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Abstract

In this paper we consider a possibility to increase density of field-effect heterotransistors in the
framework of a fully differential double tail dynamic comparator due to decreasing of their dimensions.
The considered approach based on doping of required areas of heterostructure with specific
configuration by diffusion or ion implantation. The doping finished by optimized annealing of dopant
and/or radiation defects. Analysis of redistribution of dopant with account redistribution of radiation
defects (After implantation of ions of dopant) for optimization of the above annealing have been done
by using recently introduced analytical approach. The approach gives a possibility to analyze mass and
heat transports in a heterostructure without crosslinking of solutions on interfaces between layers of the
heterostructure with account nonlinearity of these transports and variation in time of their parameters.

Keywords: Fully differential double tail dynamic comparator, optimization of manufacturing, analytical approach
for prognosis

Introduction

In the present time an actual question is decreasing of dimensions of solid state electronic
devices. To decrease the dimensions are could be increased density of elements of integrated
circuits and decreased dimensions of these elements. To date, several methods to decrease
dimensions of elements of integrated circuits have been developed. One of them is growth of
thin films structures 51, The second approach is diffusion or ion doping of required areas of
samples or heterostructures and father laser or microwave annealing of dopant and/or
radiation defects (81, Using of the above approaches of annealing leads to generation of in
homogenous distribution of temperature and consequently to decreasing of dimensions of
elements of integrated circuits. Another approach to change properties of doped materials is
radiation processing [ 19,

In this paper we consider an approach to increase density of elements of circuit of a fully
differential double tail dynamic comparator based on field-effect heterotransistors . To
illustrate the approach we consider a heterostructure, which consist of a substrate and an
epitaxial layer. The epitaxial layer includes into itself several sections manufactured by using
another materials. These sections have been doped by diffusion or ion implantation to
generation required types of conductivity (p or n) to manufacture bipolar transistors so as it
is shown on Fig. 1. After finishing of the doping we consider annealing of dopant and/or
radiation defects (after implantation of ions of dopant). Main aim of the present paper is
optimization of annealing of the dopant.

Method of analysis
To solve our aims let us determine spatio-temporal distributions of concentrations of

dopants. The required distributions we determined by solving the second Fick's law [ 10. 12
13]
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Fig 1: Structure of the considered comparator ['4. View from top

ac(xyzir)
ar

_ @8 aCU.'J»‘.Z.I:I] a aCU.'J»‘.Z.I:I] a [ ﬁCi.J:\yz.t:l]

e De da +ﬂ:‘y De ay ++6‘:"z De dz (1)

With boundary and initial conditions

dCixyz.r) dc(xy.z.t) -0 dc(xy.z.t) -0 dCixyz.r) -0
dx x=0 , dx x=L, , dy ¥=0 , dy x=Ly l

ac(xy.z.r) aC(xy.z.r)

Kyznl -, FEXEEl =0, C (xyz0)=f (x,V, 2). ?)
dz z=0 oz x=L

Here C(x, v, z, t) is the spatio-temporal distribution of concentration of dopant; T is the temperature of annealing; D¢ is the
dopant diffusion coefficient. Value of dopant diffusion coefficient depends on properties of materials, speed of heating and
cooling of heterostructure (with account Arrhenius law). Dependences of dopant diffusion coefficient on parameters could be
approximated by the following relation 1% %2,
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where Dy (X, ¥, z, T) is the spatial (due to inhomogeneity of heterostructure) and temperature (due to Arrhenius law)
dependences of diffusion coefficient; P (x,y,z,T) is the limit of solubility of dopant; parameter y depends on properties of
materials and could be integer in the following interval; V (X, y, z, t) is the spatio-temporal distribution of concentration of
vacancies; V" is the equilibrium distribution of vacancies. Concentrational dependence of dopant diffusion coefficient is
describes in details in 2, It should be noted, that using diffusive type of doping did not leads to radiation damage. In this
situation 1= = 0. We determine spatio-temporal distributions of concentrations of point radiation defects by solution the
following system of equations 10131,
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Here p =1, V; | (X, Y, z, t) are the spatio-temporal distributions of concentrations of interstitials; Dy(x, Y, z, T) is the diffusion
coefficients of interstitials and vacancies; terms V(x, y, z, t) and 12(x, y, z, t) correspond to generation of divacancies and
diinterstitials; ki, v(x, y, z, T), ki, (X, ¥, z, T) and kv, v(X, y, z, T) are the parameters of recombination of point defects and
generation their complexes.

We determine spatio-temporal distributions of concentration of divacancies @y (X, y, z, t) and diinterstitials @y (x, v, z, t) by
solving following systems of equations [0 231,
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Here Dai(X, v, z, T) and Dav(X, v, z, T) are the diffusion coefficients of simplest complexes of radiation defects; ki(x, y, z, T)
and ky (x, Y, z, T) are the parameters of decay of complexes of point defects.

To determine spatio-temporal distributions of concentrations of point radiation defects we used recently elaborated approach
(14, D181 Framework the approach we transform approximations of diffusion coefficients in the following form: DX, y, z,
T)=Do, [1+&,9o(X, ¥, Z, T)], where Dy, are the average values of diffusion coefficients, 0<g,< 1, [go(X, ¥, 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: ki v(X, ¥, z, T)=koi, v[1+&,vai,v(X, ¥, Z, T, ki, i(X, ¥, Z, T)=Koi,i[1+&,191,1(%, ¥, z, T)] and kv, v (X, ¥,
2, T) = Kov, v [1+ev, v Qv, v(X, ¥, Z, T)], where Kop1, 02 are the their average values, 0<g,v< 1, 0<g,, < 1, 0<ay,v< 1, | g1 v(X, Y, Z,
DKL, | oo, %y, z, TILL, gy, v, Y, z, T)|KL. Let us introduce the following dimensionless variables:
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We determine solutions of Egs.(8) with conditions (9) framework recently introduced approach [ %1 j.e. as the power series
plmed) =X%, 55 Efznwj Eﬁ:oﬂgﬁuk[ﬂf’ﬂr @, 19). (10)

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 75q0(x.7, @, 9) and Vg0 (x, 7, @,9) and corrections for them 7. (x.1, ¢, )

and ‘7;-;:;06 7,¢,9), 121, j 21, k 1. The equations are presented in the Appendix. Solutions of the equations could be obtained
by standard Fourier approach [16:171, 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: Day(X, V, Z,
T)=Doas[1+ casga(X, Y, Z, T)], where Doa, are the average values of diffusion coefficients. In this situation the Eqgs.(6) could
be written as
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Farther we determine solutions of above equations as the following power series
#,(0,.2,t) = L0 by (6,7, 2,2). (12)

Substitution of the series (11) into Eqs.(6) and appropriate boundary and initial conditions gives us possibility to obtain
equations for initial-order approximations of concentrations of complexes of defects @x(X, y, z, t) and corrections for them
@,i(x, Y, z, 1), i 21 and boundary and initial conditions for them. The equations and conditions are presented in the Appendix.
Solutions of the equations have been calculated by standard Fourier approaches 6 11 and presented in the Appendix.

We determine spatio-temporal distribution of concentration of dopant by using the same approach, which was used for
calculation spatio-temporal distribution of concentration of radiation defects. Framework the approach we transform
approximation of dopant diffusion coefficient to the following form: D (x, y, z, T)=Do.[1+&ag.(X, V, z, T)], where Dq_ is the

~5~
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average value of dopant diffusion coefficient, 0<a< 1, |gu(x, Y, z, T)|<1. Farther we determine solution of Eq.(1) as the
following power series

oY,z t) = Tioti T51 Gy (07, 2.0).

Substitution of the series into Eq.(1) and conditions (2) gives us possibility to obtain equations for the initial-order
approximation of concentration of dopant Coo(X, Y, Z, t) and corrections for them Cjj(x, y, z, t) (i 21, j >1), boundary and initial
conditions for the equations. The equations are presented in the Appendix. Solutions of the equations have been calculated by
standard Fourier approaches [1¢: 171, The solutions are presented in the Appendix.

Analysis of spatio-temporal distributions of concentrations of dopant and radiation defects have been done analytically by
using the second-order approximations on all parameters, which have been used in appropriate series. Usually the second-
order approximations is enough good approximations to make qualitative analysis and to obtain quantitative results. All results
of analytical modeling have been checked by comparison with results of numerical simulation.

Discussion

In this section we analyzed spatio-temporal distributions of concentrations of dopants by using recently calculated relations.
Figs. 2 shows typical spatial distributions of concentrations of dopants in neighborhood of an interface between materials of
heterostructures in direction, which is perpendicular to the interface. These distributions have been calculated for the case,
when 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 distribution of concentration of dopant. At the same time one can
find increasing homogeneity of dopant distribution in the doped part of epitaxial layer. The effect leads to decreasing local
heating of materials during functioning of transistor or decreasing the dimensions of the transistor for fixed maximal value of
local overheat. However, applications of this approach of manufacturing of transistor required optimization annealing of
dopant and/or radiation defects. The main reason for this optimization is following. If the annealing time is small, the dopant
does not achieves any interfaces between the materials of heterostructure (see Figs. 3). In this situation one cannot find any
modifications of the distribution of concentration of dopant. If the annealing time is large, the distribution of concentration of
dopant is too homogenous. We optimize the annealing time based on a recently introduced approach 14 15 1821 By applying
this criterion the criterion we approximate real distribution of concentration of dopant by a step-wise function (see Figs. 4).
Next we determine optimal values of annealing time by minimization of the following mean-squared error.

154 A
1.0 5
<
0.5 4
Epitaxial layer Substrate
0.0 . ,

T |
0 L4 L

Fig 2a: Distributions of concentration of infused dopant in heterostructure from Figs. 1 in direction, which is perpendicular to interface
between epitaxial layer substrate. Increasing of number of curve corresponds to increasing of difference between values of dopant diffusion
coefficient in layers of heterostructure under condition, when value of dopant diffusion coefficient in epitaxial layer is larger, than value of

dopant diffusion coefficient in substrate
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Fig 2b: Distributions of concentration of implanted dopant in heterostructure from Figs. 1 and 2 in direction, which is perpendicular to
interface between epitaxial layer substrate. Curves 1 and 3 corresponds to annealing time @ = 0.0048(Lx?+L,?+L.?)/Do. Curves 2 and 4
corresponds to annealing time ® = 0.0057(Lx?+Ly?+Lz2)/Do. Curves 1 and 2 corresponds to homogenous sample. Curves 3 and 4 corresponds
to heterostructure under condition, when value of dopant diffusion coefficient in epitaxial layer is larger, than value of dopant diffusion
coefficient in substrate

C(x,0)

~

0 L,

Fig 3a: Spatial distributions of dopant in heterostructure after dopant infusion. Curve 1 is idealized distribution of dopant.
Curves 2-4 are real distributions of dopant for different values of annealing time. Increasing of number of curve corresponds to
increasing of annealing time
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Fig 3b: Spatial distributions of dopant in heterostructure after ion implantation. Curve 1 is idealized distribution of dopant. Curves 2-4 are
real distributions of dopant for different values of annealing time. Increasing of number of curve corresponds to increasing of annealing time
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Fig 4a: Dependences of dimensionless optimal annealing time for doping by diffusion, which have been obtained by minimization of mean-
squared error, on several parameters. Curve 1 is the dependence of dimensionless optimal annealing time on the relation a/L and &= y= 0 for
equal to each other values of dopant diffusion coefficient in all parts of heterostructure. Curve 2 is the dependence of dimensionless optimal
annealing time on value of parameter ¢ for a/L=1/2 and £ = y= 0. Curve 3 is the dependence of dimensionless optimal annealing time on
value of parameter & for a/L=1/2 and = y= 0. Curve 4 is the dependence of dimensionless optimal annealing time on value of parameter »
fora/L=1/2and e=&£=0

0.12 4

0.08

eD,L"

_—)2/
T [ ]
3
0.04
1
0.00 T T T T T T T |

0.0 0.1 0.2 0.3 0.4 0.5
alL, & ¢,y

Fig 4b: Dependences of dimensionless optimal annealing time for doping by ion implantation, which have been obtained by minimization of
mean-squared error, on several parameters. Curve 1 is the dependence of dimensionless optimal annealing time on the relation a/L and &=y
= 0 for equal to each other values of dopant diffusion coefficient in all parts of heterostructure. Curve 2 is the dependence of dimensionless
optimal annealing time on value of parameter ¢ for a/L=1/2 and £= y= 0. Curve 3 is the dependence of dimensionless optimal annealing
time on value of parameter & for a/L=1/2 and &= y= 0. Curve 4 is the dependence of dimensionless optimal annealing time on value of
parameter yfor a/L=1/2and ¢=£=0

U=_2 f;x fUL"'" f;”[{? (x,v,2,8) —y(x,y,z)]dzdydx. (12)

Lolyls

Dependences of optimal values of annealing time are presented on Figs. 4. 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 heterostructure. If the dopant has no enough time to achieve the interface, it is practicably to anneal the
dopant additionally. The Fig. 4b shows just the dependences of optimal values of additional annealing time. Necessity to
anneal radiation defects leads to smaller values of optimal annealing of implanted dopant in comparison with optimal
annealing time of infused dopant.

Conclusion

In this paper we consider a possibility to increase density of elements in circuit of a fully differential double tail dynamic
comparator based on field-effect heterotransistors. Several conditions to increase the density have been formulated. Analysis
of redistribution of dopant with account redistribution of radiation defects (After implantation of ions of dopant) for
optimization of the above annealing have been done by using recently introduced analytical approach. The approach gives a
possibility to analyze mass and heat transports in a heterostructure without crosslinking of solutions on interfaces between
layers of the heterostructure with account nonlinearity of these transports and variation in time of their parameters.

~8~
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Appendix

Equations for the functions I ;. (x,7, ¢, 9) and ¥V, ;. (x. 1, ¢, 9), 1 20, j >0, k >0 and conditions for them
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[gvtx neT)x +

fﬁ 1000{’? ®,9)
JD iz g1’ ] ID e

ﬂff_mu(;(m;ﬂ,ﬂ)} Dy 8 [ ﬁ"-mfi-_mg(;(,?:r,qa,ﬂil] S,
% ) [T | e, T)—2 2| 12>1;
on oy 39 LIV 01 0. T) o

33010[}'(:73’:99:‘9) E azfum(ﬂf"i:%ﬁ) 321010(_9(73 ?:‘9) 521010[}'(7? 99:19)
a4 Dmf 9x? an? dp?

—[1+ &1y 91y G . T oo (e @, 9Wago (.1, 0.9)

6%100{,7},@,5) E 32%10@’? ®,9) 32"510& n,¢,9) 32"510& ?},qo,ﬁ)
— + +
a9 Dn: ax? an?

—[1+ &1y g1y G 0. T o0 G @, 9)Wogo (2.1, . 9);

3%20&%@,8) E a* fnzo@f’?:q’:ﬁ) 321'0200{1? @,19) 3210200{7? @:ﬁ)
— + +
a9 DU._,- dn?

_[1 +Ewvlry O @, T)] [Fom o @, ‘9)‘%00 Con @ 9) + J?ntm o @, ‘9)‘%10 o e, 9)]

a‘%zu Gem, 99:19) E a* “520[}'( . 99:19) 6‘21{320()( n,@,9) 6‘21{320()( 73’: ?:‘9)
— +
a9 DW dx? an?

_[1 +Ewvdry xm. @, T)] [jom o e, ‘9)‘%00 Con .9) + J?rmn o e, ‘9)‘%10 o . 9)];

ﬂfom(x ?},qo,ﬁ) E 321001(-3{7?:‘30:19) 6‘2!0010(11 @,19) 32!0010{?7 @:ﬁ)
+ +
T DU._,- dn?

—[1+ e,.90:Com 0.7 B0 (om0, 9)

6%010{,7},@,19) E 32%01@’? ®,9) 32"501& n.@,9) 32"501& ?},qo,ﬁ)
— + +
dd Dm dy? an?

—[1+ 29000 0.0 G @, 9);

afnu (e m, ?:‘9) E 321110[}'( n,@,9) 521110[}'(7? @.9) 3211100(73: 99:19)
—_— + +
a4 Dmf 9x? an? dgp>
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Dy; (@ ol @ 9] a g0 e @, 9)

+ |5 { [gxix,n,qo,T)— +— g e 22T 4
Dy 3

\ 0 dx X an an

3 Come.d) N

*30 [3;0( .9, T)MT —[1+ engu om0 Do G, 9,8) X

X Vaoo (.1, @.9) + Igoo(xim, .80 (a1, .90

a“ﬂfnu [X:W:?:ﬁ) E 6‘2]{10(1 n,@,9) aEVnUfXW: @.9) azl"nu[}fﬁ’ 99:19)
—_— + +
dd Dm dx? aqz

s

a‘ﬂ%lo&,?}:?:ﬁ)] d [ aﬁnmfxﬂi’:%ﬁ)
| T _—|+
\ dy d an

[gvﬁx n,¢,T) =— |lgv(xn. 9. T) o

W10 (x. 1 . 9) _
UIUT —[1+ epygvy (. 0. D] [Vigo (1.1, . 9) X

)
+£ [SVEX:% @, T)

X Toao (1. 0. 9) + Vooo Gt @.9) 100 (xam. . 9)];

afouz[}'f:nr?:ﬁ) E 6‘2!002(_3(7;,:99,19) 3210020(73 ?:‘9) 521002[}'(7? 99:19)
a4 Dmf 9x? an? dp?

—[1+ &1280:Cem 0.7 Joor Gem 0. g0 (X1, 0.9)

a%oz@fﬁ’i‘:@:ﬁ) E 32%02@’? ®,9) 32"502& n.@,9) 32"502& ?},qo,ﬁ)
— + +
dd Dm dy? an?

—[1+ ey gvy Con. 0. E) ] Voor G m. 0.9 Vooo (1. @.9);

afml G, ?:‘9) E 321101[}'( n,@,9) 521101[}'(7? @.9) 3211010(73: 99:19)
— + +
dg Dm, dy? an? dg?

Dy, { ad [ ajom[?fﬂi'r qo,ﬁ)] a [ ajom PANE)
+ — = [x.’ r ’T)— +_ [x’ r .’T)— +
a aj— E‘XJT:IIJ §0: 19) ¥ (7
+£ [.9: (r.me.T) oan — [1+ &19;0em @, T g0 G @, 9 W00 G, @, 9)

aﬁm@fﬂ':@:ﬁ) E 32"1010{ ?},qﬂ,ﬁ)+321"1010f,1?,§0,19)+3217101[x,?},§0,19)
dd Dn: dx? on? dp*
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[Dyy
J”

ad aﬁnm&:"ﬁ'rﬁf’rﬁ) a [ 61%01&,n,¢,ﬁ)
r .’ - s +_ r r JT - = +
{ax[gvtxn T) P an |9vCen- @) 2

d V0. o 8) = i .
+ 2 [ov e, . 1) F LD (1 + 2y e 0. T 00 G, @, Pioo (. 0, 9);

33011[}'(:73’:99:‘9) E a* Iunfﬂfﬂ:ﬁ”:ﬁ) 3210110(73 ?:‘9) 521011[}'(7? 99:19)
a4 Dmf 9x? an? dp?

—[1+ £1190:00m 0.7 oo Gt 0. D g0 Crn. 0.9) — [1+ 150 (m. 0. T)] %
X Too1 Cr 1, @0, 9)Wooo Ut @.9)

V11 (1. 9. 9) _ |’_ 8% Vo1 (., 99:19) 8*V1: (1, W:?:ﬁ)+az‘%11&:nr?:‘9) _
a9 \I| Dy ax2 a2 g2

—[1+ evygvy Oem 0. D Voo (.1 @, Waso (1. 9. 8) — [1 + ey 91y (21, 0, 1] X

X Tooo (6 1. 0. 901 Cram, 0. 9);

88 elxmed) 85 jlxmed) 85 jlxmed)
P:_;-k:t.’ | -0, p:;k{ | —0, Pijelme -0, -0, -0,
ax x=0 8x x=1 dn n=0 Ei':v,r n=1 6':;:: =0
85 jlxmof) : :
Ml =0 (i >0, j >0, k >0);
ﬁ‘qa w=1

Pooo e 0,0) = [0 @)/p", i, .0) = 0(i 21, j 21, k >1).

Solutions of these equations with account boundary and initial conditions could be written as
Pooo 0o @.9) = 1+ 7 Ty B GOeme(@)en, (9),

Where

Fop= %fol cos(mnu) !01 cos(mnv) !01 cos(mnw) f,,,(u, v, w)dwdvdu,

Cn(x) = cos (zn p), e, (9) = E‘xp(—?fz“zﬁ\movfﬂm)x ey (9) = exp(—?fzﬂzﬁfoo:/Dov);

ffou(x,n,qo,ﬁ)——rarrJ—ch Qcme(@len(®) f (1) f s (@) f n() f 91w w,T) x

0l;_100(w v, w,7)

X € (w)—— 6‘1; L dwdvdudT — 2 |—Z ne, (e(neclo)e, ;(15‘)[ e (— r)f cp(u) x
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0100w, v,w,T)

X nLlsn(v) Ll c,(wg(w,v,w,T) 30 dwdvdudr — 2m —z ne, (x)c(n)c(p) x

X ea1(8) 3 et (=) 5 €x0) 3 € (0) 5 () 9,Cat, v, w,7) 220080 Gy, 21,
Voo, 9.8) = —2 —chnu)cm)c@o)e () [ ent (1) [ $n(0) f n() [ 9y v, w,T) x

100(’“ T)

= 8
X Colw )7(1 dvdud — i—:nzlncnwcﬁn)c{qo)envw) fu ent(—1) fu L) fu ) x

1 D =
X ZJ‘IJ ¢, (W) gy(w, v,w, T) $(ur) dwdvdudr — 2w D—wz ne, (xe(nlc(@le,(9) x
0 o n=1

b fuﬂ e, (—1) ful c,(w) ful c, (V) fol s, (W) gy (v, w,T) W dwdrdudr, i >1,

where sn(y) =sin (zn p);
hd E 1 1 1

Poso i @.8) = =2 cu(0CuMEn@ens(® | eap(0) [ cnta) [ entw) | entw) x
] 0 0 0 0

% [1+4 &9 (w, v, w, T) g0 (1, v, w, TV (w, v, w, T)dwdvdudr;

Pozo G, @, 8) = =2 —Zc (D eaMen(@eny() f np(—7) f @) [ () f £ (W) X

X [F10(w v, w, T) V00 (1, v, w, T) + Tggo (w, v, w, TV 10 (w, v, w, T)] X

x [1+ &1y g,y (w v, w, T) dwdvdudr,

i 8 1 1 1
ﬁum{XJL qp,ﬁ) = _zz Cn(X)Cn{ﬂ}Cn(W)enp{ﬁ)f enp _r}f Cn(u)f Cn{v)f Cn{w) bt
n=1 0 0 0 0

x [1+ €pp0pp (L VW, 7)) 0o (w, v, w, T)dwdvdudr;

s 8 1 1 1
ﬁmu,n,qo,ﬂ)=—znzzlcn£x)cn£n)cn£go)enpw) f ep(—T) [ () f () [ (W) %

® [1 + EPaPSPaP@’ v, W, T}]ﬁum{u, v, W, T) Fggo (i, v, w, T)dwdvdudr,
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Fo(tn, @.8) = —2m E nn DR en (@)ent(®) f ent(=1) f 5.0) f cr(¥) f (1) X
q UV

Al oo, w, T D,
% g;(w,v,w,T)— 100211 )dwd'ududr— 21 |D—ch (e (e, (@le,, (F) x
‘\I Uvn 1
8 1 1 1 Al 100w v, w, T D
xf en![—r)f cn[u)f Sn[v)f ¢, w) g, (u,v,w,T) — 100 )dwdvdudr—Zit |£><
0 0 ] 0 ov QDUV

Zﬂen:(ﬁ)f ent(~ r)f c (u)f c (v)f 5 ()1 (v, w, T) 2= 1““;1” Y% dwdvdudz x

= 8 1 1 1
-2 i — 1
% () e (M (@) Zlcnmem( Yon (en(@) f ent(—0) f e () f en(¥) f ex W1+ ey %

% gry (v, w, T)] 100 (w, v, w, T Vg (1, v, w, T) + Iygo (1, v, w, D)W, g0 (w, v, w, T) ] dwdvdudt

- D = 8 1 1 1
rfam(x,n,go,ﬁ:-=—ZnJC—"U‘;’nzlncn(x)cn(n:-cntgo)envta) f eny(=D) f 5,(u) f en(¥) f e (1) X

x gy(u,v,w,T) aﬁ—mng:% w.T) dwdvdudr — 2m ||’i: ne, (e, (e, (@)e,(8) %
‘\I oI n=1
f evi— r)[ C (u}f 5 ('u}f c,(Wgy(uv,w, T) Vi- 1005:” w.T) dwdvdudt — 21 |@x

.\|UI

Zﬂenv(ﬁ)f ey (= r)f c (u)f c (v)f $n gy (v, w, T) 2= “‘“{gﬁv Y% dwdvdudz x

n=1
= 8 1 1 1
><cnax:-cn(n)cn(go:——znzzlcn(x)em(ﬁ:—cn(n)cn@) fo ey (=D) [ﬂ (1) fo (@) fn e[+ 21 ¥

X gry (v, w, T)] [T, 00 (i v, w, D)V (w, v, w, T) + T (1, v, w, TV g (w, v, w, T) ] dwdvduds;
Loy (r.1,9,8) = =21 E nE (O (@)ens(8) f (1) f 5, (1) f () f W) X
\ n-.f

Ay (0, v, w,T)

X g;[u,v,w,T}T’dwdvdudr— 2 Jfg:wz:qc (e (e (@le,; () x
n=1
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[ eutn [ [ [ (wmwwT)MJM“‘”““““‘”‘ME"

i 8 1 1 1 ai W,
xZnem{ﬁ)f en;{—r)f Cn{u)f cn(v)f Sn(w)g;{u,v,w,T)dedvdudrx
0 0 0 0

n=1
i 8 1
X a0 D@ =2 ) cueMen(@en(® [ (D) [ [1+ i v, w D]
n=1 0 0

X € (W g0 (w, v, w, T)Vgo (u, v, w, T)dwdvdudt

Doyt 8) = —21 —chnmcn{njc (@)ens(9) f ) [ () f ) [ () x

a‘? r Wy VY, D -
X gyl v,w, T)dedvdudr— 2 D—[::z ne, (X, (e, (@le(F) x
n=1

f eny (= r)f ¢ {u}f s {“)f ¢, W) gy(u,v,w, T)dedvdudr—mr\{%x

i 8 1 1 1 av W,
xZnenV(ﬁ}f env{—r)f Cn{u)f cn(v)f sn{w)gv(u,v,w,T}dedvdudrx
0 0 0 0

n=1
= a 1 1 1
><cnix:-cnin:-cn{go)—znzzlcnﬁx)cn{n)cn@)ew{ﬁ) fn ey (=D) fo e () fo (@) fo oW1+ 21y X
% gy (v, w, T) ] looo(w, v, w, D)V, oo (1, v, w, T)dwdvdudr;
= A 1 1 1
fm{x,n,go,ﬁ)=—znzzlcn£x>cn£n)cn£go)emw) f ent(—1) f e (1) [ en(v) f £ (W) X

X {[1+ 1,90 (w, v, w, T)]g00 (v, w, D 0w, v, w, T) + [1 + &1y gy (w, v, w, T)] %

% Toor (1w, v, w, TV (u, v, w, T)}dwdvdudz

= 8 1 1 1
Bos 0 0.8) = =2 ) €D en@lew @) [ ew (0 [ ea@ [ ex®) [ eawx
n=1 0 0 0 0

% {[1+ epygyy (v, w, T) Voo (w, v, w, D) Vyo(w, v, w, T) + [1 + 1 g5 (w, v, w, T)] ¥
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X Tooo (w v, w, T)Wg, (u, v, w, 1) }dwdvdudsr.

Equations for initial-order approximations of distributions of concentrations of simplest complexes of radiation defects @x(X,
Y, z, t) and corrections for them @i(x, y, z, t), i >1 and boundary and initial conditions for them takes the form

aﬂuﬁx,y,z,t)_ﬂ 2#y(x,v,2,t) 9%dEg(x, v,2,t) 0%#p(x v, z.t)
ot o dx2 + ay? + 9z +

iy (2 v, 2 TP (x,y,2,t) — b (x, v, 2, TI(x, v,2,t)

0o (17,28 [Pholunt) Odo(ny.nt)  Phey.50
at i dx2 + dy? + 9z2

+hyy (v, 2, TIWVEHx, v, 2,t) — ky(x,v,2, TV (x,y,2,1);

ath-[x,y,z,t)z % (x,y,z,t) %, (xv,zt) 0%e,(xy zt)
at 0! dx? dy? dz2

a ¢y (xy.zt)] @ dy_ (x,v,2t)
+DU¢!{E[S@I(X:3’:Z:T)T +% gﬂ[x,y,z,T)T +

a aqm-ic'x..vz.r:u“ .
+o [.%-: (x,y,2,T) ==} i1,

9y (x,y,z,t) _ 6‘2¢w(x,}f,z,t)+ 3% y(x,y,2,t) +62¢'.,,-E-(x,y,z,t) n
dt 0V dx? dy? dz?

9 by (ny.zt)] @ dty;_,(xy,21t)
+DU¢V{E[9¢V(X:3’:Z:T)T +$ gw[x,y,z,T)T +

+% [Q-W (x,3.2,T) 76%5_1(&@&&'”, i>1;

dz

a-ﬁpi(-_;;\vz.r) -0, aq&pic-,;;\vz.rj -0 a-:bpi-(-_;,-\v.z.rju _ 0]

da =0 dx x=L, ay y=0
d#plxyzi) —0, B, (xyat) —0, g i(xyzr) — 0, i>0:

dy y=Ly dz z=0 gz z=Lg
Dpo(x,Y,2,0)=Fap (X,Y,2), Dyi(X,y,2,0)=0, i>1.
Solutions of the above equations could be written as

e = w0
1 2 2
ol y.2.0) = TLL T mz Fre, tn (D en ¥y (Z)en-#'p (t) + EZ ne,(x)c, (y) X
-y sz xmytz= n=1

t L, Ly L.
X cal@ean(® | ean(D [ e [ 7 e [ eun)lusCavw DI w1
U] i} i} i}
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—k; (v, w, T (u, v,w, 7)]dwdrdudr,
Where
F, s, = ) UL" ¢, (W) fUL"'" c,(v) f:” €, (W) f% (1w, v, w)dwdrdu,

Ca(X) = €0S (7N X/Ly), €y (t) = exp [—nznz Dys, t(L2+ L2+ L;Z]};
I t Ly Ly L,
(.20 = ——Z ne, (e, (Ve (2eg n(t) | eg (=) | s,(W) | cp(w) | cp(w)x
£ LEJ.'LVLZ 1 ot 0 o 0 " 1] " 0 "
yhzis

é‘qb;pi-_l (v, w,T)
du

2n -
X gs, (w,v,w,T) dwdvdudt — mz ne, (x)c, (y)ec, (Z)Bqapn (t) x
xbytzi—y

d&; . (uv,w,T)

t L, Ly Ly 2T
X f e%n(—r)f cn(u)f 5p ('u}f €n [w)gqf.p (w,v,w,T)—=E 30 dwdvrdudt — I
0 0 0 0

by

dd _(u,vw,
;Zm ()en (e (z)e.;.n(r)f a,n(= r:-f ciul-f fiv)f 5o () —2 15";”“)

n=1

X g, (w, v,w, T)dwdvdudr, i>1,

where s(x) = sin (7 n X/Ly).

Equations for initial-order approximation of dopant concentration Cgo(X,y,z,t), corrections for them Ci(x,y,z,t) (i 21, j 1) and
boundary and initial conditions take the form

8° Cyp (. .2.8) 8° Cyp (w2t

3 Cgglx.y.2t) 8° Cyg (.3.2.8)

s P35z  tDhu—p= +tDu—p= —
dCy(x,.2,t) -D 0*Cyplx,y,2,1) 9% Cyplx, y,2,1) 9% Cyplx, y,2,1)
at oo dx2 LT gyz TP gz
a 10(x, 3, 2,£) 9C;_10(x,y,2,t)
+D°LE[SL (y.2, T)E— Dgy, a g.(xy,z, T)ET *
g GG _gplryedl] (.
+DULE[.9L (x,y,2,T) T]’ i1>1;

9Co (x,y,2,t) D 3%Coy(x,¥,2,t) D 3%Coy(x, 3.2, 1) D 9% Coy(x,7,2,1)

dt - o dx? *+ P dy? + Yo dz?
Coo(x%,¥,2,6) 3Cqy(x, y,2,t) Coo(x%,¥,2,6) 3Cqy(x, y,2,t)
4D oo L] ool ] p. 2 |Coold] ool ]
0L gx &x PY(x,v,z,T) dx oL gy |PY(x, y,2,T) dy

+D Conlayzt) 8Cy (xy.2t)
ULﬁz P¥{xyzT) dz
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dCp(x,y,2,t) 3%Cpy(x,y,2,t) 3*Cpa(x,y.2,1) 3% Cpy(x,y,2.t)
dt = Do dx? *+ Do dy? + Yo dz?
d (x V,z,t) 8C(x, v, 2, t) (x v,z t)
+{3 [Cﬂl &2 t) P}’[x y,zT) dx 6‘ Cos (%2 t) P}’(x y,z,T) 8

aCno(x v.z t)

Cr(x,v,2,£) AChq(x, v, 2, t
[Cm[x1 z,t) -2 &, ) 9Coo(:. )}DUL

dy PY(x,v,zT) dz
D ng(x,y,z,t) dCpy(x,y,2,t) d C(}J"U(x,y,z,t)@Cm(x,y,z,t)
+Po0 ax PY(x,v,zT) dx a_v PY(x,v,z,T) dy

8 [crylxyzn) 86y, (xrz.0)]].
gz | PY (xy.2T) dz !

9Cy4(x,v,2,t) 9°C,(xy.2,t) 9%Cy,(x,y,2,t) 9%Cy,(x,v,2,t)
T L

Choty.zt)
PY(x,v,z,T)

cltxy.zt) aCUU[x V.2, t)]

7]
+{E[Cm(x,y,z,t) P (xy.2T) [Cm(x1 Z,t)

6‘45‘ X, ¥, 2t crt(xy,z,t) ACs,(x, v, 2, t
SRR WK PPN y L L LML) | T
dy PY(x,v,zT) dz
5 Coo(x,¥,2,8) 3C,o(x, v,2,8)] 8 [Chy(x,¥,2,t) AC;4(x, y,2,t)
+Po0 ax PY(x,v,zT) dx 6‘_1? PY(x,v,zT) dy

a [C{U(x,y,z, t) 3C,o(x, v,2,t)
az

d dCq (x,v,2,t)
PY(x,y,z,T) dz } + Doy {E [QL(X, v.2.T) ox +

3C01f.l‘t-zfl:| E'Cul(.:l.\'»zrl:”

+2-[9:Goy.2.T) 2oy

dc;; (xy.z.r) dC; :(xy.z.t) A (xy.z.r)
ij =0, ij =0, ij =0,
dx =0 dx x=L, ay y=0
ac; ;(ay.z.r) dc;; (xy.z.r) A (xy.z.r) . .
i R =, i =0, —— =0,i20,j>0;
a-"‘ y=L dz z=0 dz z=Lg,

Y
Coo(x,y,2,0)=fc (x,y,2), Cij(x,y,2,0)=0, i >1, j >1.

Solutions of the above equations with account boundary and initial conditions could be written as

Coplx,y,2,t) =

Lylyl LJL L 12z, 2n=1Fnc6n ()6 (V) cn (2)enc (),

Where
enc(t) = exp[—m2n? Dyt (L2 + 132 + L32)], Fuc = J'ULx c,(w) _I'ULJ' c, (V) _I'UL: f-(u,v,w) x ¢, (w)dwdvdu;
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Coley, ) = MLZ e ()6 (Denc(D f enc(~0) f o) f en(®) f (1) X

aC._yplu,v,w, T
xgﬁu,v,w,?)%dwdvdudr LIL Z e ()€, (V) Cp (2) e (E) X

9C;_1p( v, W, T) 2

f nc(—r)f c (u)f s (v)f cn (g (w v, w, T)—vdwdvdudr—

Znen,:(t)f enc(— r)[ C (u)f C (v}f s, (Vg (u,v,w, T)wdwdvdudrx

=1
FnCCn (x)cn(y)cn (Z), i 21;

Conlx3.2,8) = - LEHZ e eaEn(en(@Denc(® [ enc (1) [ s (a) [ en®) f n ) X

Cho v, w,7) 8Coo(u, v, w,T)
% P¥(u,v,w,T) du dwdvdudr — 77~ LEL Z ncCn(X)cn(¥)ey (2)enc(t) X

t Ly Ly Le Cholw,v,w,7) 8Co (w v, w,T) 2
b Jo enc (—T}L Cn (H)JO Sn (v)fu c, (W) P, v, T) 30 dwdvdudr—L T2 %

by bz

o r L, Ly L. cY (u v w 1_) ac (u vw 1_)
. QoNrr e TR oo Wb U W, .
X ;nenc (t)fo enc( r)fn Cn (u)fn cn(v)fo Sn (W)Pl’(u, W T) - dwdvdudr X

Fnccn(x)cn(y)cn(z);
2 = t L, Ly L.
Cozﬁx,y,z,t)=—Flnzzln!?nccn[x)cn[y)cn[z)encﬁt) fn e (—7) fn s (w) fn e, (v) fo e, (W) %

el M v, w,T) 8Cq0 (1w v, w, )

2n
X Coy (v, w,T) P oW T) 3 dwdvdudt — mz Ecca(x)e,(y) %

ng_l ('H, v, w, 1—) aCUU('H,v, w, _J.',—)
PY(u,v,w,T) dv

t L, Ly, L,
X nep(2)enc(t) f ) f et f ) j Coru,v,w,7)
li] li] li] 0

s

X Cn[w)dwdvdudr—ﬁnzln&ccn (x)e, (W, (2)e, (L) J: e.c(—1) f:x e, (W LLycn('u) P

Le crtu,v,w, 1) 3C,, (1, v, w, T) 21
X f 5, (W)Coy (u, v, W, T) —2 - - dwdvrdudt — —Z nc, (x) %
0 n PY(u,v,w,T) dw 121 L — n
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€01, v, w,7)

r Lx Ly Lz
Facen)6x@enc© [ enel=0) [ 5,0 [ e [ eu)Cosunw, ) 2
0 0 0 0

Co Yy v, w, 1)

2T * t Ly
Wdevdudr - mZnFnccn(x)cn O})Cn(z)enc&) L ene (—1’) L Cn(u) X
n=

]

Cgal (w,v,w,1) 3Cqo(w, v, w,T)
PY(u,v,w,T) dv

X J:y 5, (V) f:z Cp, (W) Cqy (w, v, W, T)

clt v, w, 1)

: Le Ly Le
FnCCn(x)cn(y)cn(z)enc(t)f enc(—'f)f Cn(’u)f Cn(”)f Sn(W)Cm(UrVrW:T)m
0 0 0 0 VW,

OC o, v, w, T
y oo )

: L,
e dwdvdudr — 2[. I ZF cCn(®)e, (e, (2.')53,,1,:&)};l enc[—r)fo s, (u) x

Ly L cro(wv,w, ) 30, (w, v, w,T) M~
K W] p b Wy o1 L] B _
X nfo €n ['u}fo €, (W) PY G w.T) e dwdvdudr T I2L I Z e, (x)e, (1) x

t Ly Ly Le Cholu,v,w,7) 8Cy, (w v, w,T)
ety @’)L €nc (—T)JO Cn(U)L Sn (U)fn c, (W) P o w.T) 0 dwdvdudT x

X ne,(z) - Li”LZZnF () (V) (Denc ) f nc(~1) f en ) f 0 f (W)

Cho (wwrw.t) 86y, (ur,wir)

dwdvrdudt;
PY(urw.T) w !

= r L. Ly L.
Cu(3,50 =~ Y (e ()6x @ ® [ ene (=) [ 50w [ Tenw) [ a0 x
xtytze=) 0 0 0 0

aCy (u, v, w, T 21 =
x g (u,v,w, T)%dw‘dvdu(ir—mz nF, qc,(x)e, (V)c, (2)e, (t) x
L, L
dCy (u,v,w, T 2m
f nc(—f)f C [u)f 5 [v)f c,(W)gy(uv,w, T}dedvdudr— 5 X
LL,I2

Zﬂenc(t)J encl(— r)f c [H)f (U)J s, (w)gp(u,v,w, T)M({wdvdudrx

=1

Factn ()64 (2) — mLZ (D)2 enc () j ) j 52 (1) j n(®) X
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Le cr (w,v,w,1)aC, (u,v,w,T
xﬂf c ( ) gu( ) 10( )

2T -
PY(u,v,w,T) du dwdvdudr — L.rLZ'LzZnFnCCn (x)e, () X
n=

Chow, v,w, 1) 3C,o(u, v, w,T)

4 Ly LJ’ Le » Uy ¥
en@encl®) [ encl0) [ Tentw) [ a0 [ ey g e

dwdvdudt —

M o~ Cholwv, w,T)

t L, Ly L. v,
e Y ey ()6 @@ [ el [ end [ e [ s () 2
xbybz ] 0 0 0 0 Ve Wy

ocC, (v, w, T
y 10( )

t L,
ST dwdvduds — o EL - Z Foc 6 ()6n ()6 enc (£) f enc(—1) f O

Ly L
xfo Cn(U)L €, (W)Cyolw, v, w, 1) PY o w.T) 30 dwdvdudr—

— a0
Cho Huv,w, 1) 0C0(uw, v, w, 7) 21 Z
1L
J’ n=1

an_l (v, w,T) 8Cy(w, v, w,T)
PY(u,v,w,T) dv

: Ly Ly Ly
Fcty (x)cn(y)cn (z)enC(t)f enc(—f)f Cn (u)f Sn (V:}f Cn (W)
0 0 0 0

2T = r L,
X Cyolu, v, w, T)dwdvdudr — —zz nF,cc, (%), [y)cn[z)enc[t)f enc (—r)[ e, (u) x
L.rLyLz n=1 0 0

b J' e [v)_l' S (W)Cyo (v, w,T) P],(lfivw“;'ac””gwrldwdvdudr.
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