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ABSTRACT

In this paper we analyzed possibility to increase density of elements in circuits NAND and AND based on
field-effect heterotransistors. We introduce an approach to increase density of the considered elements.
Framework the approach it is necessary to manufacture a heterostructure with specific configuration. After
the manufacturing it is necessary to dope required areas of the heterostructure by diffusion or ion implan-
tation. The doping finished by optimized annealing of dopant and/or radiation defects. We compare manu-
facturing of these transistors, manufactured by diffusion and ion implantation. We analyzed possibility to
decrease mismatch-induced stress in the considered heterostructure. Some comparison of calculated re-
sults with experimental one has been done.
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1. INTRODUCTION

In the present time one of actual questions of solid state electronic devices is increasing of density
of elements of integrated circuits. The increasing leads to necessity of decreasing of dimensions
of these elements. To date, several methods to decrease dimensions of elements of integrated cir-
cuits have been developed. One of them is growth of thin films structures [1-5]. The second ap-
proach based on doping by diffusion or ion implantation of required areas of samples or
heterostructures. After that the dopants and/or radiation defects annealed by laser or microwave
irradiation [6-8]. Using of the above approaches of annealing leads to generation of
inhomogenous distribution of temperature and consequently to decreasing of dimensions of ele-
ments of integrated circuits. Another approach to change properties of doped materials is radia-
tion processing [9,10].

In this paper we introduce a method of increasing of density of elements of circuits NAND and
AND. Manufacturing of these circuits based on field-effect heterotransistors. Manufacture of the-
se transistors based on a heterostructure, which includes into itself a substrate and an epitaxial
layer. Several sections have been manufactured by using another materials framework the epitax-
ial layer. Now we consider doping of the sections by diffusion or ion implantation to generation
required types of conductivity (p or n). It is necessary to manufacture field-effect transistors so as
it is shown on Fig. 1. After finishing of the doping we consider annealing of dopant and/or radia-
tion defects. Our main aim framework the present paper is optimization of annealing process of
the dopant to increase density of transistors framework the considered circuits. An accompany
aim of the present paper is analysis of possibility to decrease mismatch-induced stress in the con-
sidered heterostructure.
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2. METHOD OF SOLUTION

First of all we calculate distribution of concentration of dopant in space and time by solving the
following boundary problem [9-13]
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Fig. 1. Structure of circuits NAND and AND. View from top
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Boundary and initial conditions are
8C(x,y,z,t)| -0 8C(x,y,z,t)| ~0 0C(x,y,2,t) 0 9C(x,y,2.1) ~0
a X |x:0 , a X x=Ly , a y y=0 , a y x=Ly, ,
oC(x,y,z, Y, 2,
M =0, M =0, Cxy,20)=fc (x.,2).
aZ z=0 aZ x=L,

Function C(x,y,z,t) describe distribution of concentration of dopant in space and time; Q is the
L,

atomic volume of the dopant; symbol Vj is the surficial gradient; function ]C(x, y, z,t)d z de-
0

scribe distribution of surficial concentration of dopant in space and time in the neighborhood of
the interface between materials of heterostructure (in this case we assume, that Z-axis is perpen-
dicular to the interface between materials of heterostructure); /(x,y,z,t) is the chemical potential;
D are Dy are the coefficients of volumetric and surficial diffusions (the surficial diffusion is the
consequences of mismatch-induced stress). Values of diffusion coefficients depend on properties
of materials of heterostructure, speed of heating and cooling of heterostructure, concentration of
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dopant. Dependences of dopant diffusion coefficients on parameters could be approximated by
the following relations [11]

4 2
DC=DL(x,y,z,T)[l+§M}{l+glV(xvyvz’t) v x,y,z,t)}’

P’ (x,y,2,T) yoo e V)

Cy(x,y,z,t) V (x,y,z,t) Vz(x,y,z,t)
D.=D vz, 7)1+ & ——2 2111+ . + . 2
s SL()C v,z )|: é:s Py(X,)’,Z,T):H: 1 " gz (V*)z ( )

Functions Dy (x,y,z,T) and D;g(x,y,z,T) describe dependences of dopant diffusion coefficients on
coordinate (if we consider heterostructure with several layers) and temperature; T describes an-
nealing temperature; function P (x,y,z,T) describe dependence of limit of solubility of dopant on
coordinate and temperature; parameter ydepends on properties of materials and could be integer
in the following interval y<€[1,3] [11]; function V (x,y,z,f) describe dependence of radiation va-
cancies in space and time with equilibrium distribution of vacancies V'. Concentrational depend-
ence of dopant diffusion coefficient has been described in details in [11]. Distributions of concen-
tration of point radiation defects in space and tome have been determined by solving the follow-
ing system of equations [10,12,13]

&’I(x,y,z,t) J 3I(x,y,z,t) J 3I(x,y,z,t)
T - 2D, (x,y, 2, T) 222y 2 D (v, y,2,T) 2

+ i{D, (x, v, Z,T)—é’ d (x, Y, Z’t)
dz

5 }—k” (x,y,2,T) I*(x, y, 2, t)—k,yv (x,y,2,T) I(x,y,z,1)x
z

L,
X V(x, y,z,t)+Qi{&VS,u (x, y,z,t)jl(x, y,W,t)dW}+
ox| kT 0

L.
+Q§{D’S A (x,y,z,t)fl(x,y,W,t)dW] (3)
y| kT 0

&’V(x,y,z,t) Jd

_ [Mﬁmaﬂ

Jt Ix Jx Jy

é’V(x,y,z,t)
dy

+i{DV (x’y’Z’T)M}+

07V(x, y,z,t)

d
+——| D, (x,y,2,T
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L,
X V(x,y,z,t)+Qa[Dvs Vu (x,y,z,t)J.V(x,y,W,t)dW}+

dx| kT 0
0 | Dy L
+Q—| 25V i (x,y,2.0)[V(x,y.W,1) dW
oy| kT 0
Boundary and initial conditions are
a1(x,y,2,1) -0 d1(x,y,z.1) ~0 d1(x,y,z,1) _ dI(x,y,z.1) ~0
Jx - ’ Jdx . ’ dy o ’ dy - ’
dI(x,y,z1) 0 a1(x,y,z,1) 0 AV (x,y,z.1) -0 AV (x,y,z.1) _0
dz i ’ dz - ’ dx = ’ Jx - ’

41



International Journal of Modelling, Simulation and Applications (IIMSA) Vol.1, No. 1

IVleyzt) _, Vlyzd) ) dVlyzt) _o Vvt _,
dy o ’ dy - ’ Jdz - ’ Jz » )
I(-xsyszﬁo) =ﬁ (xsysz)s V(x,y,Z,O) =fV (-xsysz)' (4)

Function 1 (x,y,z,f) describes distribution of concentration of radiation interstitials in space and
time with equilibrium distribution [; functions D(x,y,z,T), DWx,y,2,T), Dis(x,y,2,T), Dys(x,y,2,T)
describe dependences of coefficients of volumetric and surficial diffusions of interstitials and va-
cancies on coordinate and temperature; terms Vz(x,y,z,t) and Iz(x,y,z,t) correspond to generation of
divacancies and diinterstitials, respectively (see, for example, [10] and appropriate references in
this book); functions k; (x,y,z,T), k;(x,y,z,T) and ky,(x,y,z,T) describe dependences of parameters
of recombination of point radiation defects and generation of their complexes on coordinate and
temperature.

We determine distributions of concentrations of divacancies @y(x,y,z,t) and diinterstitials @&,
(x,y,z,t) on coordinate and time by solving the following system of equations [10,12,13]

9%, xyar)_ 0 D, (x,y,z,T)igcp’(x’y’Z’t) 2 D, (x,y,z,T)igcp’(x’y’Z’t) +
dt dx| Jx dy| dy

D L
+i D, (x,y,z,T)M +Qi o3 Vi (x,y,z,t)jcbl(x,y,W,t)dW +
dz| dz ox| kT 0

L,

- Qi{—Dq’” Vo (x,y,z.0)[ @, (x, y,W,t)dW} k(6 y, 2T (3, y, 2,0)+

oy| kT 0
+k, (v, y,2,T) I (x,y,2.1), (5)
9@ wyat)_ 9, (o @Ry 9, 0z
dt dx v Idx dy v Ay

D, L.
+i D, (x,y,z,T)M +Qi ﬂvsu (x,y,z,t)jq)v(x,y,W,t)dW +
2z v 2z ox| kT 0

D, L
+ Qai{ kq); Vi (x,y,2,1)[®, (x, y,W,t)dW} +kyy (x, v, 2.T)V?(x,y,2.1)+
y 0

+k, (x, y,z,T) V(x,y,z,t)

Boundary and initial conditions are

&¢,(x,y,z,t)| ~0 31(x,y,z,t)| 0 d1I(x,y,z.1) _ d1(x,y,z.1) —0
& X x=0 8 X x=L, a y y=0 a y y=Ly
I, Wy ot _ o dllyzd _, 2Py _ vy _,
& Z z=0 ’ & 2 z=L, ’ a X x=0 ’ 8 X x=L, ’
AV (x,y,z,1) -0 aV(x,y,z1) _0 AV (x,y,z.1) _0 I, (x,y,z.1) ~0
dy o ady v, dz ™ dz -
¢[ (Xsy,ZsO) =f¢[ (X,y,z), Q/(X,y,Z,O) =f¢V (Xsy,Z)- (6)
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Functions D g/(x.,y,2,T), De(x,y,2,T), Dgs(x,y,2,T) and D gys(x,y,z,T) describe dependences of coef-
ficients of volumetric and surficial diffusions of complexes of radiation defects on coordinate and
temperature; functions k,(x,y,z,T) and ky(x,y,z,T) describe dependences of parameters of decay of
these complexes on coordinate and temperature. Chemical potential in Eq.(1) could be deter-
mined by the following relation [12]

IU=E(Z)Q Ojj [uij(x,y,Z,t)+uj,-(x,yaz,l)]/2. (7)

Here E (z,C) = E, (2) + E» (2) [C(x,y,2,0)/P(x,,z,T)] [15] is the Young modulus, gj is the stress ten-

1{ du u. | . .
sor; u. = —[—’+ ! J is the deformation tensor; u;, u; are the components u,(x,y,z,t), uy(x,y,z,t)

2l dx; dx,

and u,(x,y,z,t) of the displacement vector u (x, v,2,t ); variables x;, x; equal to x, y, z depends on

number of equation for components of displacement vector. The Eq. (7) could be transformed to
the following form

a : s Vo<l . a . s Vs ks
U (X,y,Z,l): aui(-x’ysZsl)+ u_/(x Y,z t) l auz(x’ysZsl)+ uj('x Y,z t) _
ox, dx, 2 dx; dx,

J i i

O'(Z)b‘,;, du, (x, y,z,t)

—£,0, + Q
T 1-20(2) dx,

—380}—K<z>ﬁ<z>[r<x,y,z,t>—n]@j}gzz(z,c),

where o is the Poisson coefficient; & = (a,-ag;)/ag; is the mismatch parameter; ay, ag, are lattice
distances of the substrate and the epitaxial layer; K is the modulus of uniform compression; £ is
the coefficient of thermal expansion; 7, is the equilibrium temperature which coincides (for our
case) with the room temperature. Components of displacement vector could be obtained by solu-
tion of the following equations [14]

, (Z)a2 ux(x,zy, 1) _90,(vy.21) 90, (x,y.2.1) L0 (xy.21)
at ox dy 0z
\azuv(x,y,z,t) 80'”(x,y,z,t) 80‘\,‘,(x,y,z,t) 80‘\_2(x,y,z,t)
p (2 leren)_do.lren) 2o, lre) de,
ot 0x dy 0z
0 (Z)azuz(xvzy,z,t): 90, (x,y.2.1) 90, (% y.21) 9o (xy.2.1)
ot 0x oy 0z
. du.(x,y,z,t) O.
Hoe o, = E(z) |duryzr) dulvyzr) 6 duxy.a) +5i_3uk(x,y,z,t)x
"2+ o(2)] dx,; dx, 3 ox, Y dx,

x K(z)-B)K ()[T(x, y,z,1)- T, ], P (2) is the density of materials of heterostructure, 0; is the

Kronecker symbol. Accounting relation for ¢ in the previous system of equations last system of
equation could be written as

p(Z)MZ{K(ZH SE(2,€) }azux(x,y,z’f)+{K(Z)_3E(;C)}x

at’ 6[1+0c(z)] dx’ [1+0(2)]

Xazuy(x,y,z,t)_i_ E(z,C) azuy(x,y,z,f)_'_azuz(x,y,z,t) N N E(Z,C) y
9xdy 2[1+6(z)]{ 9y 97’ } [K(Z) 3[1+o(z)]}
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3u_(x,y,z.1) T (x,y.z.t)
Z _K _ 7 7
X——L = (z)B(2) 5
p(z\azu),(x,y,z,t): E(zC) |9 (xy.21) 9% (xy.zt)| 9T (xy.zi)
oo 2[1+0(2)] 0 x> 0xdy dy
P 9’
VK (o) ple)e 2] EEC) [9u,e32) Bu (v yen)ll 0w leyzi) o,
0z | 2[1+0(z)] 0z dy dy

X{ SE(Z’C)]+K(Z)}+{K(Z) E(z.C) }azuy(X,y,z,t)+K(Z)82uy(x,y,z,t)

12[1+0(z) _6[1+O'(Z)] dydz 0xdy

2 2 2 aZ
p(z)a uz(x,zy,z,t): E(z,C) d ”;(x’i”z’f)+ d uz(x,ii,z,t)+ ux(x, y,z,t)+
o1 2[1+0(z)] 0x dy 0x0z
92 LY, 2, du_(x,v,z,
+ u."(x y < t) +i K(Z) aux(x’y’z7t)+ u) (x y Z t)_,r_aux(x’y’Z?t) +
0ydz 0z dox dy 0z

+li E(z,C) 6auz(x,y,z,t)_aux(x,y,z,t)_au).(x,y,z,l‘)_auz(x,y,z,t) B
60z |1+0(z) 0z dx dy dz

~k(p) T,

9z
Conditions for the system of these equations are
0 ii(x, y,z.1) -0 9 iilx, y,z.1) _0- 9 ii(x,y,z,1) 0 0 ii(x,y,z.1)
a x x=0 , a X x=L, , a y y=0 ’ a y y=L,
daleyzt) o didleyzdl a0 si (e ze) =i
a 2 z=0 a 2 z=L,

9C,(x, y, 2,1 d[.D Jd|.D
l(xa—;yz)zalcga—x|:Zﬁvs:u (-x, y,Z,l)} +alCQa_y{Zﬁvsﬂ (X,y,Z,[):|+
+ fe (6, y.2)8(t),
= £, (x,5,2)8(t)+ a.,zgai[l),s Vu (x’yaz’f)}’
x| kT

oJt

=0;

We determine spatio-temporal distributions of concentrations of dopant and radiation defects by
solving the Egs.(1), (3) and (5) simultaneously by the standard method of averaging of function
corrections [16,17]. On the first step of solving of our aim we take into account initial distribu-
tions of the considered concentrations in the Egs. (1), (3) and (5). In this situation initial condi-
tions after appropriate equations will be zero. After that we replace the required functions in right
sides of Eqgs. (1a), (3a) and (5a) on their not yet known average values ;. In this situation we
obtain equations for the first-order approximations of the considered concentrations in the follow-
ing form

(10)

0| D
+ au'Q_|:Z_ISVs,u (x, y,z,t)} —0(121/(“ (x, y7Z9T)_a11alvkl,V (x, Vs Z,T), (3b)

oy| kT

44



International Journal of Modelling, Simulation and Applications (IIMSA) Vol.1, No. 1

dVix,y,zt oD
%:fv (x,y,z)5(t)+awzga—x{k; Viu (x,y,z,t)}r
a VS
+a, Qa |: kTV ,U(x,y,z,t)} (Zlvkvv(x,y,z,T) a, awklv(x’y’z’]"),
oD, (x,y,2.t oD
%:f@ (x,v,2)8(r)+ a@[zsza—{%vsﬂ (x,y,z,t)}
3 [ Das 2
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0
Zga—{ Tr Tkl Z”)} Fhyy (o3 TV 20) K, (53,07 V (3, 2.).

Integration of the left and right sides of Eqgs. (1), (3b) and (5b) gives us the possibility to obtain
relations for above first-order approximations in the following form

a t 1% X, V,2,T Vz Y, 2, T
— Dy, (x,y,2.T)Vu (x,y,zaf){lwl (Vyf’ )+§z (()‘C/*y)zz )}X

C (x’ Vs Z’l‘)zwlcQ
dxo

7 ' 4 4
x— 1+& dt +alcijDSL(x,y,z,T) 1+ Suhic 1+ £3%c X
kT P7(x,y,z,T) dyo P7(x,y,z,T) P7(x’y,Z,T)

2
SPILLE PP V(x’y,;z’f)+gzv (x’f’zz’r) dr+ f. (x,y,2), (1)
kT (v )

\%
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0

D
+a1VzQaij 5y ou(x,yz, Z')d2'+awz§2.aij 5y u(xyzr)dr,

o +D ‘
D, (x, y,z,t)zfq)l (x, y,z) ld)IZQa_ ﬁvsy (x, y,z,T)d7+Ik1 (x,y,2.,T)I(x,y,z,7)d T+
X0 0

0 !
1<1>,ZQ

t D i
ay‘[ — VS# (x,y’z,f)dT+Ik1_1(x’y’Z,T)IZ(X,y,Z,T)dT, (SC)
0

o kT

0 ¢ Dq>vs

[

q)lv(xsy’z’t):f‘bv (x,y,z) lq)"ZQ‘axo kT

Vou (v y.z2)d 7+ [k, (6 y,2.T) V(5 y,2.7)d T+
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1<I>VZ£2‘_I Slll (x7 yv va)dr'i-j‘kvyv (-xv yv ZvT)Vz(xv y’ Z’T)df'
0

We determine average values of the first-order approximations of required functions by using the
following relations [16,17]

L.Ly

el

L,
a, = OLLL {p,(x,y,z,t)dzdydxdt. )

Substitution of these relations (1c¢), (3¢) and (5¢) into relation (9) gives us a possibility to obtain
the following relations

e a, +A) ®a,B+O°L L L.a
o 1y ed v, a, = [Ty [, O La)
LXLY L 000 4a4 a,
a,+A 1 ® L,
a ;f » Gy = {—fHf;(xay,z)dzdydx—ausm—@L)_L),LZ}’

a, SIVUU O, 000

(€} LLyL ) ' )

where S, {(Q f)”f pp(x y,z,T)I. (x,y,Z,t)Vlf(x,y,z,t)dzdydxdt, a, :SHOO(SNOO _Slloosvvoo)s

LLyL,

<LA
as =800 oo T SI2V00 = S00Swe0s @, _SIVOOSIZVOO £ £ {fv (x, Ys Z)dZdyd)C‘i'2Sv1/00S1100><

LeLyL,

<]

LLyL, LLyL. > ‘732 a, @az
a SIVOOJ-.[.[.fI(x »Zz )dzdydx Ay =Sy .[.Hf/(x Y2 )dzdydx:| , A= 8y+®22—4@k, B=—=+
000 000 A a, 6a,

e’ O}
+3\/1/q2+p3 —q—i/,lq2+p3 +q, q=—246:122 (4610 G)LLL p J LLL azl -
4 4

L. Ly

X

L, Ly,
£f1 (x, y,z)d zd ydx_Slzvoo J; E‘)‘ E‘;fl (x» y»Z)dZd ydx—@LiLiLisvvoo +S1VOO®L2L2L2

8a,
—@kﬂ—4®a—®?5-—®wz;anY—LLL®3““ _Ba,
8a? ? a, ) 54al’ 3a, 1242 18a,
R“ Sll20 1 byl

L
a, = xX,y,z2)dzd ydx,
' OLLL OLLL gggi%hi y2)dzdy

Gy =—1 S T??ﬁp(xyZ)dzdydxa
" “@OLLL OLLL LLLoooV
c] Lily L, .
where R, = [@—0)[[ [k, (x,y,2.T)I[ (x,y,2,t)d zd yd xdt .
0 000

Approximations of the above concentrations of the second and higher orders we obtain frame-
work standard iterative procedure of method of averaging of function corrections [16,17].
Framework the procedure to determine approximations with the n-th-order approximations of
concentrations of dopant and radiation defects we replace the required concentrations C(x,y,z,t),
1(x,y,z,1), V(x,y,2.1), D(x,y,z,t) and Dy(x,y,z,t) in right sides of Eqs.(1), (4) and (6) on sums of the
following sums ¢;,,+p ..1(x,y,z, t), where @, are the average values of n-th-order approximations
of concentrations of dopant and defects p ,.i(x,y,z,f). The replacement leads to the following re-
sults
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Integration of the left and right sides of Eqs. (1d), (3d), (5d) gives us possibility to obtain rela-
tions for the second-order approximations of dopant and radiation defects in the following form
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We determine average values of the second-order approximations of required functions by using

of the standard relation [16,17]
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Substitution of the relations (1e), (3e), (Se) into relation (10) gives us possibility to obtain rela-
tions for the parameter @,
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After that we determine solutions of the system of Eqs.(8). The solutions physically correspond to
components of displacement vector. To determine components of displacement vector we used
the method of averaging of function corrections in its standard form. By using this approach we
replace the above components in right sides of Eqgs. (8) by their not yet known average values ¢;.
The substitution leads to the following results
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Integration of the left and right sides of the above equations on time ¢ leads to final relations for
the first-order approximations of components of displacement vector in the following form
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Approximations of the second-order and higher orders of components of displacement vector
could be calculated by replacement of the required components in the Egs. (8) by the following
sums o4+u(x,y,z,t) [16,17]. The replacement leads to the following result
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Integration of left and right sides of the above equations on time ¢ leads to the following results
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In this paper we determine concentration of dopant, concentrations of radiation defects and com-
ponents of displacement vector by using the second-order approximations, which were calculated
by using method of averaging of function corrections. This approximation is usually good enough
approximation to carry out a qualitative analysis and to obtain some quantitative results. All ob-
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tained analytical results have been checked by comparison with results of numerical simulations.
In this paper we used explicit difference scheme to solve Egs.(1), (3) and (5).

3. DISCUSSION

In this section we analyzed distribution of concentration of dopant, infused (see Fig. 2) or im-
planted (see Fig. 3) into epitaxial layer. Annealing time is the same for all curves of these figures.
Increasing of number of curves corresponds to increasing of difference between values of dopant
diffusion coefficients in layers of hetero structure. The figures show, that presents of interface
between layers of hetero structure gives a possibility to increase absolute value of gradient of
concentration of dopant in direction, which is perpendicular to the considered interface. A conse-
quence of this result is decreasing of the dimensions of transistors included in the considered
schemes. At the same time with increasing of the considered gradient homogeneity of concentra-
tion of dopant in enriched area.

1.0
)
B
o]
0.5
n-area of p-area of
epitaxial layer epitaxial layer
0.0 1

0 a2 3LA L
X

Fig.2. 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 diffu-
sion coefficient in substrate. Squares are the experimental data from [24]. Circles are the experimental data
from [25]. Both experimental data have been obtained for heterostructures

2.0

1.0 4

C(x,0)

Epitaxial layer Substrate

0.0 T T T 1

Fig.3. Distributions of concentration of implanted dopant in heterostructure from Figs. 1 in direction, which
is perpendicular to the interface between epitaxial layer substrate. Curves 1 and 3 correspond to annealing
time ©® = 0.0048(LX2+L},2+L22)/D0. Curves 2 and 4 correspond to annealing time ® = 0.0057(Lx2 +
L)<2+L12)/D0. Curves 1 and 2 correspond to homogenous sample (D,/Dy=Dy/D,=1). Curves 3 and 4 corre-
spond to heterostructure under condition, when value of dopant diffusion coefficient in epitaxial layer is
larger, than value of dopant diffusion coefficient in substrate (D,/Dy=Dy/D,=1.2). Squares are the experi-
mental data from [26]. Circles are the experimental data from [27]. Both experimental data have been ob-
tained for homogenous samples
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To estimate annealing time it is necessary to estimate decreasing of absolute value of gradient of
concentration of dopant near interface between substrate and epitaxial layer with increasing of
annealing time. Decreasing of annealing time leads to manufacturing more inhomogenous distri-
bution of concentration of dopant (see Fig. 4 for diffusion type of doping and Fig. 5 for ion type
of doping). We determine compromise value of annealing time framework recently introduced
criterion [14-20]. Framework the criterion we approximate real distribution of concentration of
dopant by idealized step-wise function ¥ (x,y,z). Further we determine the required annealing
time by minimization of mean-square error

1 LebyL,
U = C s Vo<l )— .Y, d d d . 15
2
9 ;
-] 1
—
0 7

Fig. 4. Spatial distributions of dopant in heterostructure after dopant infusion. Curve 1 is idealized distribu-
tion 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

/_l

C(x,0)

7

Fig. 5. Spatial distributions of dopant in heterostructure after ion implantation. Curve 1 is idealized distri-
bution of dopant. Curves 2-4 are real distributions of dopant for different values of annealing time. Increas-
ing of number of curve corresponds to increasing of annealing time

After the minimization we obtain optimal value of annealing time ®. Dependences of optimal
values of annealing time on parameters are presented in Figs. 6 and 7 for diffusion and ion types
of doping, respectively. It should be noted, that it is necessary to anneal radiation defects after ion
implantation. One could find spreading of concentration of the distribution of concentration of
dopant during this annealing. In the ideal case distribution of dopant achieves appropriate inter-
faces between materials of heterostructure during annealing of radiation defects. If dopant does
not achieve to the nearest interface during annealing of radiation defects, it is practical to addi-
tionally anneal the dopant. In this situation the optimal value of the additional annealing time of
implanted dopant is smaller, than the annealing time of infused dopant.
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Fig.6. 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=00
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 £ = y= 0. Curve 3 is the
dependence of the considered annealing time on the parameter & for a/L=1/2 and € = y= 0. Curve 4 is the
dependence of the considered annealing time on parameter yfor a/L=1/2 and € =§ =0
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Fig.7. 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 &= y=
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 £ = y= 0. Curve 3 is the
dependence of the considered annealing time on the parameter & for a/L=1/2 and € = y= 0. Curve 4 is the
dependence of the considered annealing time on parameter yfor a/L=1/2 and € =§ =0

Next we analyzed the influence of relaxation of mechanical stress on distribution of dopant in
doped areas of heterostructure. Under following condition &<0 one can find compression of dis-
tribution of concentration of dopant near the interface between materials of heterostructure. Con-
trary (at &>0) one can find spreading of distribution of concentration of dopant in this area. Ac-
counting relaxation of mismatch-induced stress in heterostructure could leads to changing of op-
timal values of annealing time.
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Fig.8. Normalized dependences of perpendicular to interface between materials of heterostructure compo-
nents of displacement vector u, on coordinate. Curve 1 corresponds to diffusive type of doping. Curve 2
corresponds to ion type of doping

Farther we compare relaxation of mismatch-induced stress for diffusion and ion types of doping.
The Fig. 8 shows dependences of component of displacement vector, which is perpendicular to
interface between materials of heterostructure, on coordinate. Curve 1 corresponds to diffusive
type of doping. Curve 2 corresponds to ion type of doping. Reason of decreasing of mismatch-
induced stress is radiation processing of materials during ion implantation [23].

4. CONCLUSIONS

In this paper we consider a possibility to increase density of elements in circuits NAND and
AND. The circuits manufactured based on field-effect heterotransistors. As an accompanying ef-
fect we consider an approach to decrease mismatch-induced stress.
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