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ABSTRACT

In this paper, we introduce an approach to optimize manufacturing of an operational amplifier circuit
based on field-effect transistors. Main aims of the optimization are (i) decreasing dimensions of
elements of the considered operational amplifier and (ii) increasing of performance and reliability of the
considered field-effect transistors. Dimensions of considered field-effect transistors will be decreased
due to manufacture of these transistors framework heterostructure with specific structure, doping of
required areas of the heterostructure by diffusion or ion implantation, and optimization of annealing of
dopant and/or radiation defects. Performance and reliability of the above field-effect transistors could
be increased by optimization of annealing of dopant and/or radiation defects and using inhomogeneity
of properties of heterostructure. Choosing of inhomogeneity of properties of heterostructure leads to
increasing of compactness of distribution of concentration of dopant. At the same time, one can obtain
increasing of homogeneity of the above concentration. In this paper, we also introduce an analytical
approach for prognosis of technological process of manufacturing of the considered operational amplifier.
The approach gives a possibility to take into account variation of parameters of processes in space and
at the same time in space. At the same time, one can take into account nonlinearity of the considered
processes.

Key words: Integrator operational amplifier, increasing integration rate of field-effect heterotransistors,
optimization of manufacturing

INTRODUCTION one can obtain a possibility to increase integration
rate of elements of integrated circuits due to changing
of diffusion speed with coordinate. In this situation,
one can obtain decreasing dimensions of elements
of integrated circuits!’® with account Arrhenius
law.!'3) Another approach to manufacture elements
of integrated circuits with smaller dimensions
is doping of heterostructure by diffusion or ion

of infused dopants. These types of annealing are implantation.'* Hovyeyer, in this case, optimization
also widely using for annealing of radiation defects, ~ ©f dopant and/or radiation defects is required."

generated during ion implantation.'”) Using the In this paper, we consider a heterostructure.
approaches leads to generating inhomogeneous The heterostructure consists of a substrate and
distribution of temperature. In this situation several ~ several epitaxial layers. Some sections have been
parameters (such as diffusion coefficient and other) ~ manufactured in the epitaxial layers. Further, we
became inhomogeneous. Due to the inhomogenety ~ consider doping of these sections by diffusion or
ion implantation. The doping gives a possibility

An actual and intensively solving problems of solid-
state electronics are increasing of integration rate of
elements of integrated circuits (p-n junctions).!'®!
Increasing of the integration rate leads to necessity
to decrease their dimensions. To decrease, the
dimensions are using several approaches. They are
widely using laser and microwave types of annealing

Address for correspondence: to manufacture field-effect transistors framework
E. L. Pankratov an integrator circuit so as it is shown in Figure 1.
E-mail: elp2004@mail.ru The manufacturing gives a possibility to increase
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Figure 1: The considered amplifier circuit™

density of elements of the operational amplifier
circuit.”! After the considered doping, dopant
and/or radiation defects should be annealed.
Framework the paper, we analyzed the dynamics
of redistribution of dopant and/or radiation defects
during their annealing. We introduce an approach to
decrease the dimensions of the element. However,
it is necessary to complicate technological process.

Method of solution

In this section, we determine spatiotemporal
distributions of concentrations of infused
and implanted dopants. To determine these
distributions, we calculate appropriate solutions
of the second Fick’s law.[!3:18-23]

J C(x,y,z,t)
ot

0 _D 07C(x,y,z,t)_

D
+(9y_ ¢ dy |
0 8C(x,y,z,t)
—\ D, —— 1
+(9Z|: ¢ dz D
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Boundary and initial conditions for the equations are

aC(x,y,Z,t) _ aC(x,y,z,t) 0o
ox - ’ ox - ’
aC(x,y,Z,t) _o BC(x,y,z,t) x o
dy o ’ dy L ’
aC(x,y,z,t) dC(x,y,2,t) |
dz Y dz szZ’
=0, C(x,y,2,0)= f(x,y,2) ()

The function C(x,y,z,f) describes the spatiotemporal
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 ofheterostructure,
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.?-2?!

c’ (x,y,z,t) }

D.=D, (x,y,z,T)[l+§Py (ono7)

& (x, V, z,t)

i

PEEET 3)
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Here, the function D, (x,y,z,7) describes the 30(x. vzt do(x. vzt
spatial (in heterostructure) and temperature % =0, % =0,
(due to Arrhenius law) dependences of diffusion y y=0 Y =L,
coefficient of dopant. The function P (x,y,z,7T) 3

) 9= 5 5 ,t
describes the limit of solubility of dopant. 9p(xy.z0)  _ ,M
Parameter y €[1,3] describes average quantity 0z 220 9z =L,
of charged defects interacted with atom of =0, r(x, y,2,0) = fr(x, ,2) (5)

dopant.? The function V (x,y,z,f) describes the

spatiotemporal distribution of the concentration  py..o p =LV. The function 7 (x,y,z,¢) describes the
of rad1at'1c'>n _vacancies. Pgrameter v descrlbes spatiotemporal distribution of the concentration of
the equilibrium distribution of concentration |, jiation interstitials: D (xy.zT) is the diffusion
. . . . . b . /.) ) b
of vacancies. The cons.lderc.ed concent.ratlonal coefficients of pointradiation defects; terms V2(x,y,z,f)
Sep eradencgb OC?. dgpfr}f Sol]ffllimﬁn lcc?gfﬁmitné tllllai and P(x,y,z,t) correspond to generation divacancies
een described in details™”. It should be noted tha - P .
and di-interstitials; &, (x is the parameter of
using diffusion type of doping did not generation ot X -I’V( ’in’D P
5 PP B AN recombination of point radiation defects; k, ; (xy,z,T)
radiation d(?fects. Ig this s1tuat10p ;1 T =0 and k, (x,y,z,T) are the parameters of the generation
we deterrpme spatl'oteimporal dlstrlbuthns of of simplest complexes of point radiation defects.
concentrations of radiation defects by solving the /o1 we determine distributions in space and

' ions [21:22] . : ) .
following system of equations. time of concentrations of divacancies @ (x,y,z,1)

and di-interstitials @ (x,y,z,f) by solving the
M = ai{ D, (x, .z, T)M} following system of eq{lati()ns.[Zl,zz]
t X X
0 ®,(x,y,2,1)
+i D, (x,y,z,T)M T
) N ( )
d [ 0D, (x,y,z,t }
= — D (.x,y,Z,T)—
+i D, (x,y,z’T)M ox| ox
0z 0z
8 D T 8€DI(X,y,Z,t)
ki (3 2,T) 1(x,2,2,0) V (%, 3, 2,0) P L e
~k,, (x.3.2.T) I (x,3.2.1) )
: +ai|:Dq>1 (L)’,LT)M}
z z
oV (x,y,z,t oV (x,,z,t
%:%[DV (X,y,Z,T)%} +k[’1 (xoy:.Z,T)]z(x,y,Z,t)
~k, (%,3,2,T)1(x,p,z,1) (6)
0 aV(x,y,z,t)
T A T 9 B (x.y.2.1)
at
0 aV(x,y,z,t)
+£|:DV(x:ysZgT)T :ai|:D¢V (x,y,Z’T)M}
X X
_kI»V (x,y,Z,T)I(X,y,Z’t) V(x>y9zat) a a(DV (X,y,Z,l‘)
- D@V(xsyazaT)—
+hyy (X, 3,2, )V (x,,2,1) dy Jy

. o, . o, . . a
fr(;undary and initial conditions for these equations N - [ D, (x, . T)
z

oD, (x, y,z,t)
dz

+ky (x,y, z,T) y? (x,y, z,t)
—k, (x, v,z, T)V(x, y,z,t)

9p(x,y,2,1)
’ dx

0p(x,v,2,1)
dx
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Boundary and initial conditions for these equations
are

0P, (x,y,z,t) 0 0P, (x,y,z,t) 0
0x 0 ’ 0x - ’

0D, (x,y,z,t) B 0P, (x,y,z,t) 0
ay y=0 ay y=L,

0P, (x, v, z,t) 0 0D, (x,y,z,t) 0
0z o ’ 0z . ’

D, (x.y,2,0) =1, (x.y,2), P, (x.y.2,0)=1,, (x.y.2) (7)

Here, D q)p(x,y,z,T) is the diffusion coefficients
of the above complexes of radiation defects;
k(xy,zT) 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.!'™ The approach
based on transformation of approximations of
diffusion coefficients in the following form:
Dp(x,y,z,T)=DOp[l+ep gp(x,y,z,T)], where Dop is the
average values of diffusion coefficients, 0§8p<1,
\gp(x,y,z,T)]Sl, p=LV. We also used analogous
transformation of approximations of parameters
of recombination of point defects and parameters
of generation of their complexes:
kI,V x’y’Z’D=k01,V[l+81,V &Ly x.y,2,1)], kl,l(x’y’Z’T)
:kou [1+81,1 &, 1(x’y’Z’T)] and kV, Vx’y’Z’T):kOV,V
[l+e,, g, (xy.2,T)], where kopw2 is the their
average values, 0<¢ <1, 0<¢ <1,0<¢,, <1, |

g oyl g, ey <1 g, (xy.zD < 1.
Let us introduce the following dimensionless

i(x,y,z,t)z[(x,y,z,t)/l* ,
V(x,y,z,t): V(x,y,z,t)/V* R

= L2k01,1// Dy, Dy, Q,o = szOp,p/\/DOIDOV >

¥ =D, D,, t/I’,y =x/L,n=y/L,p=z/L.The

variables:

introduction leads to transformation of Equations (4)
and conditions (5) to the following form:

ol (x,m,0,9)
90

D |:l+81g1 (Z’naq)oT):I

0/ ~
= / B a[ s s 919
DOIDOV ax (%n(p )

dx

d
+%{|:1+81g[ (%9na(p5T):|
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Xaf(%,n,fp,ﬁ)} Dy _,

ar’ \/DOIDOV
[1+e,g (x.n.0.7)]
' — 90 oI (2. 1,9,9)
a0
_i(%:n’(paﬁ)
xo[1+€,g,, (2.1.0.7) ]V (2.1.0.9)
_QI |:1+SI,IgI,[ (x’n5(0:T):| ]~2 (%ana(p’ﬁ) (8)

oV (2.1, 9,9)
90

D |:1+€VgV (%97”@57—')]

ma% X:naq)a

X

5
+%{[l+eygy (2.n.9.7)]

oV (x.m, (o,ﬁ)} D,,
X
an \/DOIDOV

D |:1+8VgV (%’na(poT):I

I 5
DD, 00 IV (2,1n,0,9)

¢
~1(x,m,0,9)

xo [1+€,,8., (x.0.0.7)]V (xn.¢.9)
-Q, |:1+8V,VgV,V (}C,TI,QD,T)] V? ()C,n,(p,ﬁ)

p(xn98)  _, 9(med)
0x oo dx .
p(2me.8)  _ 2p(xned) _
87’] n=0 an n=1
Ip(2me.8)  _ o 9p(xned)
e oo 09 ool
~ 1o (:n.0,9
p(x,n,¢,z9)=—"( : ) )

We determine solutions of Equations (8) with
conditions (9) framework recently introduced
approach,!® i.e., as the power series
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p(x.n.0.9 =Z£ Zw’Zﬂpp,,k 2:109,9)
i=0 j=0 k=0

(10)
Substitution of the series (10) into Equations (8)
and conditions (9) gives us possibility to obtain
equations for initial order approximations of
concentration of point defects 1, (x,1,9,9) and

Voo (X:1,0,8) and  corrections for them

iz]k (Zan’(p,ﬁ) and l]k(x’n @,19), i > 1’] > 1’

k>1.The equations are presented in the Appendix.
Solutions of the equations could be obtained by
standard Fourier approach.?**! The solutions are
presented in the Appendix.
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)ZDO o1t
(x,y,z T)], where D, is the average values
d1ffus10n coefﬁc1ents "In this situation, the
Equatlon (6) could be written as

Jd P, (x,y,z,t) B
dt
[1+8¢,g®, (x,y, Z,T):I
Doq>la D, (x,y,z,t)
dx
+k1,1 (x,y,z,T) I? (x,y,z,t)+

[1 +E4,8a; (x,y,z,T)]
29, (x,y,z,t)
dy

[l + 4,84 (x, V, Z,T):'
oD, (x,y,z,t)
0z

+D0c1>1 x

+D0<1>1 E

—k, (x,y,z,T)](x, v, z,t)

o, (x, V,2,1)
ot

|:1+g<I>Vg<DV (XayaZaT)]
= DOCDVZ aCDV (x,y,z,t)
dx

+k, , (x,y, z,T) I’ (x,y, z,t)
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[l+8¢,,g¢,/ (x,y,z,T)]
+Dyr E oD, (x,,z,1)
dy

[l+€q,,,gq,,, (x,y,z,T)]
+Dyqy e D, (x, V,z, t)
0z

—k, (x,y,z,T) I(x,y,z,t).

Farther, we determine solutions of above equations
as the following power series:

=3

@p (x,y, z,t) = Zsép@pl (x V,Z, t)

i=0

(1D

Now, we used the series (11) into Equation (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 @p (x,,z,1), corrections for
them @p(x,,z,) (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!**?*! and presented in the Appendix.

Now, we calculate distribution of concentration of
dopant in space and time using the approach, which
was used for analysis of radiation defects. To use the
approach, we consider the following transformation
of approximation of dopant diffusion coefficient:
D (xyzT) = D,[1 + ¢g (xy.zT)], where D, is
the average value of dopant diffusion coefficient,
0<¢<1,|g(xyzT)| < 1. Farther, we consider
solution of Equation (1) as the following series:

= oo

C(an/:Zat): 282251Cy (x,y,Z,t).

=0 j=1

Using the relation into Equation (1) and
conditions (2) leads to obtain equations for the
functions C,xy.z,0)(i21,/21), boundary and initial
conditions for them. The equations are presented
in the Appendix. Solutions of the equations have
been calculated by standard approaches.**?*! The
solutions are presented in the Appendix.

We analyzed distributions of concentrations of dopant
and radiation defects in space and time analytically
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
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to obtain quantitative results. All analytical results
have been checked by numerical simulation.

DISCUSSION

In this section, we analyzed spatiotemporal
distributions of concentrations of dopants. Figure 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 area is larger than the value of dopant
diffusion coefficient in nearest areas. In this situation,
one can find increasing of compactness of 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 [Figure 3].

It should be noted that framework the considered

Substrate

Epitaxial layer

2.0

13 =

1.0

C(x.0)

Epitaxial layer Substrate

0.5

LI/4 Ll/2 3LI/4
x

Figure 2: (a) Dependences of concentration of dopant, infused in heterostructure from Figure 1, on coordinate in
direction, which is perpendicular to interface 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 is larger than the value of dopant diffusion coefficient in the substrate. (b) Dependences

of concentration of dopant, implanted in heterostructure from

Figure 1, on coordinate in direction, which is perpendicular

to interface 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

is larger than the value of dopant diffusion coefficient in the substrate. Curve 1 corresponds to homogeneous sample and
annealing time © = 0.0048 (L +L *+L ?)/D,. Curve 2 corresponds to homogeneous sample and annealing time © = 0.0057
(L}HL+L?)/D,. Curves 3 and 4 correspond to heterostructure from Figure 1; annealing times © = 0.0048 (L *+L *+L ?)/D,

and © = 0.0057 (L > +L *+L?*)/D,, respectively

C(x.0)

Clx.@)

N\

0OR -

06 - 7 T 1
~-a0,==1./3 i} a=2L/3

E X

1.00000

0.10000
Epitaxial
layer 2
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0 L4 3L/4
&

—
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Figure 3: (a) Distributions of concentration of dopant, infused in average section of epitaxial layer of heterostructure from
Figure 1 in direction parallel to interface 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 the value of dopant diffusion coefficient in the nearest sections. (b) Calculated distributions
of implanted dopant in epitaxial layers of heterostructure. Solid lines are spatial distributions of implanted dopant in system
of two epitaxial layers. Dashed lines are spatial distributions of implanted dopant in one epitaxial layer. Annealing time

increases with increasing of number of curves
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approach one should optimize annealing of dopant
and/or radiation defects. To do the optimization,
we used recently introduced criterion. -3¢
The optimization based on approximation real
distribution by step-wise function (x,),2)
[Figure 4]. Farther, the required values of
optimal annealing time have been calculated by
minimization the following mean squared error:

We show optimal values of annealing time as
functions of parameters on Figure 5. It is known that
standard step of manufactured ion-doped structures
is annealing of radiation defects. In the ideal case,
after finishing the annealing dopant achieves
interface between layers of heterostructure. If the
dopant has no enough time to achieve the interface,
it is practicable to anneal the dopant additionally.
Figure 5b shows the described dependences of

3 Ly 'z . .. . .
_ 1 B C(x,9,2,0) optimal values of additional annealing time for the
U= J‘ .[ J. dzdydx  (12) : .
LLL 440 -v(xy,z) same parameters as for Figure 5b. Necessity toanneal
radiation defects leads to smaller values of optimal
p
2
) 3 5
o 1 S
-
\k
0 I, ° . L
A ]

Figure 4: (a) Distributions of concentration of infused dopant in depth of heterostructure from Figure 1 for different
values of annealing time (curves 2—4) and idealized step-wise approximation (curve 1). Increasing of the number of
curve corresponds to increasing of annealing time. (b) Distributions of concentration of implanted dopant in depth of
heterostructure from Figure 1 for different values of annealing time (curves 2—4) and idealized step-wise approximation
(curve 1). Increasing of number of curve corresponds to increasing of annealing time

0.5 1 )
2 0.12
._3/ 2
044 4 _)
/_ . 0.08 4
L 037 . % S,
Q ] 3 :; 4 R
© 024 3
| 1 0.04
1
0.1 4 ]
0.0 T T r T T 1 r I . . 0.00 T I . I r I r .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
a’L, &, 8y a’L & ey
& : [b]

Figure 5: (a) 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 a/L and ¢ =y = 0 for equal to each other values of dopant diffusion
coefficient in all parts of heterostructure. Curve 2 describes the dependence of the annealing time on value of parameter

¢ for a/L=1/2 and £ =y = 0. Curve 3 describes the dependence of the annealing time on value of parameter ¢ for a/L=1/2

and e =y = 0. Curve 4 describes the dependence of the annealing time on value of parameter y for a/L=1/2 and e ==

0. (b) 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 a/L and ¢ =y = 0 for equal to each other values of dopant diffusion
coefficient in all parts of heterostructure. Curve 2 describes the dependence of the annealing time on value of parameter &
for a/L=1/2 and & =y = 0. Curve 3 describes the dependence of the annealing time on value of parameter ¢ for a/L=1/2 and

& =7y=0. Curve 4 describes the dependence of the annealing time on value of parameter y fora/L=1/2ande=¢=0
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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 an operational
amplifier circuit. The approach gives us possibility
to decrease area of the elements with smaller
increasing of the element’s thickness.
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APPENDIX

Equations for the functions fi/.k (2,n,9,9) and Iijk (x,n,9,9),i>0,; >0, k>0 and conditions for them
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Equations for functions (Dpi(x,y,z,t), i >0 to describe concentrations of simplest complexes of radiation
defects.
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where s (x) = sin (m n x/L ).
Equations for the functions Cl.].(x,y,z,t) (i >0, j >0), boundary and initial conditions could be written as
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