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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

Logica 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 materias (for example,
defects could be generated during radiation processing of materias) [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 epitaxia
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
coefficientsin last epitaxia layersis 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 atracted 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

1



Advanced Nanoscience and Technology: An International Journal (ANTJ), Vol. 1, No. 1, June 2014

also practicably to choose materials of epitaxia layers and substrate so; those values of dopant
diffusion coefficients in the substrate should be smaller, than in the epitaxia layer. In this
situation one can obtain thinner transistor. In the case of ion doping of heterostructure it should be
done annedling 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 epitaxia layer. If dopant did not achieves interface
between epitaxia layers during annealing of radiation defects, additional annealing of dopant
required.

Main aims of the present paper are analysis of dynamics of redistribution of dopantsin considered
heterostructure (Figs. 1) and optimization of annealing times of dopants. In some recent papers
anaogous 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
Epitaxia Epitaxid Epitaxid
layer 1 layer 2 layer 3
Subdrae

Fig. 1a. Heterostructure, which consist of a substrate and three epitaxial layers. View from above

C T ntypedopart 3 | p-type dopart "Hype dopart

Epitaxid layer 1 Epitaxid layer 2 Epitaxid 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]
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Here C(x,y,zt) is the spatio-tempora distribution of concentration of dopant; x, y, zand t are
current coordinates and times; D¢ is the dopant diffusion coefficient. Vaue of dopant diffusion
coefficient depends on properties of materias in layers of heterostructure, speed of heating and
cooling of heterostructure (with account Arrhenius low), spatio-tempora distributions of
concentrations of dopants and radiation defects. Two last dependences of dopant diffusion
coefficient could be approximated by the following relation [15,16]
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Here D, (x,y,zT) is the spatial (due to inhomogeneity (MHorocnoiiHocTh) of heterostructure) and
temperature (due to Arrhenius low) dependences of dopant diffusion coefficient; P (x,y,zT) isthe
limit of solubility of dopant; parameter y depends of properties of materials and could be integer
in the interval y O[1, 3] [15]; V (xy,zt) 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-tempora 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(xy,z0)=f,(xy.2) (5a)
and boundary conditions
ap(x,y,z,t) -0 ap(x,y,z,t) ~0 ap(x,y,z,t) 0. (5b)
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Here p=1,V; | (xy,zt) is the spatio-temporal distribution of concentration of interstitids; Dp(x Y,
zT) are diffusion coefficients of interstitials and vacancies; terms VA(xy, zt) and 1%(xy,zt)
correspond to generation of divacancies and analogous complexes of intertitials; k v(xy,zT),
ki (xy,z,T) and ky\(xy,z,T) parameters of recombination of point radiation defects and generation
of complexes.

Spatio-tempora distributions of concentrations of divacancies @/(xy,zt) and anaogous
complexes of interdtitials @ (x,y,zt) will be determined by solving the following systems of
equations[17-19]
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Here Da(Xy,zT) and Dgv(Xy,zT) are diffusion coefficients of complexes of point radiation
defects; ki(x,y,z T) and ky(x,y,z T) are parameters of decay of the complexes.

To determine spatio-tempora 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, (xy,zT) = Do, [1t+¢,0, (Xy,zT)] and kv (X,y,zT)=ko [ 1+ h(X,y,z T)], where Do, and ko v are
the average values of appropriate parameters, O<e,, <1, 0=¢<1, |g,(xy,zT)[<1, |h(xy,z T)|<1. Let
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L2 L S
b, =1+ L2y Ly , b, = +%. Using the above variables leads to transformation Egs. (4) to
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We will determine solution of Egs. (8) asthe following power series
plenwv.8)=3e5 0 3o by rmy.9). 9

Substitution of the series into Egs. (8) gives us possihility to obtain system of equations for
initial-order approximations of concentrations of defects [%0((;5,77,1//,3) and corrections for them

P (;(,77, v, 9) (i21, j=1, k=1). The eguations 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 [)I'Jk(;(, 77,1//,19). The conditions dard

approaches [21,22], are presented in Appendix. and solutions for the functions g, (7,7,¥,9)
(i=0, j=0, k=0), which have been obtained by stan

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

following form: D (XY,zT)=Doa[1+ca0a(Xy,2 ], Dov(XY,:zT)= Doav[1+enGav (XY,zT)]. 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
o, (xy.zt)=3 ¢, (xy.21), (10)

where p =I,V. Substitution of the series (10) into Egs. (6) and appropriate boundary and initial
conditions gives us possibility to obtain equations for initia-order approximations of
concentrations of complexes of point radiation defects, corrections for them, boundary and initial
conditions for al 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 caculate 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,zT) into following form: D (x,y,zT) =D [1+& g.(X,y,ZT)].
We determine solution of the Eq.(1) asthe following power series

C(X,t)=ig[i§jcu (x.t). (12)

Substitution of the seriesinto Eq. (1) gives us possibility to obtain system of equations for initial-
order approximation of dopant concentration Coo(X,y,zt) and corrections for them Cj(x,y,zt) (i=1,
j=21). Substitution of the series (11) into appropriate boundary and initial conditions for the
functions Cj;(x,y,zt) (i=0, j=0)

o¢,(xy,zt) o %S (x,y,zt) o0 %S (xy.zt) o0 %S (x.y,zt)| .
OX e X - ay |y:0 ’ oy |y=Ly ’
¢, (;’zy, Z't)| =0; o¢, (g’zy’ Z't)| =0; Coo(x,y,20)=fc (X,y,2); Cij(x,y,20)=0, i=0, j=0.

Solutions of equations for the functions Cj(x,y,zt) (i=0, 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 anayticaly 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 epitaxia layers, after
annealing of dopant and/or radiation defects, respectively. In this case values of dopant diffusion
coefficient in last epitaxial layersis 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
aress.

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 epitaxia layers, after
annealing of dopant and/or radiation defects, respectively. In this case values of dopant diffusion
coefficient in last epitaxia layersis 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 epitaxia 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.
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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 heterostructurein
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 coefficientsin
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 coefficientsin
ancther layers (curves 2 and 3). Increasing of number of curves corresponds to increasing of difference
between val ues 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 rea distributions of dopant by step-wise function and
minimize the following mean-squared error

U =L lee)-v (Fax 2

0

a annedling 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=1/2and ¢=£=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 epitaxia 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 epitaxia layers of heterostructure. Decreasing of annedling 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 y is the consequence of decreasing of the term [C (x,y,zt)/ P
(x,y,z T)]” in approximation of dopant diffusion coefficient (3) with increasing of the parameter y,
because dopant concentration did not usually achieved value of limit of solubility of dopant and
parameter yisnot 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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APPENDI X
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Vo (v, 9) _ [D,, D1 57V,
59 D, . or b

—\/T[lm(znl//@ w20 8) =0 (v T) 1 (21,07, 9) Vo (2,107, 9) -
Tz Vi (2.0.0,9)|.

opulemwd)  _o. 2plemy ) . anenw 8) _ o dpulzmwd) .
él 2=0 0’71 7=l ’ an |r]:0 , 577 n=1 ,
oplemwS) . opulemwd) _o 51121 5o (o 0) flrnw).
5(// w=0 al// '//:1 p*

Pyl w,0)=0,i21, 21, k=1.
Solutions of equations for the functions g, (7,77,¥7,9) (120, |20, k=0) could be written as
12
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- 1 2-
Py, 8)= =+ =3 Fclz)eln)elv e, (9),

where F ——Ic(u)fc(v)jc(m)f (Uvwdwdvdu, c(a)=cos(zn a), e,(9)=exd-7r74/D, /D, ),
env(‘g)_exp( 72'[’];9 m/Dov)’

2 D L 4 1 1 1
S fne e lole e, (9, (-2)s (e 0) 6, LvanT)

Pl s, 9) = -

0 50UV, W, 7) _ 2zD, o
o 02 ) e - 2 e 1) o) vl e, )

Xy —z

1 1 1 65\ 100(UVWT) 27Z'D 3

x!cn(u)gsn(v)g c,(w)g, (uv,w,T) dw dvdudr—mnzlncn(;()x

Xy -~z

ov
e e, (9)fe, (- olfe, (e, (0] (222 g (y wT)awavauar et

e ) =22 V56 (e o)e e, (e, (- e e e o)

I*LLL,
< 1 (uv,w,z)V,, (uv,w,zr)dwdvdudz;

Tolzonw.9)z = 20 L5 (e bole. e (e, (e, ()]e. 0, ) »

V*LLL, =1
1 (v, w,z)Vo, (u,v,w,7)dwdvdudz;

i d)==1 2% M e o) e, (e, - e e e, )

I*LLL =

I~mo(u v, W, z’) Vm(u,v,w,z)d wdvdudr —% \I/—i cn(;()cn(ry)cn(z//)enl (.9) X

x e, (=) fc, (u)fc, (v)f ¢, (W) e, (U, v W, ) Vi, (U v, W, ) d wd vd ud 2

0 0 0 0

Vol 8)= =20 o3 6 (7)o n)e, e (e, (- o)fe, W)fe (e, (w)
<l Noafwvmeawavauds -2 (o5 e (e o)e e (9

1

x;e (—r)}c() V) e, W) T (U v, w,2) Vo (U v, W z)d wd vd ud 7 ;

o

&nwﬁﬂmznw@ v, 8) =V, (21,1, 9)=0;

e 8= 22 M5 e (1) (n)e ), (9, (s (0] e ()

b | * LZL L,
ol 2z D V' e
. g.(u,v,w,T)wdwdvdudr+m:fﬁ\ﬁn;cn(z)cn(n>cn(men. ()
X n}enI (- r)}cn(u)}sn(v)}cn(w)gl (u,v,w,T)Wd wdvdudr +%
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x \/\I/:inc (x)c, (n)}en, (- r)}cn (u)}cn (v)}sn (W) g, (u,v, W,T)Md wdvdudz x

w
1

o 0)e, (91225 (ool b (9, (e e 0] o)

2 V5 ) e (9)fe, (ol e, e

x| (u v, WZ')V (u v, Wr)dwdvdudr c (;5)C(77)

xcn( ) (u VWZ')deVdudr—

27Z'D : 1
Tl )= 2o g e (e e e, (9. (—f)osn( e, e, ()
><gv(u,v,W,T)%’u\l’w’r)dwdvdudr+bV*LLL \/7an )e (S)X
< (L) 1 1 5Vmo(u V, W, T) 2z D, JTX
!env( T)gc"(u)gs"(v)-gc“(w)gv(U’V'W'T)TdeVdUdT+b\/*—|_x|_y|_zz V_*
x zncn (2) c.(n)e. (v )re, (= )fe, (W)e, (v)}sn(w) g, (u,v,W,T)wd wdvdudr x

xenV(S)—ﬁicn(;g)env(S)}e( )jc() Suv,w, o)V (uv,w,r)dwdvdudz x

e oo )b - V*L\cm o )fe. e e, e, T v )

(u VWT)deVdUdZ' e (9)

Lazimy,9)= bl*zﬁin c,(x)c, e, (w)e, (9)e, (-<)rs (e, (g, (wvowT) <

e ()2 v e 2T () o) e, (e, (e o)

njs (e, g, ()2 =l g uavauar s 2% 5 nc (1)e ) v e, (9)x
e, 2o, e, s, W) (u,v,w,T)dedvdudr i
Tl 0)= o 25 0 e e e (0, (s e ], ()

Xy -~z

nc, ) Vel g ugvaudcr 27 snc (e r)e e, (o)fe. (o)

X}cn(u)}s( ) c,(w )gv(u VWT)ﬁv@l(u’v’w’r)dwdvdudr+2—ﬂincn(;()><

% ov bV*LLL &
« 0. )e. ) (9 (- )i, (W) e,(5, ) gy (v T) Ve E) g gy guge
Ll 8)= =25 o, (z)e,n)e. v)e, (9fe, (- o)fe, )], (] T (v i) x

14



Advanced Nanoscience and Technology: An International Journal (ANTJ), Val. 1, No. 1, June 2014

xc (w)V,,,(u,v,w,7)dwdvdud T\/\I/: —ﬁ\/zi (7)c.(7)c.(w)e, (g)jem (-7)x

1 1

xfc, (u)e, (), (W) T (0 v, W, 2V, (U v, wi o) d wd vd ud 7 - LLLI* \/7Z

O

XC, (y/)enI (LQ)}enI (— r)1 c, (u)}cn (v)}h(u,v, W,T)cn (W) I~000 (u,v, W,T)Vom(u,v, W,T)d wdvdudr

2 1"« 9 1 1 1

\Zall(l,ﬂyvf,g):‘m v & Swlenie e, 8)f fe,wjse.lvse,
x "y ~z

xI (LIVWT)V (UVWT)deVdudT—— C, . 2 1 1
V*LLL, & J

x \I/—ic(u)ic(v)ic(w) 1 (U v, w2V, (U, v, w, r)dwdvdudr—V* L2L L 2 c,(x) x
x L}e (~)pe, (u)ge, (V) ph(u,v,w T)e, (W) T, (u, v, w, 2V, (U, v, w, 7 ) d wd vd ud 7 x

V* 0 " [¢] 0 0
X Cn (77) Cn (l//)env ('9) *
Equations for the functions @,(x,y,zt) are

o0, (xy,zt) -D, %ﬁZCD‘O(x, y,z,t)+ o2, (x, y,z,t)+ o2, (xy, Zt)%
ot 0 ox? oy* oz 0
+k, (y.zT) 1Py, 2t) -k (% y,.2T)1 (x v, 2t);
é’d)vo(x, VY, z,t) -D,,, EW(DVO(X;y, z,t)+a”2¢vo(x,zy, z,t)+0” >, (x Y, zt)E|+
ot 0 ox ay oz’ 0
K, (2 T)VE(x Y 2t) -k, (% . 2TV (x v, 2t);
ﬁqJ,i(x,y,z,t):DwI o', (x, y,z,t)+D ﬁzd:v“(x,y,z,t) +D o', (x, y,z,t)+
ot oX? o oy* o oz’
o® ||1(X y,Zt) o U aq)n—l(x’yiz!t)D
+D ool ol X ’ZT - L. Dorm_ ol X, ’Z!T - 4.
[g(y) > g ayEg(y) E
o 0 5¢,i,1(x,y,z,t)E .
- - = 2 7 >1:
+ DOCDI az Ejmml (X! y! Z,T) az E’ 12 1
coufuyat)_ o0 yat), o S0nat), ) Soknat),
ﬂ t Vv ﬂxz ooV ﬂyz oV azz
o 0 20, (xy,zt)0 o0 oo, (xy,zt)0
D,,, — T) =222 ey p T)—y ]
+ oV ax éﬂmv (X’ y’ Z’ ) ax E-‘- odVv ay Elmmv (X’ y’ Z’ ) ay B‘F
o U ﬁdel,l(x, y,z,t)[ .
D, — T)————r, 12];
+ Y] az éﬂw(xa y,Z, ) 52 E1|> 3
0o (x, y,z,t)| -0, 00 (x,y,z,t)| “o. 00 (xy,z1t) “o, a0 (x,y,z1) _0.
ox | dx ay ay
00, (xy.zt) ®, (xy.zt) 0
aZ ’ T :01 |201 @O(Xfy’z!o):ffbl (X,y,Z), (Ei(X,y,Z,O):O,

z=0 2=l
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Dyo(%,Y,2,0)=Fav (X,Y,2), Psi(Xy,2,0)=0, i=1.
Solutions of the equations could be written as
—=—3F, c(c(y)c(ze., t).

q’ﬂ"(x'y’z’t): LLL, L L L, #

U Lx Ly Lz
where e, (t):expwwowt%lﬂ . . = a0 (e @)1, (xy.Jdzdydx,
P E P g ) P

cr(a)=cos(znalL,);

o, (u20)= - 27 510 e ) (e, O, s ) e W), (wvom)
20, i71(u,v,w,r)
x——+-————dwdvdudr - 1
focn(w) g, (u,v,w.T)Wd wdvdudr - LiﬂLz incn (x)c.(y)e.(2)e, . (t)x
t Ly Ly Ly O”qJ . y Vy WV,
xfe, (~7)fc,(u) re,(v)rs,(w) g, (u,v,wT) it wir) dwdvdudr,ix1,

L L, &
- 25 (e e e, e, -l o) fa )
v
ow

where s,(@)=sin(znalL,).
System of equations for functions Cij(x,y,zt) (i=0, j=0, k=0) could be written as

IC,(xy,zt) _ 5 EBZCOO(X, y,zt)  9°Cu(xy.2t) , 9°Cu(x y,2t)0

at B ax y? 0z -
aC,(x y,zt) -D 2°C,(x, y,zt) +D 2°C,(x, y,zt) +D 2°C,(x,y,zt) N
at o ax? - ay’ - 0z

)GC, 10(x,y,z,t)D+ 0o

D, >y, (x v, 2T

0C, 10(x, y,z,t)E' i>1:

0z C

ac,(xy, z,t)=D a:C,(x,y, z,t)+ D a:C,(xy, z,t)+D a:C,,(x,y, z,t)+
ot o ax’ o ay? o 07’

o . (xy,zt) aC,(x Y, z,t)D+ D i[[:go(x, y,z,t) aC_(x,V, z,t)D+

kB kvt ox B “ayBly.zT) oy d
DOLiEC/(x yzt)OC (x,y,z,t)E;
azEP (x,y,z,T) 0z C

aC,(xy,zt) -D 22C,(x y,zt) azcoz(x,y,z,t)+D 22C,,(x y,zt)

0 X, Y, 2zt
\10( y )D

0 0
+D, — XV,zT
OLOXémL( y ay I:l

0G0
D - 1 Y 1T
+ oL aZ éﬂL (X y Z )

oL +D0L oL +D0Lx
ot ox? oy? 07z
Ho C“x, zt)aC, (x y,zt)0. a C“x, zt)dC, (% Y, zt)O
5  (xy.zt) 3 y,z1) %240, 0 [ oy 3 ¥,2t) 0C,(x v, )D+
xd PxyzT) ox goyg P(xyzT) dy O
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+i%2m(x, V. z,t)C‘:"_ (x,y,zt)dC,(x,y, z,t)[@+D Bo 0ci(xy,zt) aC,(xy, z,t)D+

0z P’ (x,y,2,T) 0z °L%Tx%37(x,y,z,T) ax 0
9 [T (xy, 2t v,zt)0. @ 0C(x v, 2,t) 0C, (%, v, z,t) .
w(0y.2) 0C,(x y.2t)0, @ y(XyZ) (xy.2t) 0
oy yat) oy HozPyat) oz b
aC,(x,y, z,t)=DOL 11(x y zt) +D, 9°C, (%, Z’t)+D0L62C“(X' y’z’t)+D0L><
ot oy’ 07z
Ho \C (xyzt)aC (xy,zt)O o C.H (% y,2t)9C, (x y,zt)0
x 10\%s 10K
XEZ( vz "P(xy,zT) dx g oypQ (xy.21) P (xy,zT) dy E+

9 Cii(x v.zt)0C, (x v.zt)H, _ Hd [C4(xy.2t)9C,(xy.zt)0
9 +D,
+azéh(x’y’z’t)PfV(x,y,z,T) 0z B BxPlya)  ox B

0 [C, (x, Y, z,t) oC, (x, Y, z,t) [C (x, Y, z,t) aC, (x, Y, z,t)[@ Ho B
+— Bi[gL XY, Z!T x
aytP (xy.zt) oy ( )

zEP’(x,y,z,t) 0z %EGXQ

9
d

DQ_D

oC,(xy,zt)0 o O (xyzt)D a aC,,(xy,zt)H
CENZI Ty )Y EI, O G oy am) 2

Solutions of equations for functions Cj(xy,zt) (i=0, j=0) with account appropriate conditions
takesthe form

1
Culxyzt)= o+ 2 SE clely)elze. ().

D Lx Ly Lz
where enc(t)=expE+7r2n2DoctH‘1»2+L12 +% , Foe = 1¢,(x) fe.(v)je. (2) fe(x v, 2)d zd yd x;
E " 0 0 0
27

.y, 2) == 5 F.e, (e, () (e (e (- )5, ) e, (0 e, () 6, vawT)

0L t) gy sn- 225 nF o (e, ). (e e - ) )
«fe . e} D qugvaug s 225 e (v (e e (o)

= 0
Xy -z

xnF_ Lfcn (u)LJYcn (V)Lfsn (W) g, (u,v, W,T)Wd wdvdudr, iz,

Culbon 2=~ 27 50 (e e B (e -o)js (o) fe. ] e
xcn(w)wdwdvdudr—

27 - ' f
ou L, Liisz 3 nF.c, (x)e,(y)e, (2)ec (t)fec (=7)e, (u) <

8 }:Sn (v)}:cn (w) Cz(u,v,w,z) aC, (u,v,w,7)

27 =
P (uv,wT)  av dwdvdudz LLL 5 nF..c,(x)e,(y)e,(2) x

L

<. (e -rljo. o0 s, () S OCbvm )4 gy
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C. ozt == 25 3.0, (e ) e O (s ) o 0o () S )

25 nF.c (e (v)e. (e Wfe. (-2)je. ()]s, () =

xwdwdvdudr—l_

ou
= \CoMu,v,w,z) AC, (U, v, W, 7) 27 =
<o G o€ ) g, uge - 22 S0k o e ().

><ienC (- z-)Lfcn (u)}:cn (V)IS;n (w) (;Dfl(fjuvvv\;v_;)) 9C, (;v\\; W) dwdvdudz - L;_HLZ 2 nc, (x) x

<., )6, )e. Ofe. (s (o o ) ((jvvvvvvgacm(ggywvf)dwdvdudr_

_ 27ZZL in Fnch(X)Cn(Y)Cn(Z)enc(t)fenc(—r)jc( )}ys( )I cz(u,v,w,z)dC,(u,v,w,z) §

LLL, P’(u VWT) ov
(w) dwavdudr =275 nF..c, (e, (e, (2. (e, (-)je. () fo. ()]s (w) »

N Cw(u,v,w,r) acm(u,v,w,r)
P’(u v, WT) ow

C.lxy.2) == (5 5 e, (. (e e (fec-)fs () o0 fo. (., (wvwT)

xwdwmudr-z—”zcn(x)cn(y>cn(z)enc(t)}enx—fﬁcn(uﬁsn(vﬁcn(w)x

dwdvdudr;

au LLL #
oC,(u,v,w,z7) ‘
xnF_ gL(u,v,w,T)‘“Td wdvdudz - L L2 Z c,(x)c.(v)e,(2) ec(t)ec (- 7) x

)—ac"l(u’v’w’r)dwd vdudz-

xn F, fc,(u) re,(v) s, (w)g, (uv,w,T ZZHL 5N Fc,(x)x

Xy -z

dwdvdudz -

x Yy L Cgo(u,v,w,z-) aClo(u,v,W,z-)
w
P (u,v,w,T) odu
cz(u,v,w,z)dC,(u,v,w,z)
P’(u,v,W,T) ov

dwdvdudrz x

o (), (2. 0)- 25 nF.c. (e, (v)e, (2 . O (- e, (o) o, () (w)

LLLA
 Cooluv,w,7) 0C, (U, v, wi7)
P’(u,v,WT) ow

x by Lz Cou,v,w,7) 0C, (U, Vv, W, 2
xlsn(u)gcn(v)lcn() (EjvaT)) (au T)dwdvdudr—LL

dwdvdudzr - .

Xy -z

-

s NnF.c (x) x

Lz

xcn(y)cn(z)enc(t)ienc(— r)icn(u)lys (v )IC (w )Cy (. V’W’T)ac""(u’v'w’r)dwdvd udr-

(u,v,W,T) ov
2 = L\ by Lz Cgol(u,v,w,r)acw(u,v,w,r)
Lo an el afe ) e s WD Ty Ty dwdvdude

xFcc,(x)c,(y)e, (e, (t).
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