xfom(uvwT)Vooo(u,v,w,f)dwdvdudz'—V*LLL Z (X)e. e, w)e V(ﬂ)ljenv(—r)x

X ‘I/—ic(u)ic(v)i ( )I()Oo(u v, W, T)V(,m(u,v,w,r)dwdvdudr—ﬁg cn(;()x
X %fenv(—f)jcn (u)jcn(v)jh(u v, W, T) ( )Iooo(u v, W, T)V(,m(u,v,w,f)d wdvdud T X

c,(n)c,We,, ().

Equations for the functions ¢p,»(x,y,z,t) are
&q)lo('x’ y’Z’t) — ngy &2 q)lo(x:y’z’t)+ al cho(x:y’Z’t)_'_ al cho(x:y’Z’t) +
dt i Ix’ ay’ az’
+k,, (x,y.2.T) I (x,y.2.0) = k, (x,y.2.7)1 (x,y,2.0)

P, (x,y,2,t P, (x,y,2,t) 7D, (x,y,2,1) P, (x,,2,¢
(8ty )=DW_ &(ny ), a(yzy ), a(zzy )}
+k,, (6,3, 2.T)V (x,y,2.t) =k, (x, 3, 2.T)V (x,y,2.1);
J CID,I.(x, y,z,t) _ o"zq)”(x, y,z,t) . &zq)”(x, y,z,t) N o"zCIDH(x, v, z,t) N
at o Ix’ o ay’ o 27’
dD, (x,y.2.1)

D,
+D0q)’ i Eaor ()C, Y, Z’T)M +
dy 7y

a aq)l—l(x’yvzvt) .
D T)—————|, 21,
+ 0d7 (9 {gq)l(x y7Z ) az l
d®, (x,y,z.1) D, '@, (x,y,2.1) D, 2'®, (x,y.z, t)+D0¢V 2'®, (x,y.z, t)+
at ax’ ay’ 7’
o—)q)vl'*l(x’y’z’t) anVi—l(x’y’Z’t) +
dx dy

d
+D, —{gq,,(X,y,Z,T)

" ox dx

}+ D(I<I>V i{gq)v (x’ y’ Z’T)
dy

d®,  (x,v,2,1¢
+D i|:gq>v (_x’ v, Z,T)M} , lZl,

d
+ D()q)V _|:gq>v (X, Vs Z’T)
Jx

ooV &Z az
oP, (x,y,2.1), o, 9P, (x,y.2.1) o, 9P, (x,y.2.1) o
0x |A:0 dx 0y | .
0@, (x,y,2.t)
dz

29, (x.7.2.1)
dy

=0,

y=Ly

oy 2%, ()

- ’ a = O ) iZOs @O(X,y,z,o) =f¢[ (-xsysz)s Qi(xsyszso)=09
Z

z=0 =L
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Dy(x,y,2,0)=fav (x,y,2), Pyi(x.y,2,0)=0, i=1.
Solutions of the equations could be written as

1 2 &
(63, 20)= b e, (el ()

) 1 1 1 L by L
where €0, (t)zexp{—ﬂ' n Do%t[E+E+EH, F, = {cn(x)icn(y)icn(z)f% (x,y.2)dzd yd x,

cl(@=cos(mmn olLy);

pr 7 e 0e e e, O, s, () e 0 )., (o)

P, H(u,v,w,z‘) T = . L, Ly
X——F————dwdvdudt————%nc,(x)c,(y)c, At)le, \ \
du LLL = 0 0 0

L 0@ (uv.w.r )
e o) Guron) 228 e 2

@, (x,y,2,1)=—

where s,(@)=sin(xna/L,).

System of equations for functions Cju(x,y,z.t) (i20, j=0, k=0) could be written as

’

aCoo(x’ y,z,t) =D |:azc<l<l(x’ y,z,t) + azcoo(x’ y’Z?t) + azc()()('x’ysz’t):|
- oL 2

ot ox> ayz aZ
2 2 )
aC,(x.y.z2, t):DOL 9°C,,(x, y,z,t)+DM 2°C,(x, y, Z’t)+D<,L PCn vz,
Jat ox’ ayz 97’
+D0Li gL(x,y,Z,T)M +D0Li gL(x,y,z,T)M +
0x 0x ay ay
+D,, i{& (x,, Z,T)M] i>l;
0z dz
aC,,(x,y,2,1) D, 9°C,,(x,y,2,1) +D, 2°C,, (x,gz, z,;)+D0L 9°C,, (x’y’z’,)+
Jt dx’ ay~ azz
4 Y
D, 0 [ Ci(xy,2,1) 9C, (x, y,2.1) +D, 0 | Cilxy,2,1) 9C, (x,y,2,1) .
dx Pf(x,y,z,T) dx dy P’(x,y,z,T) 3y
Ve
+D(,Li C"U('x’ Ys Z’t) acoo('x’ Vs Z’t) )
dz| P'(x.y,2.T) 9z
aC(lz(x’y’Z’t) az C(lz(x’ysz,t) az Coz(-x,yszgt) az C(]z(x,y,Z,t)

=D, . +D,, - +D,, - +D,, X
ot 0x dy 0z7°

-1 r-1
% i COI(X,y,Z,t)COO (x’yvz?t)acoo(x’y’z’t) +i COI(X,y,Z,t)COO (x,y,z,t)aCm(x,y,z,t) +
dx P’(x,y,z T) ox dy P’(x,y,z, T) dy
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Co o) 0, evz)]] | [@ [ Colbya) 96, (ur)],
P (x,y,2T) 0z “lox| P (x,y,2T) 0x

aC(]l('x’ y’Z’t) +i C(];;] (x’ y’ Z’ t) aC(]l(x’ y’Z’t) .
dy 0z P’(x,y,z,T) 0z ’

%y.5t) ) BC My ), o 9°C (hy.z)

xz oL ayz oL aZ2

9C, (%, y, z,t)} J VG (33,2, 0C, (3., z,t)} .\

0 C' (x, y, 2,1
X3 C,,\x, y,2,)—= +—| C,(x, v, 2.t
{ax{ IO(x < )P’(x,y,z,T ax ay|: (x MR P’(x,y,z,T) ay

C(;’l(x,y,z,t)BCOO(x,y,z,Z) +D i C(il(x’y9z’t)acm(x’y’z’t) +
P (x,y,2T) 0z “1ox| P7(x,y,z.1) ox

+i|:cm(x’ Y Z’t)
dz

a C(;(X, y’Z’t
+_

oy P’(x,y,z,T

aC“()C, Y Z’t) :D(]L a-Cu
ot

D X

oL

= <

~

+i{cm(x, Y, 2.t)
0z

9 C(L(x,y,z,t)BCm(x,y,zJ)}r 9 [C(L(x,y,z,t)BC“)(x,y,z,t)}Jr{i{g (6.y.2.7) x

a_Y[P7(x,y,Lt) ay 9z Py(x’y,z,t) aZ ax

9z
Xacm('x’y’z’t) +i g, (x,y,z,T)aCm(x’y’Z’t) +i gL(x’y’Z’T)aCm(x?vav[) D(,L-
ox dy dy 0z dz

Solutions of equations for functions Cy(x,y,z,f) (i20, j=0) with account appropriate conditions
takes the form

1 2 =
C(l(l ()C, Vs Z’t)_ L/\LyLZ + L/\LyLZ ”Z:;FHCC()C)C (y)C(Z)E‘”C (t)’

where enc(t):exp[—ﬂ-znZDoc{%+%+in], F. .= ch (x) jc (y)ch (z)fc (x, v, z)d zdydx;

Lz 0 0 0
2T = : Ly b b
Culxyzt) == Fe (e, (0)e, (e O e )]s, ) fe,0) e, () g, avonT) x

xwdwdvdudrn— 27 inFnccn(x)cn(y)cn(z)eﬂc(t)jenc(—T)Tcﬂ(u)?sn(v)x

au LXLZ‘.L; n 0 0
e, (0)g, (v ) S gy g e 2E S (e (e (e (e, (o)
0 ov LAL;LZ n=l 0
" IC v wt) i dudr, it

xnF, fe,()fe,0)]5,00) g, (wr.mT)

0 8w

=Cr (u,v, w, 7:)

Culeonz)== - Ene, (We, 0)e,Ee. W (o). ) e ) [

xc, (W)Wd wdvdudt— 3 2L72zL Z:n F c, (x)C,, (y)cn (z)enc (t)ienc (— T)Lgcﬂ (u) X

Ly L. 4 oo
X {s” ) !:C" (w) i‘;‘)((;t”:”vt’;; 9Cy (Lg:’ w7) dwdvdudt— LkzﬂLzz Z::,n F c (x)c,(y)e (z) x

. C(;(u,v,w,r)acoo(u,v,w,f)

< fen (e)fe e, ()]s, (o) et D Emator

dwdvdudrt;
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