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ABSTRACT

In this paper we consider nonlinear model to describe manufacturing complementary horizontal field-effect
heterotransistor. Based on analytical solution of the considered boundary problems some recommendations
have been formulated to optimize technological processes.
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1. INTRODUCTION

In the present time it is intensively increasing degree of integration of elements of integrated
circuits [1-8]. At the same time it is obtaining decreasing of dimensions of the elements. To
decrease dimensions of elements of integrated circuits it is traditionally using some approaches.
Two of them are laser and microwave types of annealing of dopants and/or radiation defects
during manufacturing p-n-junctions, field-effect and bipolar transistors, thyristors [9-15]. Another
way to increase degree of integration of elements of integrated circuits is using of inhomogeneity
of heterostructures on the basis of which integrated circuits are manufactured [13-19]. However
in this case it is practicably to optimize annealing of dopant and/or radiation defects. It is known,
that distribution of concentrations of dopants in elements of integrated circuits and their discrete
analogs will be changed under influence of radiation processing (for example, during ion
implantation) [20]. Because of this to decrease dimensions of elements of integrated circuits and
their discrete it is attracted an interest radiation processing of materials [21,22].

In this paper we consider manufacturing of complementary field-effect heterotransistor. Structure
of the heterotransistor is presented on the Fig. 1. The heterostructure consist of a substrate and
epitaxial layer. The epitaxial layer has several sections, which have been manufactured by using
another materials. Some dopants have been infused or implanted in the sections to manufacture
required types of conductivity (p or n). Farther we consider annealing of dopant (for doping by
diffusion) and/or radiation defects (during ion doping). Main aim of the present paper we
analyzed dynamics of redistribution of dopant and radiation defects to formulate conditions,
which correspond to manufacture more thin heterotransistor with smaller dimensions into another
dimensions.
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Fig.1. Heterostructure with a substrate and epitaxial layer with several sections

2.METHOD OF SOLUTION

To solve our aims we determine spatio-temporal distribution of concentration of dopant. We
determine the distributions by solving the second Fick’s law [1,3-5]

dz
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Here C(x,y,z,t) is the spatio-temporal distribution of concentration of dopant; 7 is the temperature
of annealing; D is the dopant diffusion coefficient. Value of dopant diffusion coefficient depends
on properties of materials in layers of heterostructure, speed of heating and cooling of hetero-
structure (with account Arrhenius law). Dependences of dopant diffusion coefficient on
parameters could be approximated by the following relation [23-25]
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where D, (x,y,z,T) is the spatial (due to inhomogeneity of heterostructure) and temperature (due to
Arrhenius law) dependences of dopant diffusion coefficient; P (x,y,z, T) is the limit of solubility
of dopant; parameter ¥ depends on properties of materials and could be integer in the following
interval ye[1,3] [23]; V(x,y,z,t) is the spatio-temporal distribution of concentration of vacancies;
V" is the equilibrium distribution of concentration of vacancies. Concentrational depen-dence of
dopant diffusion coefficient has been discussed in details in the Ref. [23]. It should be noted that
doping of heterostructure by diffusion did not leads to generation of radiation damage and ;==
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0. Spatio-temporal distributions of concentrations of point radiation defects we determine by
solving the following system equations [24,25]
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Here p =LV; I (x,y,z,f) are the spatio-temporal distributions of concentrations of radiation
interstitials and radiation vacancies; D,(x,y,z,T) are the diffusion coefficients of the interstitials
and vacancies; terms Vz(x,y,z,t) and Iz(x,y,z,t) correspond to generation of divacancies and
diinterstitials, respectively; k;(x,y,z,T), kifx,y,z,T) and kyy(x,y,z,7) are parameters of
recombination of point defects and generation of their complexes, respectively.

Spatio-temporal distributions of concentrations of divacansies @y (x,y,z,f) and diinterstitials &
(x,y,z,t) we determine by solution the following system of equations [24,25]
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57



International Journal of Recent advances in Physics (IIRAP) Vol.3, No.2, May 2014

o0d, (x,y,2.1) o 0@, (x,y,z.1) o 9P, (x,y.2,1) o oD, (x,y,2.1) o
dx x=0 , dx x=L, ’ J y y=0 , J y y=Ly ,
0D (x,vy,z,t 0P (x,v,z.t
% =0 s % =0a ¢1(x’y’z,0):f¢1(x»y,Z), ¢V(x’y’z’0):f¢V(x’y’Z)- (7)
2=0 =L,

Here Dg(x,y,z,T) and Dg(x,y,z,T) are diffusion coefficients of complexes of point radiation
defects; k/(x,y,z,T) and ky (x,y,z,T) are parameters of decay of complexes of point radiation
defects.

To determine spatio-temporal distributions of concentrations of point radiation defects we used
recently elaborated approach [16,19,22]. Framework the approach we transform approximations
of diffusion coefficients of point radiation defects to the following form:
D y(x,y,2,T)=Dqpl 1+£,8 5(x,y,2,T)], where Dy, are the average values of the diffusion coefficients,
0<g< 1, lguxy,z, N1, p =1V. We used the same transformation for approximations of
parameters of recombination of point radiation defects and generation of their complexes:
kix,y,2, D=kory[1+& v g1(x.y,2, 1)1, ki(x,y,2,1)= kop[1+&; g1.4x,y,2, 1] kyy(x,y,2,T) = koy,v [1+
&y gvix,y,z,1)], where kop1 »» are the appropriate average values, 0<g,< 1, 0<g,< 1, 0<égy,<\1, |
givixy,z, DILT, | grx,y,2,D <1, lgy(x,y,2,7)I<1. Let us introduce the following dimensionless
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We determine solution of Egs.(8) and conditions (9) by approach from Refs. [16,19,22], i.e. as the
following power series

plrng.9)=3e, 30 $Q15, (7.1.9.9). (10)

i=0 " j=0
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Substitution of the series (10) into Egs.(8) and conditions (9) gives us possibility to obtain
equations for initial-order approximations of concentrations of point radiation defects

7000 (;(,7], 9, 19) and \7000 ( Y /N2 19) and corrections for them f, it (;(,77, 9, 19) and ‘71-,-1( (;(,77,¢, 15‘), i>1,

j 21, k 21. The equations and conditions for them are presented in the Appendix. Solutions of
them have been obtained by standard approaches (see, for example, [26,27]). The solutions have
been obtained in the Appendix.

Farther we determine spatio-temporal distributions of concentrations of complexes of point
radiation defects. To obtain the concentrations we transform approximations of diffusion
coefficients to the following form: Dey(x,y,2,T)=Dogpl1+Espg a5(x,y,2,T)], where Dyg, are the
average values of diffusion coefficients. After this transformation the Eqs.(6) takes the form
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We determine solutions of the above equations as the following power series

®,(xy.20)=1e,®,(x.y.2.1). an

Substitution of the series (11) into Eqgs.(6) and appropriate boundary and initial conditions gives
us possibility to obtain equations for initial-order approximations of concentrations of complexes
of point of radiation defects @y(x,y,z,f), corrections for them @,(x,y,z,t), i 21, boundary and
initial conditions for all functions @,(x,y, z,¢), i=0. The equations and conditions are presented in
the Appendix. Solutions of the equations have been solved by standard approaches [26,27] and
presented in the Appendix.

Spatio-temporal distribution of dopant concentration we determine framework the same approach
as for determination of concentrations of radiation defects. Framework the approach we transform
approximation of dopant diffusion coefficient in the following form: D.(x,y,z,T)=
Dor[1+&g1(x,y,2,T)], Do is the average value of dopant diffusion coefficient, 0<g< 1, lg (x,y,z,
T)I<1. We determine solution of Eq.(1) as the following power series
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C(x,y,z,t):ie‘iig’,’jCU(x,y,z,t).

i=0 =l
Substitution of the series into Eq.(1) and conditions (2) gives us possibility to obtain equations for
initial-order approximation of concentration of dopant Cyo(x,y,z,f), corrections for the
approximation Cj(x,y,z,t) (i=1, j=1), boundary and initial conditions for all functions Cj(x,y,z,t) (i
>0, j =20). All these equations and conditions for them are presented in the Appendix. The above
equations have been solved by standard approaches (see, for example, [26,27]). 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 approximation by all parameters, which have
been used in considered power series. The second-order approximation is usually enough good
approximation to make qualitative analysis and to obtain some quantitative results. All analytical
results have been checked by numerical simulation.

3. DISCUSSION

In this section based on relations, which have been calculated in previous section, we analyzed
dynamics of redistribution of dopant and radiation defects during the annealing. Figs. 2 and 3
shows distributions of concentrations of dopants (for diffusive and ion types of doping) in
neighborhood of interface between layers of heterostructure under condition, when dopant
diffusion coefficient in the epitaxial layer is larger, than in the substrate. The figure shows, that
the interface gives us possibility to manufacture more thin field- effect transistors. Similar
choosing of properties of sections in the epitaxial layer gives us possibility to manufacture more
compact transistors in other directions.
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0 L/4 L2 3L/4 L
x

Fig.2. Distributions of concentration of infused dopant in heterostructure from Figs. 1 and 2 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.3. 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(LX2+L},2+L12)/D0. Curves 2 and 4 corresponds to
annealing time ®=0.0057(Lx2+Ly2+Lzz)/D0. 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

It should be noted, that interface between layers of heterostructure leads to influence on
distribution of concentration of dopant at appropriate value of annealing time: annealing time of
dopant should be neither much, no small. In this situation it should be done optimization of
annealing. The optimization of annealing has been done framework recently introduce criterion
[13-19,21,22]. By using the optimization we obtain values of optimal annealing time.
Dependences of the values are presented on the Figs. 4 and 5. It should be noted, that after ion
implantation one shall make annealing of radiation defects. One can find spreading of distribution
of concentration of dopant during the annealing. In the ideal case parameters of technological
process should be chosen so, that after finishing the annealing dopant should achieve interface
between layers of heterostructure. If after finishing of the annealing dopant did not achieved the
interface, it is attracted an interest additional annealing of dopant. In this situation additional
optimal annealing time of dopant decreases in the case of ion doping.
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Fig.4. 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 &=
¥=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=1/2 and £=£=0
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Fig.5. 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=1/2 and £=£=0

4. CONCLUSION

In this paper we introduce an approach to manufacture thinner field-effect heterotransistor with
decreasing of their dimensions into another directions.
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APPENDIX

Equations for the functions I~,.jk (,1’,7], 9, 19) and V.

(,1’, 1,9, 19), i20, j=20, k=20 and conditions for
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them are
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900 Do1 aZ D01 877 D01 a¢
D 1% D v
+ D_Ovai|:gv(z’7]’¢’T) i 100(177 ¢ ):|+ oV i|:gv(Z,7]’¢’T) ,100()(77 ¢ ):|
\ D, dx 0¥ D,, o7 a7

07

Dov d 7100(/‘{77¢19) ;
o,aaﬁ[g (177¢T)—a¢ }

1 (21.0.8) _ [Dy, [ ' Ty (r.0.9)  9°T(2.1.0.9) ', (2 .0.9) | _
90 D,, | 9y’ an’ 9’ |
_[1+81vg1v(ZU¢T]Iooo(l7]¢l9) 000(,‘{,7],¢,19)

Voo (2.1.0.8) _ [Duy | 0Voo (2.1.0.8) | 9V .1.6.9) 3%V (2.1.0.9) |
00 D, o’ 90" |
[+, 80 0.1 1o (27,0, 9)Vig, (2.17.0.9)

0Ly (x.1.0.9) _ [Dyy | 9°10s (1.7.0.8) | 0T r11.0.9) | 9*Iy(1.1.0.8) |
0V D,, 2x’ an’ 9’

i+, g0, b T (272 0.9) Voo (212.0,9) + T (7. 0,9V, (2,77, 0,9)]

OV (£.7.0.9) _ | Dyy | 9V (1.1.0.8) 0V (2.7.0.8) | 0°Vi (2.11.6.8) | _
00 D,, or’ an’ d¢’

i+, 80 G 0T oo 11,6, 8) V0 (2.7, 9)+ T (2 10,6, 90V (27,0, 95

a8 \D, Ix’ an’ 3¢’
~Ni+e,,8,, (x0T 12 (2.7.6.9)

oL, (.1.9.9) _ Dy, {aziomw, 9), Vlwzn.9.9) azfom(z,n,w)}_
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Voo 1.11.0.9) _ Dy | 0°Voo 1.11.0.8) | 3V, (1:7.9.9) | 9°Vi,(2.7.0.8) | _
99 D ax’ an’ 29’

~fi+e, e, (0. DV (2.7.6.8);

87110(1577’¢’79): D, azi110(1’775¢’79)+ Dy, 827110(1’77»¢’79)+ Dy, 827110(1’77’¢’79)+
¢ Dy, aZZ Dy, 8772 Dy, a¢2

D, 9 ol (x.m.0.9)| [D, o o1,,(2.7.0.9)
- 5 _ s 1fs 9T =N 1 s 1 ,T—
Do az{g,(zw ) P Rk (z.1.0.7) 57 +

o orm.0.9)|
+ D, 8¢{ (r.m.0.7) 2 } [1"’51,181,1(1,77,(/5,T)]><
X [ 110 (Z’ n.9, 19)‘7000 (Z,?],¢, 19)+ iooo (Z,n’ @, 19)‘7100 (1’77’¢, 19)]

oV, (r.7.0.9) _ [D,, 0 Viol1.8.9) [Py Vol 1.8.9) [Py Vil 1.8:9)
DO[

0 aZ D, a’] D, a¢

DUV a UIU(Z 7] ¢ 19) DOV a ()l()(l 77 ¢ Z9)
Dwgng%mﬁr) = }+ Dwgngxm¢n———77——

/D Vo (2:1.0,9) | _
+ D, a¢{ (/1’77¢T)a—¢:| [1+8V,ng,v(z,77,¢’T)]X

|70 (2.77.0, T (2,700, )+ Vi (110,00 (2,17, 9

0Ly, (1:1.0.8) _ | Dy 0’1y (1:7.0.8) | | Dy 9'1oys(2:7.0.8) | | Dy 9l (:7.0,0)
0 Dy, aZZ Dy, 8772 Dy, a¢2

~Ni+e, 8, 0. T (117, 6,9, (2.7.0,9)

07

Voo (171,0.9) _ [Dyy 0V (211.0,9) | [Dyy Vo (2:1.0,9) | [Dyy 3Vos (2:.0,9)
0 D01 a;{z D01 8772 D01 a¢2

- [1 + gV,V gV,V (Z’ 77’ ¢’ E):I";()()l (Z’ 77’ ¢’ 19)‘7000 (Z’ 77’ ¢’ 19) ;

87101(1577’¢’79): D,, azi101(1’775¢’79)+ Dy, 827101(1577»¢’79)+ o1 0’ 1101(177 2 79)
0 Dy, aZZ Dy, 8772 Dy, a¢

+ &i|:gl(Z,’n,¢,T)81001(Z’77»¢»79):|+ Do1 i|:g1(,’{,7],¢,T)81001(Z’77’¢’0):|+
Dov aZ 877

oy D,, o7

I ol (r.n,0,0 _ _
i D a¢|: (Z’ ’¢ )%}_[l+glgl(l’n’¢’j1)] 1100(1’77’¢’79)V000(Z’77?¢’19)

W n.0.9) _ Dy 9V &1.0.9) [Py Vi (2:1.8.9) , Doy 0V (k:1:0:8)
0 D01 aZ D01 877 D01 a¢
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D, 9 WV (2.7.0.8)| . |D,, 0 Voo (7.1, 0,8)
- = 9 9’ 7T - L] . 3T—
D al{gv()NM’ ) 37 o g (2.1.0.7) T +

+\/D78¢|: (;{77¢ )W} [1+8vgv(Zﬂ¢T)]Iooo(Z77¢ﬂ) 100(Z’ﬂs¢,l9);

oL, (xn.9.9)_ |Dy 3°1,,(x.1.0.9) Dy 9°1,,(.1.0.9) Dy 9°1,,(x.7..9)
90 D,, oy’ D,, an’ D,, 99’

~live, g, (0. 0.T)] 1oy (1. 0.9, (27,8, 9)—
~li+e g, o T)) 1, (2.1, 6.8) Vi (2. 7,0,8)

WV (11.9.9) _ [Dy o“(zwz?) ano“(z,n,qﬁ,z?)Jr Dy, 3* Vo (2.1.0.8)
0 D01 ox’ D01 on’ D01 ¢’

[+ &0y 80y G T Vi (2.0, 9)V, (2.7.6.9) -
_[1+8 vglv(ﬂ/ﬂ¢t]looo(ﬂ/”¢7}) 001(/1/’77’¢379);

0P (x99 _ aﬁl,-k(x,n,qb,ﬂ)‘ o 0Pulrme)
o o I L on |,
Bp,;/k(x,n,w)‘ _o, Pulened) | 0B, x1.0.9) ~0 (120, /20, k20):
an |, I | I |,

Poo2:11.00)= f,(x.m.0)/ 0" 5 Py (2.1.00)=0 (i21, j21, k21).

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

P (2:11.9.0) = —+ ZF <Decm)c)e,, (),
where F, =%}cos(7mu)fcos(7rnv) cos(frnw)fnp(u,v,w)d wdvdu, c,(y) =co. (xnp), e, (z9)=

—expl-2'n*8D,, /Dy, ), e, (8)=expl-z'n*y/D,, /D, );

~ D 3 1 1 1 af LV W,
Tolzng.0)=-27 [ S0 (elelgle, (0 (o), e, () osnlier o),
<00 uvan) dwavaua =22 25 ¢ (oelnlelole, (9)fe, ) fe, s, )
e ), an) 220 g gz om [P S e, () elr)elole, ()
0 A% oV n=l1
H : L L oI, (u,v,w,7)
X -[enl (_ T)J-Cn (M)J-Cn (V)J-sn (W)gl (M,V, W7T)%d WdVdeT
0 0 0 0 w
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7l 0.0)=22 22 S e, () )elole, 9V, (o) s, e, (e, () 2mE)

oy = 0 0 0 0 ou
X g wvonT) dwdvdud =22, 25 ¢ (D)elp)elole, (e, (- 2)fe, W5, (e, ()
v, 100( ) 0v © 4 1
xn g, (o) =0 EE dwd vdud 7=27, |2 S, (2)e)elp)e,, (9)]e, (-7)]e, (u)
v o1 T 0 0
Xn jcn (v)}sn (w)gv(u,v,w,T)av’gL()dwdvdudT, i1,
0 0 w

where s,(¥)=sin(7ny);

1

Punl2n.0.8) =25 ¢, (2)e,(n)e, 9)e,, (e, (= e, ()], () e, ()

0

X [1+ EvEry (u,v,w,T)] Tooo(u,v, w,z’)VOOO(u,v,w,z’)d wdvdudr;

D o 3 111
po20(177¢79= z ¢)enp( )J ( IJJ[1+€1vg1v(uVWT)]
DUV =1 0 000
v cn( ool v, w, 7) 000(u v, W, T)+Iooo(u v, W, T)Vm(u v, W, T)]dwdvdudf;

Pu21.9.9)=-25c.(2)e, n)e, (¢>en,,(zs)§e,,,,<— e, (w)fe, (v)e, ()

0

X [1+8ﬂvpgpvp(u,v,w,T)] 2w, v, w,t)dwdvdudr

Pus 2:1.0.8) =25 ¢, (2)e, 0)e, (e, (@) e,, (=), (W), ()]e, () x

X ll+8p,pgp_p(u,v,w,T)JﬁOOl(u,v,w,l’)ﬁooo(u,v,w,r)d wdvdudt;

Tz 0.0) =2 |20 S (2)e, (r)e, (0)e, (9)] e, (=2)fs, W), 0)] e, ) g, v x

ov n=1 0 0 0 0

I, 0 (u,v, w, T)
u

Xn

dwdvdudz=22 D506, (7)e,n)e, (0)e, (O)fe, (-2)e, ()5, ()%
xjcn(u)g,(u,v,w,T)%’v’w’T)dwdvdudr—Zﬂ' %xincn(}()cn(n)cn(@en,(ﬂ) X
0 v V v

n=1

¥ 1 1 1

e 2N, @, (), ), avoo ) LT g g2, (e, e, (o)

0 0 0 0 aW

e (@), (=2, (0, 0N i 070, Vo v 9024 oy v, )V v, 0,7

ll+8,,vg,,v( w.T)|e (W) dwdvdudz

Bl 0.0) =22 [P S b ol 0 e (2. e ), )

n=l 0 0 0 0
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xe )2 g gz ooz [P S (e, (), ey e o), ) %
ou D01 n=1 0 0
! ! a‘zfl()() (u’v’ W’ T) D()V ¢

X”J%(V)fcn(u)gv(M,V,W,T) dwdvdudt-2rx

0 0 1% n=1 0

s e (e e, @ e We, ()]s, (e (evw )20l g gz 25 e () x

0 0 0 w n=l
L

xe,(0)e,(0) e, D) e,, (=) e, (@) ([T o (000w ) Voo (1t20,0,2) + T (20w, 7)o (.00, 7))
xc, (wdwe,(v)dvdudr:;

g 1 1 1

ne, (e, e, 0)e, D) e, (7)ls,()]e, () e, (v) g (wrw.T)x

ov " 0 0 0 0

~ D,
1101 (Z’ n, ¢’ 79) =-2r DOI

Pl 8) -2 22 S ) ) O O o))

au n=1 0 0 0
e, 00) 8, om0 gy gy g2 P S e (e, e, e, 9)
ov

afom(u,v, W,T)

w

sn(w)g,(u,v,w,T) dwdvdudl’—Zicn(z)cn(ﬂ)x
n=1

i
xc,(0)e, e, (e, ()], ()] [+ €, 8, v T Vi)

0 0

xc,(w)dwdvdudz

g 1 1 1

>l

P 0.9)= 2 22 S0, (e, ), 0)es (0] b s, f O, o)
< 2l ) -am [22 5 v (), ) O (0 b ) 5
xjsxv)icn(w)gv<u,v,w,r>%’jwdwdvdm—zz\/§:j 5 ne,(1)c, 1), (0)

< ) e, e, 0, (), o) 20 g g gz 25, (1)

x ¢, (1)e, (0)e,y (9)fen (= ), () e, (] 1+ 1.2, (00w, T )T 1, ,2) Vo i, ,7)
ch(w)dwdvdudf ;

T 0.9)==25,(2)e, e, 0)e, (@)fe, (- 2)fe, (e, (1)) {1+, o)

X 7000 (u,v, w,z’)fmo(u,v,w, ’Z')+[1+ Ev8y (u,v,w,T)]fom(u,v, w, Z') \7000 (u,v, W,’Z')}X
xc (w)dwdvdudz

Voz.m.0.9)= 25, (2)e, e, @)es, @)]e, (=) e, (e, ({1 +£, 8, (v x

0 0 0 0
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X ‘Z)oo (u’ v, W, T)‘Z)m (u?v? W?T)+ [1 + 81,V v (u’ v, w, T)] 7000 (uv v, W, T)‘Z)m (u?v? w, T)}X
xc (w)dwdvdudr.

Inutial-order approximations of distributions of concentrations of complexes of radiation defects
D(x,y,z,1), corrections for the approximations @,,(x,y,z,t) i=1, boundary and initial conditions for
them

I0y(xy.zt) ) P@uleyzn), o FPylnyt) PR ly.z)
EP 001 Ix’ 001 9y oor 0
+k, (69, 2T (v, 2,0) =k, (%, 3, 2,T)1 (%, ¥, 2,1)
I Py, (x.y.2.1) =D,,, 82¢V0(x’y’z’t)+DO¢v @, (x,y, z,t)_'_DO(w *®, (x,y, Z,t)+
dt ox’ 9y’ 07
+kyy (3, 2TV (v, 2.0) = &y (4,3, 2TV (x, v, 2.1);
aéli(x,y,z,t) 32‘b1i(x,y,z,t) &2¢1i(x,y,z,t) QZQDIi(x’y,Z’t)
dt = Poar J xz 0dr1 T 01 0-)—22
J IP i- (X,y,Z,t) J 0P i (x,y,z,t)
+D0<1>1 x|:gq>1 (x»y’Z’T)“T +D0<1>1 07_y 8o (x»y,Z,T)“T +
d o®,, (x,y.2.1)
+ Dy, 07_Z|:g<1>1(x’y»Z»T) . 107Z —
—& q)Vi(x’ Y Z’t) - &ZQDVi(x,y,Z’[) &ZCDV,'(X’ y,z,t) a2q>w(x, y,z,t)
Jt 0V I (% 3—y2 bov T 53 2
J Ib,, (x,y,z,t) Jd P, (x,y,z,t)
+DO¢VZ|:g¢V(x’y’Z’T)V1—x +DO¢Vc9_y gw(x,y,z,T)Vl&—y +

P, (x,y,z.1
+D0q)vi g(w(x,y’Z’T)M ,i>1;
dz dz
aépi(x,y,z,t) -0 aCDp,.(x,y,Lt) -0 aCDp,.(x,y,z,t) aq)pi(x’y7z’[) 0
ox o ’ dx . ’ dy o ’ dy - ’
0P ,(x,y,z,1 0P .(x,y,z.t
Pt(a-x y Z ) =0, —_ P'(éx y Z ) =0, lZO, ¢m(x,y,z,0)=f¢p(x’y’z), ¢pi(x’y,z’0)=0, lZl
¢ =0 < z=L,

Solutions of the above equations could be written as

@ (5. 7.20) =t S E (1), (e, (e, (042 Se, (9, (), ()

LLL LLL: b=
L

LX

t y L,
x eq (0] s, (= )fe, () ] e, () [k, Gavow, 7)1 (e w.2) =k, v, w T v, 7)]
0 0 0 0
X cn(w)d wdvdudt,
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Lx L,V L:
where  F,, = icn (u) {cn (v){cn (w)fd)p (u,v,w)dwdvdu, €, (r)= exp[— JZZnZDO%I(; + flz +I}2H ,

c(x)=cos(znx/L,);

) I Ly L}‘ L,
o)== S (0,0).6) O, 0,00, )
2P, \u,v,w,T - ‘ L
e )22 e 2T S e (e (e, ey O, 7)) #

u LXLyLZ n=1 L 0
Ly L 2P,  \u,v,w,T -
X g sn(v)gcn(w)gq,p (u, v, w,T)—= 119(\/ )dwdvdud‘r— LXZLTLi HZ:ln c,(x)c,(y)e,(z) x
, L L, L AP, . (u,v,wr7
><eq)pn(t){e%n(—r){cn(u)icn(v)gsn(w) & ;’(w ) 8a, (w,v,w,T) dwdvdudr,i>1,

where s,(x)=sin(znx/L,).

Equation for initial-order approximation of dopant concentration Cy(x,t), corrections for the
approximation Cy(x,y,z,t) (i 21, j 21), boundary and initial conditions of the above functions are

azcoo(x,y, Z,t) .

’

aCoo(xsysZst) -D azcoo(x’ysz’t)

azcoo(x,y,z,t)+D
ot o dx’

ayz oL azz

+D,,

2 2 2
BC,.O(x, v, z,t)=D0L d C,.O(x,zy, z,t)+ d C,.O(x,zy, z,t)+ d C,.O(x,zy, z,t) .
ot 0x dy 0z

0 oC, , ¥, 2,1t 0 aC7 Y, 2,1t
+D0L—ax[gL(X,y,z,T)%}+D0L$[gL(x,y,z,T)%}+
D, 2| g (eyor)2Cmlmrzn)|

aZ aZ

0x

Xacoo(x, Y, z,;)}_ 0 {C&)(x, ¥,2,1) dCy(x, , z,t)}_ d {C&(x, ¥,2,1) 3 Cyy (%, y, z,t)}}DOL;

dx x P7(x,y,z,T) dy P’(x,y,z,T) 0z

ICu(x.y.2.t) _ ) |0°Cylxy.2t)  0°Cyxy.21)  0°Cyny.zt) | | 9 | Cleyzt)
Jt or dx> 9y’ 27’ P"(x,y,2,T)

0z

9C,, (%, y,2,1) -Dn 9” Cy, (x,y,2,1) N 0’ C,,(x,y,2,) N 0> C,,(x,y,2,) cr! ()c,y,z,t)><
ot o 9 9y’ 97’ P’ (x,y,2,T)

y-1
><Cm(x,y,z,t)aCOO(x’y’Z’t)}+ J |:C01(X,y,Z,t)C00 (X,y,Z,l)aCOO(X,y,Z,I):|+

ax E Py(xsy7Z9T) ay

NS (x,v,2,1) 9C,(x, y,z,t)}}D +{ 0 [C&(x,y,z,t) 0C,,(x,y, z,t)} o
0oL

0
+—| Cy(x,y,2.1 dx
az{ ol P (x.y.2.7) 0z dx| P"(x,y,2.T) 0x
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+i Cl(x,y,2.1) 0C,, (x,y,2,1) +i Cl(x,y,2,1) 9C,, (x, y,2.1) D
dy| P7(x,y,2.T) dy dz| P"(x,y,2.T) 07 oL

M—D 82C11(x,y,z,t)+azcn(x,y,z, 1) o Cn X, y,z, i (x,y, 2, t)x
Jt — Mo 9 x? ay2 ax Pyxy,zT)
y-1
X Clo(x’ y’z’[)w +i Clo(x v, 2.t )COO ()C v, 2.t )aCOO(x v, 2, l) .
ox dy 7(x,v,2,T)

0 CrM(x,y,2,1) 9 Cyy (X, v, 2,1) 3 lac (xy“)
+5| Colry,z.t) i ——— 022 D, +D,, {— | — =

aZ|: 10(X 2z )Py(x,y,z,T) dz oL w1y ox

P7(x,y,2,T) a_y P”(x,y,2,T) oy oz| P’ (x,y,2.T) dy

+ DOL{%{gL (x7 ys Z’T)M}+%|:gL (_x, y’ Z’T)M}_i_

x C(i)(xvy’zvt):|+ a |:C(§;)(x’y’z?t) aCm(x,y,z,t)}_'_i{q%(x,y,z,t) aClo(x?y’th):|}+

dx dy
v gL(x,y,z,T)—aC‘“(x’y’Z’t) ;
07 0z
IC,eyzt) o ICwyzd) Gyt o ICwyzd)
dx - ’ dx - ’ dy o ’ dy L ’
AR A CS ) P
aZ =0 &Z z=L,

Coo(x.y,2,0)=fc (x.y,2), Cij(x,y,2,0)=0, i=21, j=1.

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

1 2
COO(X,)’,ZJ)ZLL 17 +LL L nlenC n( ) n(y)cn(z)enC(t)’
L,L,

x

L, Ly L,
where enc(t)zexp{—frznzDoc{%+i+iﬂ, Fo=[c,w)fc,0v)c, W) folwv,w)dwdvdu;
0

. Li L2 0 0
t L, Ly L,
Colxy 2.t)=———3nF,cc,(x)c,(y)e, (e, ) e, (~7)]s, () [e,0)] g, (v, w.T) x
L L L n=1 0 0 0 0
o t Ly
e 2 e 2 e Glen e e
u L L, n=t 0 0
L, L
X Isn(v)fcn(v)gL (u,v, W,T)Md wdvdudTt-— ~>nF,c, (x)cn (y)cn(z) X
0 0 dv LXL),L n=1
t L, Ly L,
X enc(t)jenc(— T)jcn (u) fe, (v)jsn (v) g, (u,v, w,T)Md wdvdudrt,i>l;
0 0 0 0 w
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2T = ‘ Ly Ly L Cl (u,v,w,7)
Cy, (x, Y Z’t)=_LiL—yLZnZ:1nF”CC" (X)Cn(y)cn(Z)enc(f)genc(—T)gsn(u)gcn(v)omx
o t L,
e, ()2l e E S e (e, (b)e, (e D ene (e, () x
ou LLL, »= 0 0
Ly L Cc’ (u,v, w, T) J0C (u,v, w, T) 2T =
X {sn (v) {cn (w Po;)(u,v, o) = 3 dwdvdudt— LLL 2::1" F,cc,(x)c,(y)e,(z) x
1 Ly Ly L, 4
e, O e 2V, ), (), () Sl 2 O Culier )
0 0 0 0 P’(u,v,w,T) ow
2 d ' Ly Ly L,
Cp, (x, Y, Z’t): - 2 nF.c, ('x)cn (y)cn (Z)enC (I)Ienc (_ T)Isn (u) .[cn (V)IC01 (M’V’ w, T) X
LXL),LZ n=1 0 0 0 0
CHM u,vyw,7) 0C,, (v, w, ) 2T
x ¢, (w) PO(;(u,v, wT) 0 = dwdvdudt— LIL Eln F.c,(x)c,(y)c,(z)e,.(r)x
¢ Ly Ly L. 7-1
x e (=7)fc, )]s, )[c, (W) C,(u,v, w,7) Coo v, w.7) aCOO(u’V’W’T)devdudr—
0 0 0 0 P’(u,v,w,T) Jdv
2T = : L, Ly L oC, (u,v,w,t
S 2 S E e, (e, 0)e, () e W e 21T, () e, 0) s, () LSl 7).
L.LL = 0 0 0 0 ow
C M u,v,w,7) 2r = ‘

x Cy, (u, v, w, T)md wdvdudt— CLL X Fee, (x)e, ()e, (z)e, (t){enc (-7)x
Ly Ly L; C M u,v,w,7) 0 Cyp (u, v, w, 7) 2T =
xn{sn(u)icn(v)g C,, (u,v,w,7) PO(;(u,v,w,T) © o deVdudT_LxLyLi ”Z:anC
t L, Ly L, r-1
xn e, (e, (e, (e O e 2V, ) Fe, 0 €yl e, 7) S22 2) D Conlt v )

0 0 0 0 P7(u,v,w,T) dw

x5, ) dwdvdudt-—2E S e (e, 0)e, Qe O e )]s, (e, 0)Te, () x

n= 0
x Ty Tz

I

}/ oo
Colvw0)0C 0w ?) 4 gar—— 2 S o (1) e ()es(a) i) e 1)

P (u,v,w,T) du Lfo_LZ sl 0
Ly Ly L Cc’ (u,v, w, T) JaC (u,v, w, T) 2T =
xnfe,)]s,0)c, (v) P‘;‘)(M,V’W’T) Ho o —dwdvdudr- LD Y nFec,(x)

cl (u,v, w, T) oC,, (u, v, W, T)

dwdvdudrt;
P7(u,v,w,T) ow

Ix 6,06, Qe Of e 2)Te, ) fe, (), ()

0

2r ¢ ‘ L Ry
Cu(x’ Vs Z,t):_z— 2nk,c, (x)cn (y)cn (Z)enC (t).[enC (_ T)Isn (“) Icn (v)_[gL(u’V’ W’T) X
LXL),LZ n=1 0 0 0 0
o t L,
e, )20 a2 5 e, (e, (e, (e D e 2, ) x
du L.LL, 0 0

Ly L, o
y Isn(V)IC”(W)gL(u,V,W,T)Wdwdvdudr— 5 i”Lz SuF e (x)e (v)e, (z) x

0 0 xyzn:l

72



International Journal of Recent advances in Physics (IIRAP) Vol.3, No.2, May 2014

t Ly Ly L,

e O (01 e, 05,00 s, bonon ) 280D g 2
0 0 0 0 w LXLyLZ

Ccl (u, v, W, T) aC,, (u, v, W, T)

P’(u,v,w,T) ou

t L, Ly

xS0 e, () ecWfe,c s, ()fe,0)fc, ()

n=1 0 0

27
xe,v)e,(2)- LLIL =

< F. aCm(g,‘:/, w,7:)

Ly L Cl (u,v,w,7) 9 C,, (u, v, w,7) 2 =
T SuF
J J w P (avw.T) " dwdvdudrt CLL g” e (x)e,(v)e, (2) x
‘ L, Ly L crMu,v,w,t)aC, (u,v,w,
x e, (D) ec(=7)]s,@)fe,(v)]c,(W)Cyylu, v, w,7) =2 ( )9Cal )
0 0 0 0 P (M,V,W,T) ou

2T = . L, A C M u,v,w,7) 9C,, (, v, w,7)
3 L?'Lz n:lcn(x) C,,()’)Cn(Z)enc(t)fenc(—T)Jcn(u)jsn(v)gcn(w) PO(;(M,V,W’T) 0 i,

X 0 0

dwdvdudrt X

oo

e, b)e, ). el ) e (o) s 0 () Sl

o ‘ Ly
dwdvdudrt— % YnF.c (x)c,(y)ec,(z)e,c(t) Je,c(=7)[c,()x
n=1 0 0

x =y Tz

dwdvdudrt-

X Cyluvom2d wdvdud T Fe =27 S ne, (e, (3)e, (e, O e () e, ) e, ()

LW n=1 0 0 0

X

L C’;l(uvwz')aC (e, v, w,7)
F C VW, 00 s Vo Wy 00 \Us Vs W,y
x ncgsn(W) o (v, w,7) > worom 1) .

dwdvdudr.

Short Biographies:

Pankratov Evgeny Leonidovich was born at 1977. From 1985 to 1995 he was educated in a secondary
school in Nizhny Novgorod. From 1995 to 2004 he was educated in Nizhny Novgorod State University:
from 1995 to 1999 it was bachelor course in Radiophysics, from 1999 to 2001 it was master course in
Radiophysics with specialization in Statistical Radiophysics, from 2001 to 2004 it was PhD course in
Radiophysics. From 2004 to 2008 E.L. Pankratov was a leading technologist in Institute for Physics of
Microstructures. From 2008 to 2012 E.L. Pankratov was a senior lecture/Associate Professor of Nizhny
Novgorod State University of Architecture and Civil Engineering. Now E.L. Pankratov is in his Full Doctor
course in Radiophysical Department of Nizhny Novgorod State University. He has 96 published papers in
area of his researches.

Bulaeva Elena Alexeevna was born at 1991. From 1997 to 2007 she was educated in secondary school
of village Kochunovo of Nizhny Novgorod region. From 2007 to 2009 she was educated in boarding school
“Center for gifted children”. From 2009 she is a student of Nizhny Novgorod State University of
Architecture and Civil Engineering (spatiality “Assessment and management of real estate”). At the same
time she is a student of courses “Translator in the field of professional communication” and “Design
(interior art)” in the University. E.A. Bulaeva was a contributor of grant of President of Russia (grant Ne
MK-548.2010.2). She has 29 published papers in area of her researches.

73



