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ABSTRACT

We introduce an approach of manufacturing of a field-effect heterotransistor with inhomogenous doping of
channel. The inhomogenous distribution of concentration of dopant gives a possibility to change speed of
transport of charge carriers and to decrease length of channel.
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1.INTRODUCTION

Development of solid state electronic devices leads to necessity to decrease dimensions of ele-
ments of integrated circuits. In the present time are have been elaborated several approaches to
decrease dimensions of these elements. One of them is growth thin film devices [1-4]. The second
one is diffusion or ion doping of required areas of homogenous sample or heterostructures and
laser or ion doping of dopant and /or radiation defects [5-7]. Using one of these types of anneal-
ing gives a possibility to generate inhomogenous distribution of temperature. In this situation one
can obtain inhomogeneity of structure, which should be doped. The inhomogeneity leads to de-
creasing of dimensions of the considered devices. Another way to modify properties of materials
is radiation processing [8,9].

In this paper we consider manufacturing a field-effect heterotransistor with inhomogenous doping
of channel. Inhomogenous doping of channel during technological process gives us possibility to
change speed of transport of charge carriers [10] and to prevent the effect of closing the source to
the drain after decreasing of length of channel [11]. To illustrate the introduced approach of opti-
mization of doping of channel we consider heterostructure, which presented in Fig. 1. One of
ends of the channel has been doped by diffusion or ion implantation. After that the dopant and/or
radiation defects have been annealed by using electro-magnetic (microwave) irradiation. In this
situation one can find inhomogenous distribution of concentration of dopant. This type of anneal-
ing gives a possibility to heat near-surficial area to decrease dopant diffusion deep heterostruc-
ture. After finishing of the annealing channel will be overgrown. After the overgrowth it should
be manufactured gate. Main aim of the present paper is optimization of annealing time to dope of
required part of channel.

DOI:10.5121/ijcsa.2015.5602 17



International Journal on Computational Science & Applications (IJCSA) Vol.5,No.6, December 2015

— e I

Drain Channel Source

Fig. 1. Structure of the field-effect heterotransistor

2.METHOD OF SOLUTION

We solved our aims by solving the following second Fick’s law [10,12-14] to determine spatio-
temporal distribution of concentration of dopant

o'?C(x,y,z,t) J { Co'?C(x,y,z,t)}r 0 {Dc o'?C(x,y,z,t)}_;? {Dc o'?C(x,y,z,t)](l)
z

gt dx dx Jy Jy Jz

Boundary and initial conditions for the equations are

9C(x,y,z,1) ~0 9C(x,y,2.1) ~0 oC(x,y,z.1) 0 9C(x,y,2,1) ~0
a X x=0 ’ a X x=L ’ a y y=0 ’ a y x=L, ’
M =0, w =0, C(x,y,2,0)=f (x,9.2). )
Z z=0 Z x=L,

In the Egs. (1) and (2) the function C(x,y,z,t) describes the spatio-temporal distribution of concen-
tration of dopant; the parameter D is the dopant diffusion coefficient. Dopant diffusion coeffi-
cient will be changed with changing of materials of heterostructure, heating and cooling of hete-
rostructure during annealing of dopant or radiation defects (with account Arrhenius law). Depen-
dences of dopant diffusion coefficient on coordinate in heterostructure, temperature of annealing
and concentrations of dopant and radiation defects could be written as [15-17]

Y 2
C (x,y,z,t)} 1+ lV(x,)i,z,t)_i_ng (x,*y;z,t) . 3)
P7(x,y,z,T) Vv (V )

D= DL(x, y,z,T)[1+§

Here function D; (x,y,z,T) describes dependences of dopant diffusion coefficient on coordinate
and temperature of annealing 7. Function P (x,y,z,T) describes the same dependences of the limit
of solubility of dopant. The parameter ¥is integer and usually could be varying in the following
interval ye[1,3]. The parameter describes quantity of charged defects, which interacting (in aver-
age) with each atom of dopant. More detailed information about concentrational dependence of
dopant diffusion coefficient is presented in [15]. The function V (x,y,z,f) describes distribution of
concentration of radiation vacancies in space and time. The parameter V' describes the equili-
brium distribution of concentration of vacancies. It should be noted, that diffusion type of doping
gives a possibility to obtain doped materials without radiation defects. In this situation ;= $=0.
We determine spatio-temporal distributions of concentrations of radiation defects by solving the
following system of equations [16,17]
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Boundary and initial conditions for these equations are
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Here p=I,V. The function I(x,y,z,t) describes the distribution of concentration of radiation intersti-
tials in space and time. The functions D,(x,y,z,T) describe dependences of the diffusion coeffi-
cients of point radiation defects on coordinate and temperature. The quadric on concentrations
terms of Eqgs. (4) describes generation divacancies and diinterstitials. The function k;(x,y,z,T)
describes dependence of the parameter of recombination of point radiation defects on coordinate
and temperature. The function k;/(x,y,z,T) and ky,(x,y,z,T) describes dependences of the parame-
ters of generation of simplest complexes of point radiation defects on coordinate and temperature.
Now let us calculate distributions of concentrations of divacancies @y(x,y,z,t) and diinterstitials
D(x,y,2,t) in space and time by solving the following system of equations [16,17]
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Boundary and initial conditions for these equations are
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The functions Dg,(x,y,z,T) describe dependences of the diffusion coefficients of the above com-
plexes of radiation defects on coordinate and temperature. The functions k;(x,y,z,T) and ky(x,y,z,
T) describe the parameters of decay of these complexes on coordinate and temperature. We calcu-
late distributions of concentrations of point radiation defects in space and time by using recently
elaborated approach [18-20]. To use the approach let us transform dependences of diffusion coef-
ficients of point defects in space and time to the following form: D,(x,y,z,T) =Dy, [1+&,
8,(x,y,z,T)], where Dy, are the average values of diffusion coefficients, 0<g,<1, Ig,(x,y,z, T)I<1,p
=I,V. Let us also transform dependences of another parameters to the similar form: k;/(x, y,z,T)=
ko[ 1+&y grfxy.z.D, ki(xy.z,T)=kors [1+&; gidx,y,2, 1)1 and kyy (x,y,2,7) = kovy [1+&y
gvx,y,z,T)], where koy ,» are the their average values, 0<gy <1, 0<g; <1, 0<g,<I, |
givixy, 2, DILL, | g1 (x,y,2, DI, Igy.(x,y,z,T)I<1. Let us introduce the following dimensionless va-

riables: I (x,y,z.6)=1(x,y,z.0)/I", % = x/L., 7 =y /L, V(oy.zt)=V(x.y.z0)/V',

®=4D,D,, t/I’, o=k, /1/D0,DOV . Q, :sz(,p_p/,/DO,Dw, ¢=27/L.. The introduction leads to
transformation of Eqs.(4) and conditions (5) to the following form
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Let us determine solutions of Egs.(8) as the following power series [18-20]
plrn.o.0)=3e, L0’ Y.Q)5, (1.1.9.0). (10)

After substitution of the series (10) into Eqs.(8) and conditions (9) we obtain equations for initial-
order approximations of concentration of point defects 7000(,1/, 7.6, and ‘7000( 2.7.0,99), corrections

I jk(;(,ﬂ,(,i), ) and ‘71-]-/( (7.1.6,%) and conditions for them for all i>1, j>1, k>1. The equations are
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presented in the Appendix. We calculate solutions of the equations by standard Fourier approach
[21,22]. The solutions are presented in the Appendix.

Farther we determine spatio-temporal distributions of concentrations of simplest complexes of
point radiation defects. To determine the distributions we transform approximations of diffusion
coefficients in the following form: Dg,(x,y,2,T)=Dyapl1+Eppg ap(%,y,2,T)], Where Dy, are the av-
erage values of diffusion coefficients. In this situation the Eqs.(6) could be written as
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We determine spatio-temporal distributions of concentrations of complexes of radiation defects as
the following power series

@, (v.y.20)=1E,, (ry.21). (11)

Equations for the functions @,(x,y,z,t) and conditions for them could be obtained by substitution
of the series (11) into Egs.(6) and appropriate boundary and initial conditions. We present the
equations and conditions in the Appendix. Solutions of the equations have been calculated by
standard approaches [21,22] and presented in the Appendix.

Now we calculate distribution of concentration of dopant in space and time by using the same
approach, which was used for calculation the same distributions of another concentrations. To use
the approach we transform spatio-temperature approximation of dopant diffusion coefficient to
the form: Dy(x,y,z,T)=Do.[1+&g1(x,y,2,T)], where Dy, is the average value of dopant diffusion
coefficient, 0<g <1, lg;(x,y,z,T)I<1. Now we solve the Eq.(1) as the following power series

C(x,y,z,0)= ioe’L ilf-’Cij (x,v,2.1).
R

The equations for the functions Cy(x,y,z,t) and conditions for them have been obtained by substi-
tution of the series into Eq.(1) and conditions (2). We presented the equations and conditions for
them in the Appendix. We solve the equations by standard Fourier approach [21,22]. The solu-
tions have been presented in the Appendix.
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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. The approximations are usually enough good approximations to make qualita-
tive analysis and to obtain quantitative results. We check all results of analytical modeling by
comparison with results of numerical simulation.

3.DISCUSSION

In this section based on recently calculated relations we analyzed redistribution of dopant with
account redistribution of radiation defects. These relations give us possibility to obtain spatial
distributions of concentration of dopant. Typical spatial distributions of concentration of dopant
in directions, which is perpendicular to channel, are presented in Fig. 2. Curve 1 of this paper is a
typical distribution of concentration of dopant in directions of channel. The figure shows, that
presents of interface between layers of heterostructure gives us possibility to obtain more com-
pact and more homogenous distribution of concentration of dopant in direction, which is perpen-
dicular to the interface. However in this situation one shall to optimize annealing time. Reason of
the optimization is following. If annealing time is small, dopant can not achieves the interface. If
annealing time is large, dopant will diffuse into another layers of heterostructure too deep. We
calculate optimal value of annealing time by using recently introduced criterion [18-20]. Frame-
work the criterion we approximate real distribution of concentration of dopant by ideal step-wise
function ¥ (x,y,z). Farther the required optimal value of dopant concentration by minimization of
the following mean-squared error
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Fig.2. The infused dopant concentration distributions. The considered direction is perpendicular to interface
between epitaxial layer and substrate. Increasing of number of distributions corresponds to increasing of
difference between values of dopant diffusion coefficient in layers of heterostructure. The distributions
have been calculated 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. Fig.2. The implanted dopant concentration distributions. The considered direction is perpendicular to
interface between epitaxial layer and substrate. Curves 1 and 3 corresponds to annealing time ® = 0.0048
(Lx2+Ly2+Lzz)/Do. Curves 2 and 4 corresponds to annealing time ® = 0.0057(LX2+L,<2+L22)/D0. Curves 1 and
2 have been calculated for homogenous sample. Curves 3 and 4 have been calculated for 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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Dependences of optimal value of annealing time are presented on Figs. 3. Optimal values of an-
nealing time of implanted dopant should be smaller in comparison with the same annealing time
of infused dopant. Reason of the difference is necessity to anneal radiation defects before anneal-
ing of dopant.
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Fig.3a. Optimal annealing time of infused dopant as dependences of several parameters. Curve 1 is the de-
pendence of the considered annealing time on dimensionless thickness of epitaxial layer a/L and &=y=0 for
equal to each other values of dopant diffusion coefficient in all parts of heterostructure. Curve 2 is the de-

pendence of the considered annealing time on the parameter € for a/L=1/2 and £==0. Curve 3 is the de-

pendence of the considered annealing time on the parameter & for a/L=1/2 and £=}=0. Curve 4 is the de-

pendence of the considered annealing time on parameter yfor a/L=1/2 and €=£=0
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Fig.3a. Optimal annealing time of implanted dopant as dependences of several parameters. Curve 1 is the
dependence of the considered annealing time on dimensionless thickness of epitaxial layer 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 the considered annealing time on the parameter & for a/L=1/2 and ==0. Curve 3 is the
dependence of the considered annealing time on the parameter & for a/L=1/2 and &==0. Curve 4 is the
dependence of the considered annealing time on parameter yfor a/L=1/2 and e=£=0

4.CONCLUSIONS

In this paper we introduce an approach to manufacture of a field-effect heterotransistor with in-
homogenous doping of channel. Some recommendations to optimize technological process to
manufacture more compact distribution of concentration of dopant have been formulated.
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APPENDIX

Equations for the functions I i (;(,77,¢, ¥) and V. Uk(;( 7,9, ), i20, j>0, k>0 and conditions for

them
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w(.9)_ Dy | 0L 21.0.9) 9Ty 01.0.9) 3Tt 0.0) | D[ (s
aZ 1 9 b b

08  \D 07’ on’ 09’

ov

y 9
ol 85254 3 aan
%4 OV 77
XW}\/TM,BL
) D,,

W (2.9 [Dy ]2 ,m(znw) ,m(zn,w) ,m(zn,w)

,m,(mw} Dy, \F {V():,ﬂ,fﬁ,T)W} a¢[ v (1m.0.7) x

OV (219, ﬁ)}/ il
¢ D,

Ly (2:71:0,8) _ [ Dy, | 9°10(2:17.0,8) a1010(177¢79)+827010(Z’77»¢»79) _
0 D, oy’ an’ ¢’

oV

- [1 +E 8y (ZJ?,(?’,T)] Tooo(an’¢’ 79) ‘7;)00(1’77’¢a 79)

Vo 21.0.8) _ Do | 0V :1.0.9) , 3V (:11.0.9) | 9*Viso(2.1..9) |
9 D,, or’ an’ ¢’

~[i+ e, 8,0 (2107 oo (2.12.0. 9V, (2.7.6.0):

3Ly (2:71:0,8) _ | Dy, | 9° (2:17.0,8) a1020(177¢79)+827020(Z»77»¢»79) _
0 D, ox’ an’ ¢’

oV

“li+e,, 800 8. TN T (270, 0) Vigo (10.0,8)+ Too (2.7, 0,9V (.77.6,5)]
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Wi (2.17.9.9) \/T{ Vi (2.71:9.9) | 9V (1.1.0.8) | 3*Vip, (2:11.9. ﬂ)}
DUV

0V o0x’ an’ 00’

“i+e,, 8,0 0T o (2 70.6, Vi (2.7.6,8)+ T (10,0, 00V, (21,7.0,9)]:

T (2:1.0.9) _ [Dy, | 9T (2.11.0.9) , 9T, (2.11.0.0) | 0’0 (2.1.0.9) |
0 Dy, or’ an’ d¢’

~[i+e,, 8., (0. T 12 (2.1.0,0)

Voo (2:1.0.0) _ [Dyy | Vi (2.7.6.9) | 9V (1:11.0.0) | 9Viy,(2.11.0.9) |
00 D oy’ on’ 09’

07

~li+e, 0, (x0T V2 (.1.0.9);

X

oL (.m.9.8) _ [Dy | 0°1(x.7.0.8)  0°11s(2.0.0.8)  0°L,(2.m.0.8)| | [ Dy,
00 D 2y’ an’ 29’ D

ov ov

o1, (2.7.0.9 o1, (x.7.0.9
e B P e N
X oy 0 on 00

ol (.. 0.9) || [+ - N -
*lw%gﬁjﬂ—hMmm&M%ﬂ%m%®+QA%mﬁwWMmm¢Mk

xli+e,,8,,(2.n.0.7)]

WV (m.9.9) _ Dy | 9Vrn9.9) , 0V 9.9) , 0V 9.9) | [Dy
0 D,, 2y’ on’ d¢’ D,

07

X{ai{gv(l’m¢’7")w:| |:gv(l’77¢ )M} [ (2.'77¢T)
7 oy a7 a7

WVoolz.n.0.9) || 15 - - N
X—id%}ﬂlﬂ—kdzmﬂm%ﬁ%m%@+%ﬁ%m¢whﬂmmﬂwh

x|t+e,, g, (2.0.0.7);

0Ly, (11:0.9) _ | Doy | 3'Lo0n(2.7.0.9) , 9Ly (2.11.0.9) , 9L (2-11.0.9) |
98 D,, 0y’ an’ 09’

~[i+e,, 8, (e 0.1 (217,097 (27,0, )
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Wy (7.77.9.9) \/T{ Vi 0:11.0.9) | 9V (2.1.0.9) | QOOZ(z,nM)}
DOI

0¥ 0r’ on’ 00’

~Ni+e,, 800 (2.0, E)Vo, (2.12,0.8)Vi (2.7, 6,9

0L (1.1.0.9) _ |Dy |9 (x:1.0.9) 0T (2.m.0.9)  9°(x1.0.9) |,
0¥ D,, 9’ an’ d¢’

0
+ D01 {ai|:gl(/1/’77’¢’ ) 1001(177 ¢ 19):| |: (Z 7, ¢ ) 001(;(’77’¢’79):|+
X Iy on

%{&uwﬁjﬁidﬁfﬂ@ﬂ 4,6, (1T oo (2.0, 1.6,0)

WV (:1:0.9) _ Dy | 9V (2:1.0.9) , 0V (1:1.0.8) | 0V (21.0.9) |,
0 DOI o’ an’ ¢’

d oV
%{ai{gv (Z’U’¢» ) Vom(;( n, ¢ 19):| |: (Z’ ’¢ ) V001(Z»77»¢’19):|+
o 9% X a7

-
+ai¢{gv(z 1.9, T)WH [1+&,8,(2.7.0.T) I, (2.7.6.8)V,, (7.7.0.0):

on.0.9) _ | Dy |0 1o (gen.9.0) 8 1u21.0.9) O Lendd)| 7 (50
819 DOV aZZ 8772 a¢2

x 1+e,, 8, (oD T (1. 0.9) -1+ €,,8,, (2.71.0.T) Iy, (2.7.6.9) Vopo (2.7.0,9)

9’ 9’
°“(§”’M) { Vo208 9 Vi, (xm.0.9) 9 o“(mw)} 7 (b d)x
2 \/DO, or on’ ¢’

x[1+gV.VgV.V(l’77’¢’T)] 000(Zﬂ¢19 [1+81VglV(Z77¢t]IOOO(I77¢Z9) OOI(Z’U’¢’Z9);

-0 aﬁgk(}(,ﬂ%ﬂ) -0 aﬁijk(Z’”’¢’0)

0P, (x.1.9.5) _ _
a1

dx

ap. x.n.0,08
:O pt_/k(Zn¢ ) , , :O’

n=0 a”

)

x=0 a Z

n=1

x=1

0Py (1.17.9.9)
09

_y 2Bubrm.00)

= =0 (>0, j>0, k>0);
¢=0 ¢

¢=1
Poo2:1.0.0)= f,(x.1.0)/ P, B, (2.1.6.0)=0 (i=1,j>1, k=1).

Solutions of the above equations could be written as
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Pn21.0.8)=1 4= S F,c(2) ¢ () c(9) e,, ().

where F =i*]cos(ﬂ'nu)lcos(ﬂ'nv)]cos(fmw)f (w,v,w)dwdvdu, e, (O)=exp-rn’¥yD,, /D, ),
np p o 0 o np nl oV (V)

c(y)=cos(zny), e,, (F)=exp (— 7’n*,/D,, /D, );

T (2:.9.8)= —m@ e, (2)eln)clple, () e, (s, (e, () Lol

n=1 0 0 0

Ll 1 1

xc,(wg, wv,w,T)dwdvdudr-2x Dy, inc” (¥)c@m)c(@)e, (z9)fe”1 (- T)jc” (u)fs” (v) x

n=1

oV 0 0 0

X jcn(w)g,(u,v,W,T)dedvdudT—Zﬂ Dy,
0 A% D n=l1 0

s« fe e, ()5, 00, (v, )T 0:7)

dwdvdudrt,i>1,
0 0 0 aW

Pl 0:0)=-25 22 S e (el (90 ), e 0 oo )

we, (e gy audar— P2 e (Delm)e@en O)fe, )fe, (s, ()%

au 01 n=1 0 0 0

vV n=l1

<arfe, () g, Gvon VD g vauaz -z [P 5 e, ()e)elole, o) x
0 o1

feu e, e, 05, (s, (u,v,w,T)aVi%f"’f)dwdvdm, -

where s,()=sin(xny);
s 1 1 1

Pusiem.9.9)=-2% ¢, (2)e,0)e, 9)e,, (B)]e,, (= )l e, @]e, (), (w)x

0 0 0
X [1+8,ng,yv (u,v,w,T)] fooo(u,v, w,7) Vooo(u,v,w,r) dwdvdudrt;

¢ 1 1 1

Puali0.0)=-2 25 ¢ (). ). e, 0, e e e 0 v, =

n=1 0 0 0 0

X g,y (u, v, w,T)][fmo(u,v, w,z’)VOOO (u,v, w,‘t’)+1000 (u, v, W, T)Vmo(u,v, w, z')] dwdvdudr,
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1 1 1 1

P08 =25, (e, (e, 0)e, (9], (-0, (), (Ve ()
X [1+€p,pgp,p(u,v,w,T)] Do (w,v,w,t)dwdvdudr:

Pun(1:11.0.0)= =23, (2)e, (n)e, (9)e,, (O)]e,, (= D) e, (W)]e, ()]e, (w) x

X [1+€p’pgpyp(u,v,w,T)J ,5001(u,v,W,T)ﬁooo(u,v,w,r)dwdvdud?:;

T.0)= 22 22 S 1) ol (e ). e O, )

u n=1

X g,(u,v,w,T)Md wdvdudt-27 &inc”(z)cn(n)c”(@e”, (8) x
oV

xfen, (— T)jcn (u)isn (v)}cn (u)g, (u,v,w,T)dedvdudT—2ﬂ' % X
ov

0 0 0 0 aV
o0 ¥ 7
xén e, (ﬂ){en, (- z’)icn (u)icn (v)isn(u)g, (u,v,w,T)MdedvdudT X

xe,(2)e, (e, 0)-25c, (2)e, @), e, @) e,, (2)le, ()], e, 0)li+e,, %

Xgy (z,t,v,w,T)][fm0 (u,v, w,z’)\7000 (u,v,w, T)+7000 (u,v, w,z’)\7100 (u,v, w,z’)]d wdvdudrt

n=1 0 0 0 0

Pl 0.0)=-27 (205 v (e e 0 ) ). e, 0, )

wdwvd“m_zn 2o S, (), ), 9, (9) %
07

u n=1

X gy (u,v,w,T)

i
e o, W5, (e, s, ()2 g g gy g [P
0 0 0 0 A% DOI

X %nenv (ﬂ)jenv (— T)icn (u)icn (v)isn (u)gv (ue, v, w,T)Mv’;’w’T)d wdvdudtXx

xe,(2)e, e, 0)-25 e, e, (0)e, e, @ e 2N, Wie, O+, g, T

Xc, (w) [floo (u,v, w, 2')\7000 (u,v, w, T)+fooo (u,v, w, T) \7100 (u,v, w, T)] dwdvdudrt;
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1 1 1

T a1.0)=-22 (22 S, 2 ) 9 9V, (2, e 0 i)

e, (o) Ll 4 duaz -2 [P S e (1) ) e, (0) e, @) e, (= ) e, ) X
du D,, 0 0
s, 0 e, g, (o) L0 iz =z [P S e (9)e, (2)e, (0)e, (6) ¢
0 0 v Dov n=1
B 1 1 1 0 7001 (w,v, w,7) ©
X .[enl (_ T).[Cn (u).[ Cn (v).[ Sn (w)gl (u7v7 W7T)— d Wd Vd I/l d T - 22 Cn (/Y)Cn (n)cn (¢) X
0 0 0 0 w n=1

xe, (19).[en1 (_ T)Ic;l ( u).“cn(v).“cn ( W) [1 TE V8 (u,v, WvT)]iloo(”?V’ w, T) ‘7000(”9"? w, T) dwdvdudrt
0 0

0 0

Fule0.0)=-2 2 S 06, 2, 1 e, O b, e 0] 2, )
e, (2D g g g2 [P S, () ¢, ) ) e (9, (o), )

s, e, e, e )X g g2 [P S e, ), (2)e, )e, ()

0 0 aV n=1
4 ! L ! a‘Z)(ll (M,V, w, T) S

XjenV(_T) CH(M)JCW(V)J.SW(W)gV(M,V,W,T) a dWdVdudT_zzcn(Z)cn(n)cn(¢)X
0 0 0 0 w n=1

» I I | ~ -
X e,y (ﬂ)jenV (_T)E[Cn ( u)l[cn(v)z[cn( W) [1+81,vg1.v (u,v, W?T)]Iloo(uvvv w, 7) VOOO(M,V, w, 7) dwdvdudt;

0

o (2:1.9.9)= =25, (2)e. (n)e, (0)e,, 0)f e, (D e, ()] e, (v)] e, (wHToy v x

0 0 0 0

X [1 +E€,8., (u,v, W,T)]imo(u, VW, T)+ [1 +&,8,, wv,w, T)]iom(u, V, W, T)Vooo(u, v, W, T)}d wdvdudTt

7, (zm.0.9)==25¢,(2)e, e, @)e,, )] e,y (=) e, () e, (W), (WH T v, w,7) x

n=1 0 0 0 0
X [1+8V_ngyv (ut, v, w, T)]iom(u, v, W, T)+ [1+8,7V g, v, T)]iom(u, v, W, T)\Z)Oo(u, v, W, T)}d wdvdudTt.

Equations for the functions @,(x,y,z.t), boundary and initial conditions for them could be written
as

dD,(x,y,z1) P, (x,y.zt) PP, (xyzt) 7P, (xyz1)
g1 D o oy T a2 "
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+k,, (63,2, T (3, 2,8) =k, (6,9, 2,71 (x, v, 2,7)

&q)vo(xsy’z’t)_D &zévo(x,y,z,t)+&2¢V0(x,y,z,t)+&zévo(x,y,z,t) n
dt S x? y* 7
y z

+kV,V ()C, y’Z’T)Vz(x’y’ Z’t)_kv (X,y, ZsT)V(-x, y,ZJ);

gr 9x 9y’ RS

J q)u(xvy’ th) |:§2q)li(‘x’ y’th)+ g%bli(x’ y,z,t)+ an)Ii('x7 Vs th):|+
&Q”@%Lf

&Q”@%Lf
—+
dx

J
+——| g4y (x,7.2.7)
{q’ dy

dy

a¢ i sV st
N AR G D) | ey
dz dz

7
+ Dy, {a_x|:gq>1 (x,y, Z,T)

9q’v;(x,y,z,t) &ZQDV,.(x,y, Z,t) &ZQDV,.(x,y, z,t) &ZCDV,.(x, v, z,t)
— N = Dyuy - + - + - +
dt Jx ady dz

P, (x, v, z,t)} P

EN +_|:gq>v(xsy’ZsT)

2, (x,y, z,t)}
— e s
dy

d
+Doq>v{_|:gq>v(x’yﬁz’T) 9
y

dx

J P, (x.y,zt)]| .
= s ) sT s 21;
+07Z|:g¢‘/(xyz ) 92 l

9P, (x.y.2.1)

0. 9%, y.21)
ox

’ 0x

9P, (x,y,2,1)

0 aCI:'p,.(x,y,z,t)
oy ’

= =0,
dy

b}

x=0 y=0 y=Ly

aq)ﬂf(x’y’z’t)| =0 aq)pi(x’y’z’t)|
9z 97

b}

=0, i20; Poo(x,y,2,0)=f 5, (x,y,2), D,i(x,,2,0)=0, i=1.

Solutions of the above equations could be written as
7 e

2 =
Bl 2= T B e e 0 e, 0] S, (6,0 .0
e Of e, 7)) fe, 0 e, )k, v 7)) -

-k, (u,v,w,T)I(u,v,w,z‘)]d wdvdudrt,
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Lo o\b ok s 1 1 1
where F, = icﬂ (u)icn(v)icn (w)fq)p (u,v,w)dwdvdu, €., (t)=exp| —7’n Dy, E+F +E ,
ca(x)=cos(mn x/L,);

o S )60 0 e ) ) e i)

@, (xy.2.0)=—

2P, ., (v, w,7) 2 -

x c,(w) P dwdvdudz'—L CL ”Z:lnc”(x)cn(y)cn(z)eq)pn(t)ie%n(—r)><

X

; L, L L. dD, . (u,v,w, T) -
xje%”(—f)fcn(u)fsn(v)jcn(w)g%(u,v,w,T) L i\ dwdvdudr ——=
0

0 0 0 adv L LyLi n=1

X

L Ly L. J dDIp o (u, v, W, T)

xey,, (r):[ s, (=7 e, () e, ()]s, (w)

0 0 0 o—’w

8, (u,v,w,T) dwdvdudr x

xc,(x)c,(y) e, (2), i1,

where s, (x)=sin(zn x/L,).
Equations for the functions C(x,y,z,t), boundary and initial conditions for them could be written as

2 2 2
acoo(x’y’Z’t):DOL J Coo(x32YsZst)+D0L J Coo(xazyszst)_i_DOL J Coo(xszyszst);
ot dx dy 9z

2 2 2
aC,.O(x, v, z,t)zDOL 0 Cio(x,Qy,z,t)+ 0 C,.O(x,zy,z,t)+ 0 C,.O(x,zy,z,t) N
dt dx dy dz

+D i{gL(x, ¥, Z,T)acim(_gx’ Y Z’t)
X

)aCHo(x’ y’Z»t) n
9 x

0
+D,, — v, 2, T
:| ()Lay|:gL(xyZ 3y

J
+D0L—{8L(x, v.2.T)

aCi—lO('x’ y,z,t)}’ i>1:
0z

0z

acm(x’ysz’t) D 82C01(xay,2,f
ot o ox’

2 2
)+D0L J C01(x»2y’z’t)+D0L J C01(x»2y’zst)+
dy oz

d [C&(x,y,z,t)BCOO(x,y,z,t)]FD d |:C070(xsysz’t)acoo(xsy,Z,f):|+

+D,, 2 2
“ox| P(x,y,2,T) dx oyl P(x,y,2,T) dy

)

+ D,

J Cl(x,v,2,1) 9C,,(x,y,2.1)
““9z| P"(x,y,2.T) 0z
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0’ Coz(x’y?zat)_,’_D 9’ COZ(X,y,Z,t)+

+D0L ayQ oL aZQ

aCOZ(x,y,z,t) -D 0’ Coz(x,y,z,t)
ot o ox’

-1 71
t)Coo (x,y,z,t)acoo(x,y,z,t)}_’_ J |:Cm(x’y’z’t)coo (x,y,z,t)x

0
+ D, —| C,\x, ¥,2, —
OL{ax{ o3z P7(x,v,2z,T) ox dy P’ (x,y,2,T)

7-1 7
xac‘)‘)(x’y’z’t)}ri{COl(x,y,z,t)COO (x,y,z,t)BCoo(x,y,z,t) }+

0y 0z P7(x,y,2,T) dz

X

-1 Wal4
XaCm(x,y,z,t)}+ d |:C01 (x,y,z,t)coo (x,y,z,t)acm(x,y,z,t)}}jLDOL{ d Coo(x, y,z,t)

oy dz P7(x,y,2,T) 97 a_x_Py(x,y,z,T)

Culoy )| 0 [ Colny,51) 3C, (ny 1)), 9 [ Chlny2.t) 0C, (xy,21) ||
dx dy| P'(x,y.2.T) 9y 3z| P(x,y,2,T) 9z :

oC, (x,y,z,t 0°C, (x,y,z,t 9°C, (x,y,z.t 0°C, (x,y,z,t
ll(aty ):DQL lla(xzy )+D()L lla(yzy )+D0L llézzy )

+

9 Cly'(x,y,2,1) 9Cy (x, y.2,1) | | 9 CL'(x,y.2.1)
I |C 0y, ,l“ 00 5 Vs % 00 \FV2 Vs < +—|C V.2t 00 RARALIAV
{ax{ IO(X Vozl) P’(x,y,z,T) dx o0y m(x »z )Py(x,y,z,T)

Xacoo(x’y’zst)j|+ 0

\C(;)il(x’y’z’t)aCOO(x’yaZat)
— 1) D,, +
dy 20z

C 2 9 2
[ w62 P’(x,y,2.T) 0z

+DOL{ J |:C(§)(xvyazv[)aClo(x’va’t):|+ J |:C(§)(xvyazat)aClo(x’va’t):|+

ox Py(x,y,z,T) dx E Py(x,y,z,T) dy

V4
c2[Glesanicnraill p (2], oy nRGlered),

dz| P’(x,y,z,T) 0z 0x 0x

acm(x’ y’Zst)j|

acm(x»ysz’t) .
dy

0
+_|:gL(x’y’Z’T) aZ >

0
+_|:gL(x’y’Z’T) aZ

dy

o"C,.j(x,y,z,t) _ &Cij(x,y,z,t) 0 07Cl.j(x,y,z,t) 0 3C,.j(x,y,z,t) 0
dx o ’ dx -, ' dy o ' dy - ’
&C”(x,y,z,t) _0. &Cﬁ(x,y,z,t) _0.130,;20;
0—)Z z=0 &Z z=L,

Coo(X,y,Z,O)=fc (xsysZ), Cij(xsysZ9O)=Os l 21’] 21
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Solutions of the above equations with account boundary and initial have been calculated by
Fourier approach. The result of calculation could be written as

1 2 2
ol )= EFee (0 e

1 1

L/\ L}‘ L:
where enc(t)zexp[— ﬂznzDOCt{zz = +L2H, F.=c,(u)fc,0)]f wv,w)ec,(W)dwdvdu;
N y : 0 0 0

0o t Ly Ly L,
2 Z n ElCCVl (‘x)cn (y)cu (Z)euC (t)J euC (_ T)I su (u) Icn (V)J gL (u’ v, W’T) X
L L L, = 0 0 0 0

v

Ci()('x7 Vs ZJ):_

8Ci_10(u,v, w,z‘)

u

2 00
dwdvdud 7= SnFee,(x)e, (e, (e, (e, (-7) x

xyz:l 0

xc,(w)

Ly Ly L; aCHO(u,v, w,T) 27
X {cn(u)isn(v)icn(v)gL (u,v,w,T)wadvdudT— LI

Xy

inl;‘ncenc (t) X
n=1

v, (e (e, () e o) e, ) Te, ()5, () g erow ) 20D gy gz i1

0 0 0 0 aW
2” > 4 Ly Ly L,
01 X5 y’ <5 =_2— n nCCn X Cn y Cn < enC enC .- Sn u Cn v Cn w
Con ) >nF,.c,(x)c,(y)e,(2)e,c(0)]e,c(=7)s,()fc,(v)c,(w)x
LXL),LZ n=1 0 0 0 0
Cooluvw2) ACuwv-w) y o tar— 2T S o (e (v)e,(2)e. () %
P7(u,v,w,T) du LXLiLZ e " e
: Ly Ly L, C(u,v,w,7) 9Cy (u,v, w,7) 2T =
X!;enC(_ T)gcn(u)gsn(")gcn(w) P(;)(u,v,w,T) v = dwdvdudzt— LLE Zjln e, (t)x
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