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Abstract: In this paper weintroduce an approach toincrease integration rate of elements of
a quadrature voltage-controlled oscillator. Framework the approach we consider a
heterostructurewith special configuration. Several specific areas of the heterostructure should
be doped by diffusion or ion implantation. Annealing of dopant and/or radiation defects
should be optimized.
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INTRODUCTION

An actual and intensively solving problems of solid state electronicsis increasing of
integration rate of elements of integrated circuits (p-n-junctions, their systems et al)
[1-8]. Increasing of theintegration rateleadsto necessity to decrease their dimensions.
To decrease the dimensions are using several approaches. They are widely using
laser and microwave types of annealing of infused dopants. These types of annealing
are also widely using for annealing of radiation defects, generated during ion
implantation [9-17]. Using the approaches gives a possihility to increase integration
rate of elements of integrated circuits through inhomogeneity of technological
parameters due to generating inhomogenous distribution of temperature. In this
Situation one can obtain decreasing dimensions of elements of integrated circuits
[18] with account Arrhenius law [1,3]. Another approach to manufacture elements
of integrated circuits with smaller dimensionsis doping of heterostructure by diffusion
or ionimplantation [1-3]. However inthis case optimization of dopant and/or radiation
defectsis required [18].
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In this paper we consider a heterostructure. The heterostructure consist of a
substrate and several epitaxial layers. Some sections have been manufactured in the
epitaxial layers. Further we consider doping of these sections by diffusion or ion
implantation. The doping gives a possibility to manufacture field-effect transistors
framework a quadrature voltage-controlled oscillator circuit so as it is shown on
Figs. 1. The manufacturing gives a possihility to increase density of elements of the
quadrature voltage-controlled oscillator circuit [4]. After the considered doping dopant
and/or radiation defects should be annealed. Framework the paper we analyzed
dynamics of redistribution of dopant and/or radiation defects during their annealing.
We introduce an approach to decrease dimensions of the element. However it is
necessary to complicate technological process.
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Figure 1: The considered oscillator [4]

METHOD OF SOLUTION

In this section we determine spatio-temporal distributions of concentrations of infused
and implanted dopants. To determine these distributions we calculate appropriate
solutions of the second Fick’s law [1, 3, 18]
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Thefunction C(x,y,z,f) describesthe spatio-temporal distribution of concentration
of dopant; 7 is the temperature of annealing; D, is the dopant diffusion coefficient.
Value of dopant diffusion coefficient could be changed with changing materials of
heterostructure, with changing temperature of materials (including annealing), with
changing concentrations of dopant and radiation defects. We approximate
dependences of dopant diffusion coefficient on parameters by the following relation
with account results in Refs. [20-22]

C"(x,y,2,t) Vixyzt)  VN(x,yzt)
D.=D,x,y,z,T) 1+ —/—=|1 :
c (x.3,2 ){ +§P7(x,y,z,T)}{ tan % Y (V*)z . (3

Here the function D, (x,y,z,7) describes the spatia (in heterostructure) and
temperature (due to Arrhenius law) dependences of diffusion coefficient of dopant.
Thefunction P (x,y,z,T) describesthelimit of solubility of dopant. Parameter g [1,3]
describes average quantity of charged defects interacted with atom of dopant [20].
The function 7 (x,y,z,f) describes the spatio-temporal distribution of concentration
of radiation vacancies. Parameter 7* describes the equilibrium distribution of
concentration of vacancies. The considered concentrational dependence of dopant
diffusion coefficient has been described in details in [20]. It should be noted, that
using diffusion type of doping did not generation radiation defects. In this situation
¢,= €= 0. We determine spatio-temporal distributions of concentrations of radiation
defects by solving the following system of equations [21, 22]
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Here p =1,V. Thefunction / (x,y,z,t) describes the spatio-temporal distribution of
concentration of radiation interstitials; Dp(x,y,z,T) are the diffusion coefficients of
point radiation defects; terms 72(x,y,z,t) and I*(x,y,z,t) correspond to generation
divacancies and diintertitials; &, (x,y.z,T) isthe parameter of recombination of point
radiation defects; £, (x,y,z,T) and k, (x,y,z,7) are the parameters of generation of
simplest complexes of point radiation defects.

Further we determine distributions in space and time of concentrations of
divacancies @ (x,y,z,z) and diinterstitials @ (x,y,z,7) by solving the following system
of equations [21,22]
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Boundary and initial conditions for these equations are
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Here D, (x,y.z,T) arethe diffusion coefficients of the above complexes of radiation
defects; & (x,y,z,7) and k, (x,y,z,T) are the parameters of decay of these complexes.

We calculate distributions of concentrations of point radiation defects in space
and time by recently elaborated approach[18]. The approach based on transformation
of approximations of diffusion coefficientsin thefollowing form: Dp(x,y,z, T):Dop[1+8,
gp(x,y,z,T)], whereDOp arethe average values of diffusion coefficients, OSsp<1, Igp(x,
vz, DKL, p = 1,V. We also used analogous transformation of approximations of
parameters of recombination of point defects and parameters of generation of their
complexes: k, (xy.z,T) =k, [1+e, g (xy.z D), k, (xy.z2,1) =k, [1+e, g, (xp.2,T)]
and k, (xy.z,T)=k,, [1+e x,z,T)], where kOpl 02 are the their average values,

ory V,VgV,V

O<e, <1,0<,,<1,0<¢, <1, |gLV x vz, 1)KL, |gu(x,y,z,T)|£1, Igw xy,z,T)|<1. Let us
introduce the following dimensionless variables: 7 (x,y,z,t)=1(x,y.z,)/I",

V(x,yzt)= =V(xyz)/V', =%, /JD,Dy ., Q=Lk |\DD,,

9=1/D,D,, t/L* ,c=xIL ,h=yIL,f=zIL . Theintroductionleadsto transformetion
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of Egs.(4) and conditions (5) to the following form
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We determine solutions of Eqgs.(8) with conditions (9) framework recently
introduced approach [18], i.e. as the power series

pzn¢8)=3e 0 Y05, (2.1.6.9). (10)
Substitution of the series (10) into Egs.(8) and conditions (9) gives us possibility
to obtain equationsfor initial-order approximations of concentration of point defects

T z.n¢.9) adi (y.n¢9) and correctionsfor themZ,,(z.n.4.9) and ¥, (x.7.4.9), i

>1,j>1, k>1. Theequationsare presented inthe Appendix. Solutions of the equations
could be obtained by standard Fourier approach [24,25]. The solutions are presented
in the Appendix.
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Now we calculate distributions of concentrations of simplest complexes of point
radiation defects in space and time. To determine the distributions we transform
approximations of diffusion coefficients in the following form: D®p(x,y,z,T):D0®p[1+
€4,80,(xwz.T)], where D are the average values of diffusion coefficients. In this
situation the Egs.(6) could be written as
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Farther we determine solutions of above equations as the following power series

CDp(x,y,z,t)z E)g;pd)pi(x,y,z,t), (11)

Now we used the series (11) into Eqgs.(6) and appropriate boundary and initial
conditions. The using gives the possibility to obtain equations for initial-order
approximations of concentrations of complexes of defects cbpo(x V,Z,1), corrections
for them chl_(x,y,z,t) (for them i >1) and boundary and initial conditions for
them. We remove equations and conditions to the Appendix. Solutions of the
equations have been calculated by standard approaches [24,25] and presented in
the Appendix.

Now we calculate distribution of concentration of dopant in space and time by
using the approach, which was used for analysis of radiation defects. To use the
approach we consider following transformation of approximation of dopant diffusion
coefficient: D, (x,y,z,7)=D [ 1+ ¢ g, (x,y,z,T)], where D , isthe average value of dopant
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diffusion coefficient, O<e < 1, [g (x,y,z,T)|<1. Farther we consider solution of Eq.(1)
as the following series.

Clrr. ) =556 01.20).

Using therelation into Eq.(1) and conditions (2) leadsto obtaining equations for
the functions Cl_j(x,y,z,t) (i 21, j >1), boundary and initial conditions for them. The
eguations are presented in the Appendix. Solutions of the equations have been
calculated by standard approaches (see, for example, [24,25]). The solutions are
presented in the Appendix.

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

DISCUSSION

Inthis sectionwe analyzed spatio-temporal distributions of concentrations of dopants.
Figs. 2 shows typical spatial distributions of concentrations of dopants in
neighborhood of interfaces of heterostructures. We calculate these distributions of
concentrations of dopants under the following condition: value of dopant diffusion
coefficient in doped areaislarger, than value of dopant diffusion coefficient in nearest
areas. Inthisstuation one can find increasng of compactnessof field-effect transistors
with increasing of homogeneity of distribution of concentration of dopant at one
time. Changing relation between values of dopant diffusion coefficients leads to
opposite result (see Figs. 3).

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

U=+ |
LLL o

x Ty z

ot

L{:[C(x,yyz,@))—w(x,y,Z)]dzdde. (12)
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Figure 2a: L Dependences of concentration of dopant, infused in heter ostr ucture from
Figs. 1, on coordinate in direction, which is per pendicular tointerface between epitaxial layer
substrate. Difference between values of dopant diffusion coefficient in layers of heterostructure
increases with increasing of number of curves. Value of dopant diffusion coefficient in the
epitaxial layer islarger, than value of dopant diffusion coefficient in the substrate
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Figure 26. Dependences of concentration of dopant, implanted in heterostructure from Figs. 1,
on coor dinate in direction, which is perpendicular to interface between epitaxial layer substrate.
Difference between values of dopant diffusion coefficient in layers of heterostructur e increases
with increasing of number of curves. Value of dopant diffusion coefficient in the epitaxial layer
islarger, than value of dopant diffusion coefficient in the substrate. Curve 1 corresponds to
homogenous sample and annealing time ® = 0.0048 (LX2+Ly2+L22)/DO. Curve 2 corresponds to
homogenous sample and annealing time ® = 0.0057 (LX2+Ly2+L22)/DO. Curves3and
4 correspond to heterostructure from Figs. 1; annealing times ® = 0.0048 (LX2+Ly2+L22)/DO and
©=0.0057 (L 2+L *+L ?)ID,, respectively
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Figure 3a Distributions of concentration of dopant, infused in average section of epitaxial layer
of heterostructure from Figs. 1 in direction parallel tointer face between epitaxial layer and
substrate of heterostructure. Difference between values of dopant diffusion coefficients
increases with increasing of number of curves. Value of dopant diffusion coefficient in this
section is smaller, than value of dopant diffusion coefficient in nearest sections
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Figure 36: Calculated distributions of implanted dopant in epitaxial layers of heterostructure.
Solid lines are spatial distributions of implanted dopant in system of two epitaxial layers.
Dushed lines are spatial distributions of implanted dopant in one epitaxial layer.
Annealing time increases with increasing of number of curves
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Figure 4a Distributions of concentration of infused dopant in depth of heterostr ucture from

Fig. 1 for different values of annealing time (curves 2-4) and idealized step-wise approximation
(curve 1). Increasing of number of curve correspondstoincreasing of annealing time
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Figure 44 Distributions of concentration of implanted dopant in depth of heter ostructure from
Fig. 1 for different values of annealing time (curves 2-4) and idealized step-wise approximation
(curve 1). Increasing of number of curve correspondstoincreasing of annealing time
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Figure 5a Dimensionless optimal annealing time of infused dopant as a function of several
parameters. Curve 1 describes the dependence of the annealing time on the relation &/ and
& =v=0for equal toeach other values of dopant diffusion coefficient in all parts of
heterostructure. Curve 2 describes the dependence of the annealing time on value of
parameter g for &/L=1/2and & =y = 0. Curve 3 describes the dependence of the
annealing time on value of parameter & for a/£=1/2and € =y = 0. Curve 4 describes
the dependence of the annealing time on value of parameter yfor a/Z=1/2ande=§=0

We show optimal values of annealing time as functions of parameterson Figs. 5.
It isknown, that standard step of manufactured ion-doped structures is annealing of
radiation defects. In the idea 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 annea the dopant additionally. The Fig. 5b
shows the described dependences of optimal values of additional annealing time for
the same parameters as for Fig. 5a. Necessity to annea radiation defects leads to
smaller values of optimal annealing of implanted dopant in comparison with optimal
annealing time of infused dopant.

CONCLUSIONS

In this paper we introduce an approach to increase integration rate of element of a
guadrature voltage-controlled oscillator circuit. The approach gives us possibility to
decrease area of the elements with smaller increasing of the element’s thickness.
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Figure 56 Dimensionless optimal annealing time of implanted dopant as a function of several
parameters. Curve 1 describes the dependence of the annealing time on the relation &/ and

&= y=0for equal to each other values of dopant diffusion coefficient in all parts of

heterostructure. Curve 2 describesthe dependence of the annealing time on value of parameter
efor a/L=1/2 and &= y= 0. Curve 3 describes the dependence of the annealing time on value of
parameter £for a/L=1/2and &= y= 0. Curve 4 descr ibes the dependence of the annealing time

on value of parameter yfor a/L=1/2and £= £=0

REFERENCES

[1]
[2]
[3]
[4]
[5]
[6]
[7]
(8]

[9]

V.I. Lachin, N.S. Savelov. Electronics (Phoenix, Rostov-na-Donu, 2001).
A.G. Alexenko, I.1. Shagurin. Microcircuitry (Radio and communication, Moscow, 1990).

N.A. Avaev, Yu.E. Naumov, V.T. Frolkin. Basis of microelectronics (Radio and
communication, Moscow, 1991).

M. Jalalifar, G.-S. Byun. Analog. Integr. Circ. Sig. Process. Vol. 86. P. 227-232 (2016).
D. Fathi, B. Forouzandeh, N. Masoumi. Nano. Vol. 4 (4). P. 233-238 (2009).

S.A. Chachuli, PN.A. Fasyar, N. Soin, N.M. Kar, N. Yusop. Mat. Sci. Sem. Proc. Vol. 24.
P. 9-14 (2014).

A.O. Ageev, A.E. Belyaev, N.S. Boltovets, V.N. Ivanov, R.V. Konakova, Ya.Ya. Kudrik,
PM. Litvin, V.V. Milenin, A.V. Sachenko. Semiconductors. Vol. 43 (7). P. 897-903 (2009).

Z. Li, J. Waldron, T. Detchprohm, C. Wetzel, R.F. Karlicek, Jr.T.P. Chow. Appl. Phys.
Lett. Vol. 102 (19). P. 192107-192109 (2013).

Jung-Hui Tsai, Shao-Yen Chiu, Wen-Shiung Lour, Der-Feng Guo. Semiconductors. Vol.
43 (7). P. 971-974 (2009).

[10] O.V. Alexandrov, A.O. Zakhar’in, N.A. Sobolev, E.I. Shek, M.M. Makoviychuk, E.O.

Parshin. Semiconductors. Vol. 32 (9). P. 1029-1032 (1998).

Peer Reviewed Journal © 2020 ARF 157



E. L. Pankratov

[11] M.J. Kumar, T.V. Singh. Int. J. Nanoscience. Vol. 7 (2-3). P. 81-84 (2008).

[12] P. Sinsermsuksakul, K. Hartman, S.B. Kim, J. Heo, L. Sun, H.H. Park, R. Chakraborty, T.
Buonassisi, R.G. Gordon. Appl. Phys. Lett. Vol. 102 (5). P. 053901-053905 (2013).

[13] J.G. Reynalds, C.L. Reynalds, Jr.A. Mohanta, J.F. Muth, J.E. Rowe, H.O. Everitt, D.E.
Aspnes. Appl. Phys. Lett. Vol. 102 (15). P. 152114-152118 (2013).

[14] K.K. Ong, K.L. Pey, PS. Leg, A.T.S. Wee, X.C. Wang, Y.F. Chong. Appl. Phys. Lett. Vol.
89 (17). P. 172111-172114 (2006).

[15] H.T. Wang, L.S. Tan, E. F. Chor. J. Appl. Phys. Vol. 98 (9). P. 094901-094905 (2006).

[16] S.T. Shishiyanu, T.S. Shishiyanu, S.K. Railyan. Semiconductors. Vol. 36 (5). P. 611-617
(2002).

[17] Yu.V. Bykov, A.G. Yeremeev, N.A. Zharova, |.V. Plotnikov, K.I. Rybakov, M.N. Drozdov,
Yu.N. Drozdov, V.D. Skupov. Radiophysics and Quantum Electronics. Vol. 43 (3). P.
836-843 (2003).

[18] E.L. Pankratov, E.A. Bulaeva. Reviewsin Theoretical Science. Vol. 1 (1). P. 58-82 (2013).
[19] Yu.N. Erofeev. Puise devices (Higher School, Moscow, 1989).

[20] V.V. Kozlivsky. Modification of semiconductors by proton beams (Nauka, Sant-Peterburg,
2003).

[21] Z.Yu. Gotra. Technology of microelectronic devices (Radio and communication, Moscow,
1991).

[22] V.L.Vinetskiy, GA.Kholodar’, Radiative physics of semiconductors. (“ NaukovaDumka’,
Kiev, 1979).

[23] PM. Fahey, PB. Griffin, J.D. Plummer. Rev. Mod. Phys. Vol. 61 (2). P. 289-388 (1989).

[24] AN. Tikhonov, A.A. Samarskii. The mathematical physics equations (Moscow, Nauka
1972).

[25] H.S. Carslaw, J.C. Jaeger. Conduction of heat in solids (Oxford University Press, 1964).
[26] E.L. Pankratov. Russian Microelectronics. Vol. 36 (1). P. 33-39 (2007).

[27] E.L. Pankratov. Int. J. Nanoscience. Vol. 7 (4-5). P. 187-197 (2008).

[28] E.L. Pankratov. J. Comp. Theor. Nanoscience. Vol. 14 (10). P4885-4899 (2017).

[29] E.L. Pankratov. Advanced science, engineering and medicine. Vol. 9 (9). P. 787 - 801
(2017).

[30] E.L. Pankratov, E.A. Bulaeva. Muultidiscipline Modeling in Materials and Structures. Vol.
13 (4). P. 664-677 (2017).

[31] E.L. Pankratov, E.A. Bulaeva. Int. J. Micro-Nano Scale Transp. Vol. 4 (1). P. 17-31 (2014).

[32] E.L. Pankratov, E.A. Bulaeva. Muultidiscipline Modeling in Materials and Structures. Vol.
12 (4). P. 578-604 (2016).

[33] E.L. Pankratov, E.A. Bulaeva. Materials science in semiconductor processing. Vol. 34. P.
260-268 (2015).

158 Peer Reviewed Journal © 2020 ARF



An Approach to Optimize Manufacturing of a Quadrature Voltage-Controlled Oscillator Circuit. ..

APPENDIX

Equations for the functionsT,,(x.7.4.9) and V,,(x.7.4.9), i %0, j %0, k %0 and
conditions for them

Oluy(2.1.8.9) _ Dy, | luy(2.1.8.9)  OLi(2.11.8.9) | O"To(2.11.¢.9)
09 D, 0y’ on? o0¢°

o

OVow(2.1.4.9) _ |Dyy | 0Vow(2.1.0.9) , 0Vow(2.1.0.9)  OVe(2.1.0.9) |
09 D, oy’ on’ 0 ¢’ ’

0To(2.9) _ Do | Ti(2.1.8.8)  O°Liw(2.1.8,9)  OTw(.1.8.9) |, [Do,
09 D, o on’ ¢ D

or

0 67 n,0,9 0 677 7.4.9
X {6{(&(;{,%(&)7’) 1—100(7( n.¢ )}+{g,(1,n,¢,T) 1100(2’ n,¢ ):|+
y4 6){ 6;7 67]

0 oT . (x.m.0,9
+a¢{g1 (%m%ﬂ’%@w}}, i>1,

OV ulr8) \/?FV (qusg) 0%, (;{77¢3) 5217,-00(17277,%3)} ai{gy(l’””)

29 on’ ¢

aVfloo Z 7,6, D,, or meo(lvﬂ,(bug) 0 |:
T — T+ — T
:|JD01 ,f D { (x.m. 9. o }rw g, (x.1.4,T) x
8171-100(7(7774‘57‘9) Dy, .
Y }V b, L

afom(llnl(ﬁl'—g): Dy, |:52;010(}(,77,¢,3)+52;010(;(,77,415,3) 0 ]010(7( .9, '9):|

09 D, 0 x° on’ o’

[1+81Vg1V(Z’77¢T][ }(77¢19) ()(,77¢3)

OVoo(2.1.8.9) _ Dy | 8V (2.1.6.9) | 0Vo(2.1.9.9) | 8Vo(2.0.8.9) |
03 D01 0 x? on’ op’
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-+, 8, (rn b T T2 0.6,V (2.17.6.9);

T(2.n.0.9)_ [Dy, {527020(1,77%3) O Tw(rn0.9) azﬁzo(x,n,qw)} .

68  \D 8 o oF

or

~[u+ &,8,(xnaT ) [7010(1,77,%9) Voo, 1.0,9)+ 1, 000(7(»77r¢»'~9)17;10(1)77r¢)‘9)]

OVo(2.1.8.9) _ Dy | 0Ven(2.11.6.9) , 0V2.1.9.9) | 8V 2.1.8.9) |
oy on’ o’

04 D,

oV

v e, 800 G T oo (218,90 (2:1,6.9) + Tagg (2.0, Voo (2.8.9));

6;001(75177'¢1'-9) D01|:62]~001(7(l77!¢1'9)+62;001(75177!¢1'-9)+62;001(75177'¢1'-9):|_

o8  \D, 04 on’ 042

_[l+ gl,lgl,l(lxnx¢lT)] ff)éo(llnxﬁj:'-g)

M: & 6217()01(7(:77:¢:'9)+6217()01(7(:77:¢:'-9)+6217001(75177:@'9) _
09 D, 0x° on? o¢p?
- [1+ 1,81 (}(,7],¢,T)] 17030()(,77,¢,l9);

0To(2.1.6.9) Do;{527110(2,77,¢n9)+527110(2,77,¢n9)+527110(2,77,%9)} Dy,

09  \D 31 on? 04 D,

oV

X

i 67010(}51771¢1‘9) i 67010(}51771¢1‘9) i %
2 s Zalen 2 o) alen ] 2 )

% 8;010(7('771415"9)

o¢ :|}_ [;100(7(:77:%'9)[7000(7(:77:¢:'9)+fooo(l:ﬂxqjx3)I7100(Z:77:¢13)] X

X l_l+ 11811 (7(177:¢1T)J

OVo(2.1.0.8) _ Dy {af (2.1.6.9) , 0Vio(2.1.8.9) 0V (1,7745,3)} .

08  \D 81 on? o4

07

D, |0y oy on on

07

D, | o oV, (r.n,6,9 o oV, (x. 10,9
B 2o e8] 2 ) Palzne ),
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04 04
% Voo (2.77.6,8) T (2.7, 6,9)+ Voo (.77.6.) T (2.72.,9)]:

0lu(x.n.8.9) _ [Dy| 0T(x.1.9.9) , Ol(2.1..9) , OT(2.1.9.9)|
oy’ on’ o¢’

0 oV (x.1,4,9
+{gy(l,77,¢,T)010(;{77¢)j|}_[1+ ‘C"V,ng,v(lrnr¢’T)]x

09 D,

or

~fi+ ,8,,(xnsT Wi (2.72.6.9) o (2.17.6.9)

OVow(z.1.9.8) _ Dy, {azﬁm (1.0.9)  Vou(.1.0.9) 5217002()(,77%3)} _

09  \D 04 o oF

07

~f+e,, g, (1.0 )V (2.10.0.9) Ve (2.1.6.9);

01u(x.n.0.9) D, {527101(1,77%3) 0T (x.n.9.9) 827101(1,77%3)} .

o9  \D o4 on oF

or

D. | 0 ol (y.n,6,9 o ol (v,n,6,9
Dm{a{gl(LU%T)M(l .9 )}"‘{g[(lﬂﬁj)mw .9 )}‘
X 0y on on

o

0 0T (2.7.8.9)
= {g, (z.m.0.T )—a p

g |- s 0.97 09

09  \D o4 on’ oF

07

Ve(2.1.0.9) _ [Dy, {5217101(1,77%3) , Ta2n.8.9) a"’ﬁm(x,msq N

D. | & ov. (v.n,6,9 o oV (v,n,6,9
Doy{a{gv(lﬂﬁf) 001(;( .9 )]“{gv(lﬂﬁj) 001(;( .9 )}‘
y4 oy on on

07

)5I7001(Z:77,¢’19)

Y }} -t e8 (28 T (21,69 (2.1.6.9);

0
— T
+&fetens

09 D, oy on’ oF

o

I D, |1 T T ~
0 011(7{’77’¢"9): 01{a 011(}(,77,¢,19)+6 011(}(,77,¢,n9)+5 011(7{:771¢J'9):|_101O(ZJI7J¢”9)X
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x [L+e,,8,, (2107 (2. 1.8.9) -1+ &8, (x.1.8.T) Toos(2,11.6,9) Vo (2.7.8.9)

Vsl 2:1.8.9) _ Dy | 8Vl 21.8.9) , &Vl 2m..9) , 0 on(x n.4.9)
09 D oy on’

(V4

Vool 2:1.6.9) %

<[+ 2,8, (2.0.0.7)] Vo(x.1.6.9)- [1+ 2,8, (1100 Too 2.1.0.9) Vi(2.7.8,9);

0P 9.9) _ o 0Pulrn.4.9) Pulen9) _ o oRlengd)
2 P 2 P R R P
OpulendS) o 0Puend ) o o
o6 |, . op |, U=0/20k20)

Poo(2.1.0.0)= 1, (z.1.0)/ 0. (£, 1.60)=0 (i 21,/ >1, k>1).
Solutions of the above equations could be written as

N 1 2.
Poo(2.7.6.9) = o ZEFMPC(z)C (7)c(@)e, ,(9),

where F,, =i*j‘COS(?TI’IM)TCOS(?TI’IV)lcOS(ﬂ'I’l w)fnp(u, v, w)d wdvdu (c)=cos(pnc),
P o 0 0 n

enl(lg):exp(—ﬂznzg DOV/DOI )’ env(‘g) =exp (_ 772”2’9 D01 /DOV );

Tulin.9)=27 [P S ne, (r)ellelle, (9)fe, () (e, o) Poslior o),

<l ) vdud =2 [ S (2)elo)ele, (9 2l ()]s 0)

Je ) e T g vuare 2 Do S e, (r)elr)elgle, (9 e )

v D0 0

X icn (u)ic (v)isn (w)g, (u,v,w,T)a["l"O(uv'vv’w’T)d wdvdudr ;3
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Falm,9)= 22 [ Sinc, (2)e)el@)e, (9)e, (-)fs.Wfe, 0] &, (e T)
ce, s avauae [P $ae (2)el)elle, (e, - o)fe, s, ()

x 27r}cn(w) gV(u,v,w,T)Md wdvdudr—2rx /%incn(z)c(n)c@)ew(g) X

A% n=1

9 l : ”)} c, (V)T S, (W)gy(u,v,w,T)M

0 0 0 0 w

X
—
Q
\I
N
~—
—
[
—_

dwdvdudzr ;31

wheres (c) = sin (p n c);

9 1 1 1

Prol:.6.8)= =25 ¢, (2)e,(n)e,(P)e, (9] e, ()¢, @), (), (w) x

0 0 0 0
X [1+ g[ygw(u,v,w,T)] T, v, w,2) Vo (u,v,w,r)dwdvdudz;

9 1 1 1

“ ¢ (2)e,(n) e, (@)e, (9], (~o)fe,(w)le,0)ie, (w) [L+ &,

=1
ov " 0 0 0 0

N D
P 2.1.6.9)=-2 |

>

Xg,, (u,v,w,T)]lTom (16, v, w,7 )V (1, v, w, 7 ) + Ty (11, v, w,7) Vo (11, v, w,r)J dwdvdudr;

Ponl.6,9)=25¢,(x)e, e, (B)e,, (9)]e,, (=), (w)e, (v)e, (w) x
x [1+ gpypgpyp(u,v,w,T)] P2 (uv,wr)dwdvdudr;
Perl.6.9)= =25, (2)e, e, 9)e, (9)]e, (- )]e, W)e, ()], (w)

[110(Z;T7,¢;19) =—2r

x g,(u,v,w,T)wdwdvdudr— 2 /g‘”gncn(;()cn(n)cn(gIS)en,(S) x
o

ou
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xfe, (- rﬁcn<u>isn<v>icn<u)g,<u,v,w,r>“’lw(g‘”'w”)dwdvdudf—%@ "
oV

0 0 0 0 \%

P 1 1 1 azfloo(u,v,w,r)

x2n e, (9)e,(~o)je,)e,(v)]s,(u)g, (wy.w.T)

0 0 0 0 w

dwdvdudt x

9 1 1 1

x¢,(z)e,(n)e,(8)-22¢,(2)e, (9)c,(n)e, (PN e, (o) e, (e, ()] e, 0L+, x

0 0 0 0

xXg,, (u,v,w,T)][Tloo(u,v,w,r)Vooo(u,v,w,z')+Iooo(u,v,w,z')zoo(u,v, w,z')]d wdvdudrt

P92 [0S, (e ) 0 (e (s ) 0 )

X g, (u,v, w,T)aV"M(gL’lv' W’T)dwd vdudrt—2r gw zi:ln c, (;{)c (n)cn (¢)ew(l9) X
0/

xfew(— r)}cn(u)}sn(v)}cn(u)gv(u,v,w,T)aV"lm(g'v'w’r)dwdvdudr -2 /g‘w X
07

0 0 0 0 v
x zi:l” env(lg)ienv(— T)icn (u)ic (v)isn (u)gy(u,v,w,T)aKlooguv'Vv' W'T)d wdvdudt x

9 1

<, (1), (0)e,(9)-25 ¢, (2)e, (9)e, (n)e, (Be, (o) e, )] e, ()] [L+2,, g, lwvnT)x
(

xc, (w)lfloo(u,v,w,r)fooo(u,v, w,z)+ 1 (u,v,w,7) Vy u,v,w,r)J dwdvdudr,
~ D = g 1 1 1
ol 9)=—2x [P Sne, (ol (e, @le, () e, (s, e ()] T

X cn(w)wd wdvdudrt—2r g‘”inc(;() cn(n) cn(¢) enl(&l) X
oV

ou

b e, (00, (e V) oo~ 2 1P S (9)e, (1) n)e, (9) <

0 0 v or
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)Ll g vt~ 25c, e, n)e )

Je(o)e e, ()5, () T

<e, (e, (Ne, (e, (e, (w) B+ &, v D luvw.) Pl ) d wd vdud v

1 1 1

Pl :9) =25 [P S (e o) e, (9 (s e 0] vonr)

0 0 0

~

CLANCAALS)) VOOl(u’V’W’T)dwdvdudr—Zﬂ &incn(;()cn(n)cn@) : : g
51/{ Do1 n=1 0 0

Q
g
—

©
~—
—

Q
=

|
=
~—
—

o
—_

<
~—

X

xXc, (W)

ahs W, (00l e ) D) gz 2 [P ne, (9)e, (e, n)e,(0) <

0 0 ov o

x[e,(=7)c, W), )]s, (w)g, (v, w, T)M

0 0 0 0 aW

dwdvdudrt- 2§cn(z)cn(n)cn(¢) X

x e, (9)]e, (o)fc,(u)fe,( e, (w)re, g, (v Tl ,0) Pl v, 0) dwdvdud e

I

Toul..9.9)=25.¢,(2)c, n)e.@e, (9 e, (- )e, (w)]e,(v)]e, () { T v 10:7)

1
0 0
X [1+g“g“ (v, w,T)]TOlO(u,v,w, o)+ [1+g,yg, v, w, T)] Toos (1, w,7) V0 (10,0, w, r)}dwdvdudr

ol 1.9.8)= =25 ¢, (2)e.(n)e.@)e. (9] e, (=) e. () e, (e, (0){ Tl 0,0)

(21, v, ,7)+ [1+ Vg”,(u VW, T)]Iml(u VW)V (v, w, r)}dwdvdudr.
Equations for functions F (x,y,z,7), i %0 to describe concentrations of smplest
complexes of radiation defects.

2D, ,(x,y,2.,t) _D 22D, (x,y,2,t) N 2D, (x,y,2,t) N 2D, (x,y,2,t) N
ot o ox° oy° oz°

O

X [1+ ,g”(u vV, WT)]I

010

+ k”(x,y,z,T)Iz(x,y,z,t)— k, (x,y,z,T)] (x,y,z,t)

oD, (x,y,z,t) {ﬁq)yo(x,y,z,t) N ﬂZCDVO(x,y,z,t) 2, (x,y,z, t)}

ot

=D

ooy

ox* oy* oz*
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+ kVyV(x,y,z,T)Vz(x,y,z,t)— k(2T (x,v,2,t);

oD, (x,9,2,t) o0, (x,y,z,t) °®,(x,y,zt) O°D,(x,p,2.1)
—==D,, > + 5 + 5 +
ot ox oy Jz

ox

é’(Dufl(x’y’Z’t) 0’7
y

7
+D0@1{{g@1(x’y’Z’T) Ox +{g@1(x’y’Z’T)

é’(D[H(x,y,Z,t)
, %1,

oz

17
+ |:g<1)1 (X,y,Z,T)
az

é7(DVi(x’y'Z’t):D {azq)w(x’y’z't) O’QCDVi(xry’Z’t)_i_ 0’72(DVi(x'yrZ't)j|+
0Dy

+
ot ox* Iz oz’

a® i sy V&
V:—l(x .z t)}+0’7{gw(x,y,z,T)
ox

aCDVi—l(x’y’Z’t) +
ay ay

7
+ Domv{é,x{ng(x’y’z’T)

oz

aCDVi—l(x’y’Z’t)
, %1,

7
+ O,,Z{ng(x’y’z’T)

Boundary and initial conditions for the functions takes the form

00, (xy.2t)| |y 00 epz) g 0®,(opzt) 00yt
Ox o o0x e, oy o dy o

0 om0 g

Tz:o ) , aZ z=L, - , 130’ Fro(x,y’z’o) =fFr(x’y’Z)!

F (x,y,2,0)=0, 1.
Solutions of the above equations could be written as

2 = 2
g S0 e 04 2S5 ) )

chO(x’y’Z’t) =
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ey, (), (- ), ) e, () e, 00) v, ) v,0)-

— ke, (0, v, w, T)I (u,v, w,r)]d wdvdudr,

where E, = fe(w)]e,0)]c,(0f; (wvw)dwdvdu, e, () =exp-7Dy, f(L+L7 +L2),
70 0 0 s s s
c (x) =cos (pnxIL);

o t L, Ly, L,

2 , .
®, (epzn)=— 2 Sne (e ) e,, O, (o)) e () g, T
L L, =t 0 0 0 0
oo, (u,v,w, - :
xc, (w) l/ﬂélf; v, W T)d wdvdudr— LZL?L zzlln c, (x)cn (y)cn (z)emﬂn (t)!ew (— z') X
‘ . y . oo, (u,v,w, w
x[e, n(— r)chn(u)Ljsn(v)chn(w)g® (u,v,w,T) I”Z_l(u e T)dwdvdudr— 2r S2nx
o ” 0 0 0 4 v LXLyLZ =l
: L Ly L o0, H(u,v,w,r)
xe, (t)jem (= z')fc(u) cn(v) sn(w) £ > o (u,v,w,T) dwdvdudr x
7 0 0 0 w r

xc,(x)c,(v)e,(2) 121,
where s (x) = sin (p nxIL ).

Equationsfor thefunctions Cl_j(x,y,z,t) (1>0,;>0), boundary and initial conditions
could be written as

0C,(x,v,2,1) _p 0°Cyy(x,v,2,1) +D 0°Cyy(x,v,2,1) +D 0°Cyy(x,v,2,) .

ot o ox* o 0y* o 0z

0C,(x,9,2,t) D {GzCio(x,y,z,t) N 0°Co(x,9,2,t) N 82Cio(x,y,z,t)} N
oL

or ox° 5 o2

+ D, a{gL(x,y,z,T)aCflo(x’y’Z’t)} +DOL5{gL(x,y,Z’T)8Qm(x,y,z,t)} +
ox 0 ay
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+D,, aaz{& (x,y.2,T )ac’”(x’y’z’t)} il

oz
0Cy,(x,v,2,t) _p, 0°Cyy(x,7,2,) D, 0°Cyy(x,9,2,) D, 0°C,y(x,7,2,t) N
ot ox’ 0y* 0z?

+D0Li Cgo(x,y,z,t) aCoo(x,y,z,t) +D0Li Cgo(x,y,z,t)GCoo(x,y,z,t) N
ox P’(x,y,z,T) ox oy Py(x,y,z,T) oy

0 Cgo(x,y,z,t) aCoo(x,y,z,t)
+D,, — :
oz| P'(x,y,z,T) 0z ’

0C,,(x,v,2,1) _p, 0> Cy(x,3,2,1) D, 0> Coy(x,3,2,t) D, 0% Coy(x,3,2,t) N
ot ox’ 0y* 0z*

0 Cit(x,,2,t) 0C,(x, y,2,t)| 0 Citx,y,2,t)
D {—| C.(x,,z, \ 00 00 —| C.(x,v,z, 00
" OL{@x{ oy Zt}P'V(x,y,Z,T) ox +6y 0.2 t)P'y(x,y,z,T)X

><GCOO()c,y,Z,t) a Cm(x,y’Z’t)ngl(x,y,z,t)GCOO(x,y,Z,t) N
o0y 0z P (x,y,2,T) 0z

X

y 0C,(x,, Z,t):| N 0 {Cm(x,y,z A Cgo‘l(x,y,z,t)ﬁCm(x,y,z,t)}}+DOL{ 0 {Cgo(x,y,z,t)

' /P’(x,y,z,T) 0z a P’(x,y,z,T)

XOCm(x,y,z,t)} L0 {Céo(x,y,z,t)5C01(x,y,z,t)} L0 {Céo(x,y,z,t)5C01(x,y,z,t)}},

Ox oy| P'(x,y,2,T) Oy oz P'(x,,2,7T) 0z
0C,(x,y,z,t 0°Cyy(x,y,2,1 0°C,y(x, y,2,1 0°Cyy(x,,2,
11(2ty2 )=D0L ngiczyz )+D0L ngxyivz )+D0L ngxzzyz ),

0 CiMx,y,2,t)0C,(x,y,2,t)| 0 CiM(x,y,z,t)
~“lc .z o0 00 ~lC .z, 00
+{6x{ ol Zt}P'V(x,y,z,T) ox +6y ol Zt)P'V(x,y,z,T)><
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><GCOO()c,y,Z,t) G Clo(x,yyzyt)ngl(x,y,z,t)GCOO(x,y,Z,t) D, +
oy P'(x,y,2,T) oz

DOL{ 0 {Cgo(x,y,z,t) aClo(x,y,z,t)} N 0 {Cgo(x,y,z,t) aClo(x,y,z,t)} N

ox Py(x,y,z,T) ox 5 P’(x,y,z,T) oy

+i Cgo(x,y,z,t)GClo(x,y,z,t) D, 0 gL(x,y,z,T)aC"l(x’y’Z’t) N
oz| P'(x,y,2,T) 0z ox ox

e R Y
: ,

oy oz oz
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