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Introduction

Currently density of elements of integrated circuits is intensively increasing. To obtain the increasing dimensions of the
elements should decreased. Presently several methods to decrease the dimensions have been developed. One way to decrease
the dimensions is growing thin films structures and manufacturing the above elements framework the structures [1-5].
Another one is using laser or microwave irradiation to anneal dopants or radiation defects [6-9]. Both types of annealing lead
to generation in homogenous distribution of temperature. In this situation one can obtain more in homogenous distribution of
dopant and consequently more compact elements framework the considered integrated circuits. Another approach to change
properties of doped materials is radiation processing [10,11].

Framework the present paper we consider an approach to manufacture smaller field-effect heterotransistors framework
circuits NAND and AND. We assume that the considered transistors have been manufactured framework a heterostructure.
The heterostructure consist of a substrate and an epitaxial layer. We consider several sections, which were manufactured in
the epitaxial layer by using other materials. After that we consider diffusion and ion types of doping to prepare p or n types of
conductivity in the considered sections. Now we consider manufacturing a field effect transistors framework the
heterostructure with epitaxial layer on FIG. 1. Now we consider annealing of dopant (for diffusion type of doping) and
radiation defects (for ion type of doping).
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Main aim of the present paper is optimization of the annealing. The optimization gives a possibility to obtain increasing of
density of transistors in these circuits with decreasing their dimensions. We also consider an approach of decreasing of
mismatch- induced stress in heterostructure.
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FIG. 1. Structure of circuits NAND and AND. View from top.

Method of solution

To solve our aim, we calculate spatio temporal distribution of concentration of dopant. We consider the distribution as
solution of the following boundary problem [10-14].
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with boundary and initial conditions
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Here C (x,y,z,t) is the spatio temporal distribution of concentration of dopant; Q is the atomic volume of the dopant; symbol

I‘Z
QS is the surficial gradient; J'C (x, Y, z,t)d Z is the surficial concentration of dopant in neighborhood of the interface
0

between materials of heterostructure (in this case we assume, that Z-axis is perpendicular to the interface be-tween materials
of heterostructure); W (x,y,z,t) is the chemical potential; D and Dg are the coefficients of volumetric and surficial diffusions
(the surficial diffusion is the consequences of mismatch-induced stress). Values of diffusion coefficients depend on proper-
ties of materials of heterostructure, speed of heating and cooling of heterostructure, concentration of dopant. Dependences of

dopant diffusion coefficients on parameters could be approximated by the following relations [12].
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Here D, (x,y,z,T) and D5 (x,y,z,T) are the spatial (due to accounting all layers of hetero-structure) and temperature (due to
Arrhenius law) dependences of dopant diffusion coefficients; T is the temperature of annealing; 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 y € [1,3]
[12], V (x,y,z,t) is the spatio-temporal distribution of concentration of radiation vacancies; V' is the equilibrium distribution of
vacancies. Concentration dependence of dopant diffusion coefficient has been described in details in [12] ref. Spatio temporal
distributions of concentration of point radiation defects have been determined by solving the following system of equations

[11,13,14].
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Here I (x, y, z, t) is the spatio-temporal distribution of concentration of radiation interstitials; 1" is the equilibrium distribution

of interstitials; D, (x, y, 2, T), Dv (X, ¥, , T), Dis (X, ¥, z, T), Dys (X, ¥, z, T) are the coefficients of volumetric and surficial

diffusions of interstitials and vacancies, respectively; terms V(x, y, z, t) and I%(x, y, z, t) correspond to generation of

divacancies and diinterstitials, respectively [11], kv (X, ¥, z, T), ki, (X, ¥, z, T) and kyy (X, y, z, T) are the parameters of

recombination of point radiation defects and generation of their complexes.

We determine spatio-temporal distributions of concentrations of divacancies @y (x, y, z, t) and diinterstitials @, (x, y, z, t) by

solving the following system of equations [11,13,14].
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Here D&, (X, Y, 2, T), DDy (X, Y, 2, T), DDis (X, Y, 2, T) and Ddys (X, Y, z, T) are the coefficients of volumetric and surficial
diffusions of complexes of radiation defects k; (x, y, z, T) and ky (X, y, z, T) are the parameters of decay of these complexes.
Chemical potential in Eq (1) could be determined by the following relation [13]

m=E(2)Ws;[u; (X, y,z,t) +u;(x,y,2,1)]/ 2,

()
where E (z, C) = E1 (2) + E2 (2) [C(x, Y, z, t)/P(X,y,z,T)] [15] is the Young modulus, oij is the stress tensor;
1( du, Ou;
Uij = E 8_X+8_X is the deformation tensor; u;, u; are the components uy (X, v, z, t), u, (X, y, z, t) and u, (X, y, z, t) of the
j i

displacement vector ; variables xi, Xj 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
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Where c is the Poisson coefficient; €y = (as-ag )/ag, is the mismatch parameter; as, ag, are the lattice distances of the substrate

and the epitaxial layer, respectively; K is the modulus of uniform compression; B is the coefficient of thermal expansion; T, is

the equilibrium temperature which coincides (for our case) with the room temperature. Components of displacement vector

could be obtained by solution of the following equations [15,16]
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Accounting the above relation for sij in the previous system of equations last system of equation could be written as
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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 [17,18]. On the first step of solving of our
aim we take into account initial distributions of the considered concentrations in the Egs. (1), (3) and (5). In this situation
initial conditions after appropriate equations will be equal to zero. After that we replace the required functions in right sides
of Egs. (1a), (3a) and (5a) on their not yet known average values oy p. In this situation, we obtain equations for the first-order
approximations of the considered concentrations in the following form
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Integration of the left and right sides of Egs. (1b), (3b) and (5b) gives us the possibility to obtain relations for above first-

order approximations in the following form
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We determine average values of the first-order approximations of required functions by using the following relations [17,18]
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Approximations of the above concentrations of the second and higher orders we obtain framework standard iterative
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procedure of method of averaging of function corrections [17,18]. Framework the procedure to determine approximations
with the n-th-order approximations of concentrations of dopant and radiation defects we replace the required concentrations
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Integration of the left and right sides of Egs. (1d), (3d), (5d) gives us possibility to obtain relations 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

[17,18]

-

yLz

TLI JJLP:(xy.2t)=pi(x y,2,t)]d zd yd xdt

Y TOLLL

Xy —z

(10)

Substitution of the relations (1e), (3e), (5€) into relation (10) gives us possibility to obtain relations for the parameter s,

(b,+E) [ ®a3F+®2LLLblj b, +E
c=0, 0 =0, ey =0, O, = |-————-4| F + Y — )
2 J 417 b, 4h,

_ Cy — a3y Swvoo — %y (stvm +Sivio +®LxLyLz) Svver ~Sivas

SIVOl +a2VSIVOO

where
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6L, Ly L, y 6L, Ly L, y

S 60S S1i00S 2 Sy uSw
ot b2:—G;'E‘:L\;VLO:(S\N02+S|Vl1+cv)—(®LXLyLZ—ZSWOl+S,V10) +_@I)VLOX1LYL(10X

Xy -z

®LXLyLZ + SIVOl +28II10 +28IV01

Sy
- DR (OL L, L, + 28150 + S ) + Swoo (281 + Swao *

eLL,L, ohbh
e & -Swe=S C.Sy 2
+®|—xLyLZ)_SIVOO @l\:/;)-zyLz o @ZLilzzyol.li B oL,L,L, SrwSwooSio b, =S, *

Sy +S + S
X(ZSVV01+SIV1O +®LxLyLz) IVH@L vli/olz_ C\, + @LI\I/_OlL (®LxLyLz +28||10 +S|v01)(28vv01+
Xy Xy 2z

3S,,01 + 25,1, +OL,L L, S
~E e > (Cv_vaoz_Slvn)"'zclslvooslvm_MX

+Sy10+OL, LyL, ) =Sy

L eL,L,L, oL,
S: S > S
—L;VE: b = @LX”ESLZ (Swoo *Swez) —Swar & @II_\:lliyLZSWOZ (@LXLyLZ +2S,, +S|v01)+
S a,, 0, S
+2C|S|2vol_ﬁl_oyll_z(@LXLyLZ +2S,5, +S|v01)(cv ~Spwe—Swu) G, = W
alZISHOO _ SllZOSHZO _alVS|VllS|V00 + alzlslloo _ S||208||20 _ SIV11

C
eLLL eLLL eLLL eLLL eLLL oeLLL C =a0a, X

2
X S|v00 +a1vsvv00 _vaoz _S|v11
Oa,

+
E:\/8y+®zgz_4®3, F=iVries—r-Jries+r+ 6a,

a, a,

3 2 2 31,3 412
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After that we determine solutions of the system of Egs. (8). The solutions physically correspond to components of
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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 Egs. (8) by their

not yet known average values a;. The substitution leads to the following results.

p(z)az Uy, (X, Y, 2,t) —K(z)ﬂ(z)aT(X’y'z’t)

ot’ Ox
p() Iy (3)p ) VLY
p(0) T YLD _ () () T 2Y

Integration of the left and right sides of the above equations on time t leads to final relations for the first-order
approximations of components of displacement vector in the following form

Uy, (X, Y,2,t) = K(z)ﬂ(z)ijfT(x, y,z,7)dzd S—K(z)ﬂ(z)iﬁT (x,y,2,7)d 7d 3+u,,,

z) & $¢
—_([_([T(x, y,z,7)dzd 9+,

a o 4
—E[! T(xYy,z,7)dzd 9+u,,

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 o, + u; (X, Y, z, t) [16,17]. The replacement
leads to the following result.

p(Z)GZUZX(x,y,z,t)_{K(z)+65E(z,C) }82ulx(x,y,z,t)+{K(z) E(z,C) }azuly(x,y,z,t)Jr
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0 X
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FRLOICEU I LN LN L MCTAD)

ot* 2[1+0(z)]
) K(Z)+azuly(x, y,z,t){ 5E(z,C) T_K(Z)}JFEE{E(Z,C){8uly(x, y.2t)  ou,(x y,z,t):|}+

oy 12[1+0(2) 20z |1+0(z) 01 oy
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Integration of left and right sides of the above equations on time t leads to the following results
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00

2

t 9 az t g a t 9
”uly(x, y,z,7)dzd Sj{—Z”uly(x, y,z,7)dzd 19+—2”ulz(x, y.z,7)dzd 9} x
yOO ay 00 az 00

p()axa

ErEHay p<1z>afzazij““(x'y’“””9{K<Z>+%}—K<z>ﬁ8x
%_([JjT (xy.27 drd19——7z.fulx (xy,2,7) drd&l{ (2)+ ;i—ifz))]}_
ﬁ{‘“z) [11522)]}55;@@% )z K@ LTz aras
pH 2p1<z>1+(a<z)>{aay22ﬁ““ o)z e T ffu y’z’f>dfdﬂ+
_;%SggﬂijwixyzrﬂrdS{ 1+0 }
u2y<x,y,z,t>:Zpl(z)ff;(cz{;;Ijun(x,y,zj)drmaf;y ﬁulx(x,y,z,r)dm}

K(z) & ;¢ & 5E(z,C)
+p(z)8xay!-([u (XyZT)de19+—a—y2_([‘([le X, Y,2,7) drd&{m+K(z)}+

17



www.tsijournals.com | October 2016

N—"

L 8{ (z C)LZHUW (x,y,2, r)drd,9+—”ulZ (x,y.z, r)drd&}} K(z )ﬂ ‘

2p(2) 01 |1+0(2) (z

)
x.([_([T (x,y,z,7)dzd 3+${K(z) G[Ii(rza }ayaz-([-([uly x,y,z,7)drd 9- 1+(0(CZ))

!

1 az 0 9 o 9 w0 9
x uXxyZTdrd8+ U, (xy,z,7)dzd 3:—||T (X,¥,2,7)dzd 3 x
20z |0 1" yMl( ) } [Jr Gey.ze)
ﬂ(Z) K(Z) 82 w0 3 0 3
x K(z — u Xy,ZTdeS— u,(x,y,z,7)drd 9{ K(z)+
e p(Z)axayM 2 ) ayzﬂ : tk@)

5E(Z,CZ) }_ 1 E{E(z,c{aa Iju” (%, Y,2,7) drd19+—”ulz (x.y.2, r)drdg}}

1 E(z,C) 24
_M{K(Z)_G[l—ka( )]}ayaz!;[u” X Y,2,7) dzd $+up,

o%u,, (X,¥,2,t) 1 E(zC)| &* %% o° T
pee :2p(2)1+0'(2) e IIUlZ(XyZT)de'9+ay2-([ u,(xy,z,7)dzd 9+

9
]
0
w4
”uly x Y, Z, r drd 9}—{
00

a o 4 a 0 4
+8x62-([£ulx(x Y,2,7) drd9+ PP {&ﬂun (x,y,z,7)drd 3+
07t 0Tt o |E(z,C)
+— | U, (X, y,z,7)dzd 3+—| |u, (X, Y, 2,7)d7d 3 |K(zZ + — X
gyl enz az££1< 1) 09 K0 v e

8°°3 aw‘g awS
6-— v,2,7)drd9--< y,2,7)drd 93— v.z.r)drd 9—
o2 Jfu e es axﬂulxuyu) a5 1fu, (xy0) o

__”ulz xyzf)deg}} ﬁ (x,y,z,7) dzd 3+u,,
00

In this paper we determine concentration of dopant, concentrations of radiation defects and components 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. Everything obtained 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).
Discussion
In this section we analyzed dynamics of redistributions of dopant and radiation defects under the influence of

mismatch-induced stress during annealing. Typical distributions of concentrations of dopant in heterostructure are
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presented on FIG. 2 and 3 for diffusion and ion types of doping, respectively. These distributions have been
calculated for the case, when the value of dopant diffusion coefficient in doped area is larger, than in nearest
areas. The figures show, that inhomogeneity of heterostructure gives us a possibility to increase 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 achieve any interfaces be-tween the materials of heterostructure. 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 [18-26]. By applying this criterion, the criterion, we approximate real distribution of concentration of
dopant by a step wise function FIG. 4 and 5. Next we determine optimal values of annealing time by minimization

of the following mean-squared error

p-arsa of
epitaxial layer

n-arza of
epitaxial layer

FIG. 2. Distributions of concentration of infused dopant in heterostructure from Fig. 1 in direction, which is
perpendicular to interface between epitaxial layer substrate. The increasing number in the curve corresponds to an
increase in difference between values of dopant diffusion co-efficient in layers of heterostructure under condition,
when the value of dopant diffusion coefficient in epitaxial layer is larger, than value of dopant diffusion coefficient in
substrate (D1/Dg=1, D1/Dy=1.2, D1/Dy=1.4, D1/D¢=1.6, D1/Dy=1.8, D1/ Dy=1.999, D,/Dy=Dy/D,, respectively; ®=0.01
(LX2+Ly2+LZZ)/D0; average value of dopant diffusion coefficient is equal to Dy=1; D; and D, are values of dopant
diffusion co-efficient in doped material of heterostructure and in nearest material). Squares are the experimental data
from [27]. Circles are the experimental data from [28]. Both experimental data have been obtained for

heterostructure.
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FIG. 3. Distributions of concentration of implanted dopant in heterostructure from Fig. 1. in direction, which is
perpendicular to the interface between epitaxial layer substrate. Curves 1 and 3 correspond to annealing time ® =
0.0048 (L, +L,*+L,%)/D,. Curves 2 and 4 correspond to annealing time ® =0.0057 (L, + L,+L,%)/D,. Curves 1 and 2
correspond to homogenous sample (D1/Dy=Dy/D,=1). Curves 3 and 4 correspond 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=D¢/D,= 1.2). Squares are the experimental data from [29]. Circles are the experimental data from

[30]. Both experimental data have been obtained for homogenous samples.

L Ly L

U= - I_1L _([!_([[C(x,y,z,t)—y/(x,y,z)] dzdydx

Xy 'z

(15)

Where vy (X, Y, z) is the step-wise approximation of spatial distribution of concentration of dopant C (X, vy, z, t). We minimize
the mean-squared error as the function of time. After the minimization, we obtain optimal value of annealing time ©.
Dependences of optimal values of annealing time on parameters are presented in FIG. 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 do-pant achieves appropriate interfaces 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 additionally 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.

Clx,®)

0 L

FIG. 4. Spatial distributions of dopant in heterostructure after dopant infusion. Curve 1 is an idealized distribution of
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dopant. Curves 2-4 are real distributions of dopant for different values of annealing time. The increasing number in

the curve corresponds to the increasing annealing time.

N

X
FIG. 5. Spatial distributions of dopant in heterostructure after ion implantation. Curve 1 is an idealized distribution of
dopant. Curves 2-4 are real distributions of dopant for different values of annealing time. The increasing number in

the curve corresponds to the increasing annealing time.
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FIG. 6. Dependences of dimensionless optimal annealing time for doping by diffusion, which have been obtained
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 values of dopant diffusion coefficient in all parts of
heterostructure. Curve 2 is the dependence of dimensionless optimal annealing time on the value of the parameter
g for a/L=1/2 and € =y = 0. Curve 3 is the dependence of dimensionless optimal annealing time on the 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 y for a/L=1/2 and ¢ = § = 0.
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FIG. 7. 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 values of dopant diffusion coefficient in all parts of

heterostructure. Curve 2 is the dependence of dimensionless optimal annealing time on the value of the parameter

g for a/L=1/2 and € =y = 0. Curve 3 is the dependence of dimensionless optimal annealing time on the 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 y for a/L=1/2ande =§ =0

Next we analyzed the influence of relaxation of mechanical stress on distribution of do-pant in doped areas of heterostructure.
Under following condition £0<0 one can find compression of distribution of concentration of dopant near the interface
between materials of heterostructure. Contrary (at €0>0) one can find spreading of distribution of concentration of dopant in
this area. Accounting relaxation of mismatch-induced stress in heterostructure could leads to changing of optimal values of

annealing time.
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FIG. 8. Normalized dependences of perpendicular to interface between materials of heterostructure components 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,
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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 [26].

Conclusion

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