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Abstract

In this paper we introduce an approach to increase density of field-effect transistors in the framework
of an operational amplifier. In the framework of the approach we consider manufacturing the inverter
in heterostructure with specific configuration. Several required areas of the heterostructure should be
doped by diffusion or ion implantation. After that dopant and radiation defects should by annealed
framework optimized scheme. We also consider an approach to decrease value of mismatch-induced
stress in the considered heterostructure. We introduce an analytical approach to analyze mass and heat
transport in heterostructures during manufacturing of integrated circuits with account mismatch-
induced stress.

Keywords: Operational amplifier, optimization of manufacturing, accounting of missmatch-induced
stress, analytical approach for modelling

Introduction

In the present time several actual problems of the solid state electronics (such as increasing
of performance, reliability and density of elements of integrated circuits: diodes, field-effect
and bipolar transistors) are intensively solving 6. To increase the performance of these
devices it is attracted an interest determination of materials with higher values of charge
carrier’s mobility ["1%. One way to decrease dimensions of elements of integrated circuits is
manufacturing them in thin film heterostructures % 1. In this case it is possible to use
inhomogeneity of heterostructure and necessary optimization of doping of electronic
materials [*2 and development of epitaxial technology to improve these materials (including
analysis of mismatch induced stress) 351, An alternative approaches to increase dimensions
of integrated circuits are using of laser and microwave types of annealing [*6-281,

Framework the paper we introduce an approach to manufacture field-effect transistors. The
approach gives a possibility to decrease their dimensions with increasing their density
framework an operational amplifier. We also consider possibility to decrease mismatch-
induced stress to decrease quantity of defects, generated due to the stress. In this paper we
consider a heterostructure, which consist of a substrate and an epitaxial layer (see Fig. 1). We
also consider a buffer layer between the substrate and the epitaxial layer. The epitaxial layer
includes into itself several sections, which were manufactured by using another materials.
These sections have been doped by diffusion or ion implantation to manufacture the required
types of conductivity (p or n). These areas became sources, drains and gates (see Fig. 1).
After this doping it is required annealing of dopant and/or radiation defects. Main aim of the
present paper is analysis of redistribution of dopant and radiation defects to determine
conditions, which correspond to decreasing of elements of the considered operational
amplifier and at the same time to increase their density. At the same time we consider a
possibility to decrease mismatch-induced stress.
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Fig la: Structure of the considered operational amplifier [24]
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Fig 1b: Heterostructure with a substrate, epitaxial layers and buffer layer (view from side)

Method of solution
To solve our aim we determine and analyzed spatio-temporal distribution of concentration of dopant in the considered

heterostructure. We determine the distribution by solving the second Fick's law in the following form [t 19-23],

oC(x,y,2,1) 51{D600g%z¢q+<9{Dacogmziq+gi{D8C0c%Zﬂq+

ot ox X oy oy o7 o7

o [ D, .
+Q&{EVSM(X, Y, z,t)gc(x, y,W,t)dW} +
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+ Qi{& V (X, Y, z,t)LfC (x, y,W,t)dW}

oy| kT 0 1)

with boundary and initial conditions

oC(x,y,z,t) 0 8C(x,y,z,t)| 0 oC(x,y,z,t) 0
8X ax x=L, ay y=0

x=0

, C (xy,2,0)=fc (x,y,2),

oC(y.zt) 5 aC(xy.zt)| _, oCkyzt) g
ay x=L, 0z B 0z

12 z=0 X=Lz

i 1

Here C(x,y,z,t) is the spatio-temporal distribution of concentration of dopant; Q is the atomic volume of dopant; Vs is the
L

symbol of surficial gradient; IC(X, y,z,t)d Z is the surficial concentration of dopant on interface between layers of
0

heterostructure (in this situation we assume, that Z-axis is perpendicular to interface between layers of heterostructure);

a(X,y,z,t) is the chemical potential due to the presence of mismatch-induced stress; D and Ds are the coefficients of volumetric

and surficial diffusions. Values of dopant diffusions coefficients depends on properties of materials of heterostructure, speed

of heating and cooling of materials during annealing and spatio-temporal distribution of concentration of dopant. Dependences

of dopant diffusions coefficients on parameters could be approximated by the following relations 22231,

C’(x,,2,t) V(x,y,z,t)  V3ixvy,zt)
1+§P7(x,y,z,T)}{l+ VAR (\/*)Z ' @

C’(x,y,2,t) 1+gV(x,y,z,t)ng V3(x,y,z,t)
P”(x,y,2,T) ' ’ A

Here D. (x,y,z,T) and Dys (x,y,z,T) are the spatial (due to accounting all layers of heterostruicture) 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 e [ 31 [21;
V (x,y,z,t) is the spatio-temporal distribution of concentration of radiation vacancies; V" is the equilibrium distribution of
vacancies. Concentrational dependence of dopant diffusion coefficient has been described in details in 2!, Spatio-temporal

distributions of concentration of point radiation defects have been determined by solving the following system of equations [
22, 23]

ol (Xai/ zt) _ jX{D' (x.y, z,T)m ();)3(/ z,t)}r ;”y{DI (x.y, z,T)m (xa;/ z,t)}r

oo

Ds = DSL(X’ Y, Z’T)|:1+égs

+i{DI (x, y,z,T)%y’z’t)}—kI (X, y,2,T) 12(x, y,2,t) =k, (X, y,2,T) x
o1 o1 ' '

o[D L
x1(x,y,z2,t)V (x, y,z,t)+Q—{iVSy (x,y,z,t)[ 1 (X, y,W,t)dW}+

OxX| kT 0

0l &Vsy (x,y,z,t)LjZI(x, y,W,t)dW
8y KT 0 3)
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L e e L R

ot O X OX oy oy

o oV (x,y,z,t)| 2 B y
+E|:DV(X’y’Z’T) 57 :| kv,v(x’y’Z’T)V (x,y,z,t) kl,V(X’y’Z’T)

L,
x1(x,y,2,t)V(x,vy, z,t)+Qi{%Vsy (x,y,2,t)[V (x, y,W,1) dW}L
0

ox| kT
02| Bey y(x,y,z,t)LfV (x,y,W,t)dW
oy| kT ° 0

With boundary and initial conditions

21(xy,zt) o A1(x,y,z,t) _0 21(x,y,z,t) 0
O X B O X oy

x=0 X=Ly

21(x,y,2,1) _o A1(xy.zt) . 21(x,y,2,t) 0
oy L, o1 oz

z=0

ovxyzt) _g aVluyzt)l g aviyzt) g
X X oy

x=0 , X=Lx

o (4)

oV (x,y,z,t) _o AV(xy.z2t) 0 AV (x,y,2,1) g
é’y y=Ly 01

z=0

I (x,y,2,0)=F (x,y,2), V (X,y,z,0)=fv (x,y,2).

Here | (x,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials; 1" is the equilibrium distribution of
interstitials; Di(x,y,z,T), Dv(x,y,z,T), Dis(x,y, z,T), Dvs(x,y,2,T) are the coefficients of volumetric and surficial diffusions of
interstitials and vacancies, respectively; terms V?(x,y,z,t) and I12(x,y,z,t) correspond to generation of divacancies and
diinterstitials, respectively (see, for example 2 and appropriate references in this book); kiv(x,y,z,T), kii(x,y,z,T) and
kvv(X,y,z,T) are the parameters of recombination of point radiation defects and generation of their complexes.

Spatio-temporal distributions of divacancies @y (xy,zt) and diinterstitials @& (x,y,z,t) could be determined by solving the
following system of equations 1922 231,

o®,(x, y,z,t)zi{D (x.y.2 T)édbl(x, y,z,t)}ri{D (x.y.2 T)o”CDI(x, y,2,t) s
o, N Yi by P o, \ X Y Z,

ot oX oX oy |
+2p (x,y,z,T)ﬁcD'(X’ y.2.1) 40| Pus g M(x,y,z,t)LjZCD (x,y,W,t)dW_+
ZA 01 ox| kT °° 0 ]
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D ,
-{-Qi @S VSILL_I,(X’ y’Z’t)l__"CI)I (X, y,W,t)dW +k| |(X; y,Z,T)| Z(X’ y’Z’t)+
oy| kT 0 ’
+k (%, y,2,T)1(x,y,2,t) (5)
o9, (xy,2t)_ 7 D%(x,y,z,T)ﬁcDV(X’y’z’t) L9 Dq)v(x’y,z’T)ﬂd)v(X’y'Z’t) N
ot OX Ox oy ay

0z &

oD, (x,Y, z,t)}+Q 0
KT 0

D Z
+%{D@V (X, Y z,T) { DyS Vs,ul(x, Y, z,t)LfCI)V (x, y,W,t)dV\/}L

D r
+Q%|: kq)-\ll-s VSILLl()(’ Y, Z,t)-([cpv (X’ y’W’t)dW:| ’ kV,V (Xv Y Z,T)VZ(X, y; Z’t)+

+k, (X, y,2,T)V(x,Y,21)

With boundary and initial conditions

oD, (x,y,2,t) 0 2, (x,y,z,1) o o®,(x,y,121) _o
X x=0 X ‘X:Lx o y y=0
0, (xy.zt)  _y 20, (xy.2.t) o oulxyizt)
é) y y=Ly é) YA 70 é) z z=L,
od, (x,y,12,t) o o, (x,y,2,t) _o 9P (x,y,2,1) 0
X =0 0% ‘X:LX , oy ‘y:O ()
oD, (x,y,2,t) _o 2, (x,y,2,1) 4 2D, (X,Y,2,1) o
ay B o1

y:Ly ﬁ Z 7=0 Z:LZ

@ (x,y,2,0)=fa (X,y,2), Dv (X,y,2,0)=Fav (X,y,2).
Here Dai(x,y,2,T), Dav(x,y,2,T), Dais (X,y,2,T) and Davs(X,y,z,T) are the coefficients of volumetric and surficial diffusions of

complexes of radiation defects; ki(x,y,z,T) and kv(x,y,z,T) are the parameters of decay of complexes of radiation defects.
Chemical potential 24 in Eq.(1) could be determine by the following relation [,

1=E(2)Qaj [uij(X,y,z,t)+uiji(X,y,z,1)]/2, (7

1( ou, u;
where E(z) is the Young modulus, ojj is the stress tensor; Uy = E 8_I+8_J is the deformation tensor; u;, u; are the
X. X.
i

1
components ux(X,y,z,t), Uy(x,y,z,t) and u(x,y,z,t) of the displacement vector U(X, Y, Z,t); Xi, X;j are the coordinate x, y, z. The
Eqg. (3) could be transform to the following form
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1 (% y, z,t)_{aui(x’ y,z,t) 0u,(xy, z,t)}Haui(x, y.2.t)  0u,(x Y, Z,t)}_

8xj OX 2 8xj OX

s a(2)s

00ij +1_20_(ijz){8UK(;;():’ Z’t)_?’go}_ K (Z)IB(Z)[T (X’ Y th)_To] 5.;}% E(Z)

where o is Poisson coefficient; & = (as-ae.)/aeL is the mismatch parameter; as, ag. are lattice distances of the substrate and the
epitaxial layer; K is the modulus of uniform compression; £ is the coefficient of thermal expansion; T, is the equilibrium

temperature, which coincide (for our case) with room temperature. Components of displacement vector could be obtained by
solution of the following equations 2],

|

(,o (2)82 ux(x,zy, 2,t) _00,(x y,z,t)+ oo, (X, y’z’t)+ 0o, (xy,2,1)
ot 0 X oy 0z
(Z)ﬁzuy(x, y,z,t)= oo, (X, y,z,t)+aayy(x, y,z,t)+8ayz(x, y,2,t)
ot’ O X oy 01
, (2)82 u,(xy,2,t) _do,(x y,z,t)+ oo, (X, y’z’t)+ oo, (x,y,2,t)
ot? O X oy 0z
Where
o = E(z) l:aui(xi y’Z’t)+auj(X’ y’z’t)_ﬁauk(x’ y,z,t)}r K (2)5,

"2+ o (2)] X ox, 3 OX,
xauk(x, y,z,t)
0%,

symbol. With account the relation for o last system of equation could be written as

p(Z)équ(X’y’z’t)={K(2)+ 5E(2) }82ux(x’y’z't)+{|<(z) i}

ot? 6[1+c(z)] oOx? 3[l+o(2)] §

— B(2)K(2)[T(x,y,2,t)=T.], p @) is the density of materials of heterostructure, & Is the Kronecker

Ay EQ) {aZuxx,y,z,t>+a2u2<x,y,z,t>HK(z)+i}

X0y 2[1+0o(2)] oy’ 017° 31+0(z)]

L0, (x, y,z,t) oT (x,y,2,1)
0X01 K(2)A(2) 0 X

(Z)az u,(x,y.zt)  E(z) |:82Uy(x, y,z,t)+azux(x, y,z,t)}_@T(x, y,z,t)><
g ot’ 2L+ o(2)] ox* OXoy oy

X

d E(z) [ou(xy.zt) au(xyzt)]| ou,(xyzt)
XK(Z)/}(ZFE{z[lm(z)]{ oz 8;/ }} oy o
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X{L(Z)+ K (Z)}+{K (2) E(2) }azuy(x’ .zt (Z)azuy(x, y,z,t)

1201+ o (2)] 6[l+o(z)]] oyoz oxdy

2 2 2 2
p(z)a u,(x,y,z,t)  E(2) {6 u (X, y,z,t)+a u,(x, y,z,t)+8 u (X, y,z,t)+

ot? 2+ o (2)] ox? oy? Oxdz

L9, (x, y,z,t)}+ 0 {K(Z){aux(x, y,2,t), 0u,(xy,2t) au,(x y,z,t)}}

0yoz oz 0 X oy 0z

+1ﬁ{ E(2) {Gauz(x,y,z,t)_6ux(x,y,z,t)_ﬁuy(xiyiz’t)_auz(x,y,z,t)}_

60z |1+0(z) 02 oX oy 02

oT (x,y,z,t)
k(@) B

Conditions for the system of Eq. (8) could be written in the form

O X _ O X _ oy . ay

0u(0,yzt)_, aulL,y.zt)_, aa(x0zt)_, ou(xL,,zt)

o t(x,y,0,t) 0 © a(xy,L,t)

01 B U(x,y,2,0)=0,. U(x,y,z,0)=0,

We determine spatio-temporal distributions of concentrations of dopant and radiati-on defects by solving the Egs. (1), (3) and
(5) framework standard method of averaging of function corrections 261, Previously we transform the Egs. (1), (3) and (5) to
the following form with account initial distributions of the considered concentrations.

oc(xy,zt) o {DGC(x,y,z,t)}r 9 {Dac(x, y,z,t)}+ 0 [DGC(X, y,Z,t)}r

ot ox ox oy oy FY:

1
0z (1a)

+ f(x, y,z)5(t)+Qi gVs,u (x, y,z,t)LfC(x, YW, t)dW |+
ox| kT 0

0| D L
+Q@—y{ﬁvsy (x,Y, z,t)gc(x, y,W,t)dW}

Zl (xé)i/ Z,t) _ jX{D' (xy, z,T)m (xé));(/ z,t)}+ jy{D' (xy. z,T)m (xé);/ z,t)}+

174 ol(xy,zt 0| D L
+E{D,(x,y,z,T)(é)—Z)}+Q&{k—'TSVSM(X,y,z,t)gI(x,y,W,t)dW}+
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+Qi{%vs;ﬁ(x, y,z,t)LfI (x, y,W,t)dW}—kI (X, y,2,T)1%(x,y,2,t)—
oy| kT 0 ’
—k, v (X, y, 2T (X, v, 2,0V (x,y,2,t)+ f, (x,y,2)5(t) (3a)
oV (xy.zt)_ o {Dv(x, y,z,T)ﬁV (x, y,z,t)}+ 0 {D\,(x, y,z,T)&V (x, y,z,t)}r
ot O X OX oy oy
7 oV (xy,2,t)| o 0| D r
+§Z{Dv(x, y,2,T) = i|+QaX|:kT V(X y,z,t)gv (x, y,W,t)dW |+
0 | Dy L 2
+Qa_y ﬁVsﬂl(x, Y, Z,t) [V (X, y,W,t)dW |-k, , (%, y,Z, T)VZ(x,y,2,t)-
0

—K, v (X, Y, 2, T)1(X, Y, 2,V (X, Y, 2,t)+ f, (X, y,2)S5(t)

oD, (x,y,2,t) 0 oD,(x,y,2,t)| & 2D, (x,Y,2,t)
:—D ,,,T _D 1”T
X é,x[ e LS e e

0 oD, (x,y,2,t 0 | Dy, L
+E{D¢l(x,y,z,T) I(é’Zy ):|+Qa|: k(DTS Vs,ul(x,y,z,t)gd),(x,y,w,t)dw +

I_Z

D
09 { ©S v (%, y,2,t) [, (, y,W,t)dW}k.(x, Y, 2 T)(xy,2,t)+
0

oyl kT
+k (Y, 2T (% y,z,t)+ fo, (%Y. 2)8(E) (52)
o0,(xy,zt)_ 2 Dq,v(x,y,z,T)ﬁq)V(X’y’z’t) L0 Dq)v(x,y,z,T)ﬁq)V(X’y’z’t) N
ot OX OX oy oy

0 oD, (x,y,2,t) 0 | D, L
+E{D®V(x, y,2,T)— e }FQE{ qul's Ve (X, y,z,t){CDV(x, y,W,t)dW |+

D L
+Q%{ kq’%s Vta (%, Y, 2,1)[ Dy (x, y,W,t)dW}rkv (% y,2 TV (x,y,z,t)+
0

+kyy (X Y, ZTIVE(X Y, 2,t)+ f, (XY, z)5(t).

Farther we replace concentrations of dopant and radiation defects in right sides of Egs. (1a), (3a) and (5a) on their not yet
known average values aip. In this situation we obtain equations for the first-order approximations of the required
concentrations in the following form
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oC,(x,y,2,t) _ 0 {Z&VSM(X Y, Z, t)}ralcﬂaay{ IE)T Ve (XY, 2, t)}

ot e ax| “kT
+f. (x,y,2)5(t) (1)
2l(x,y,zt 0| D 0 D
1(5—:/)2%298 {k'llf Vo (X, y,z,t)}+aﬂ§28y{zk—_'|fvsy (x,y,2 t)}
f (X y 2)5(1:) all I, |(X y z T) allalvkl,v (X’ y’Z’T) (3b)
2V, (X, V,zt
(0,,ty ) 1VZQGX{E\./F VS/Ul(X’ Y, Z’t):|+a1any|: E\.ﬁ Vszu'l(x Y.z t):|

+ fV (X’ Y 2)5(t)_a§/kv,v (X’ Y Z7T)_051|051vk|,v (X’ Y, Z’T)

oD, (x, y,z,t):% , 0.0 | Dass
ot ' ox| kT

D
V(X Y, z,t)} +atyg, ZQG_ay{ kqill's Vo (XY, z,t)} +

+ fq)l (X, y,z)5(t)+k| (X, YvZ’T)I (X’ y,z,t)+k,y,(x, y’Z’T)IZ(X’ y,Z,t) (5b)

o, (xy,2,t) Qi{Dchs

o1|D
ﬁt _alcbvz ax kT VSILL.I.(X’y’Z’t):|-|_afl®vZgza_y|: o VSILL.I.(X’y’z’t):|+

KT

+ f, (% Y,2)8()+ K, (X, v, 2TV (X, ¥, 2,t)+ K, (% ¥, 2, T V2(x, Y, z,t).

Integration of the left and right sides of the Egs. (1b), (3b) and (5b) on time gives us possibility to obtain relations for above
approximation in the final form

0 ! Z V(x,v,z, V2(x,y,z,
Cl(x, y’z’t):alcga.([DSL(x’ y,Z,T)E|:1+g1M+g2 ( Y,z 7’-)j| x

ay 0t
xVoa (XY, Z’T)|:1+ﬁ}d T}+a10 5_y£ Dy, (X, Y, Z,T){:H‘—gsalc } +

x QV 11, (X, y,z,r)é{l+glv(X’Vyjz’r)+gzv (x Y’Z T)} dr+f.(xy,2)
(V ) (1c)

l,(x,y,2,t)= alleé—g k'llf Ve (x,y,z,7)d T+a1,ZQij(; k'llf Vo (x,y,z,7)d 7+
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+ (%, y,z)—af,'[k,y,(x, y,z,T)dr—al,alvj.klvv(x,y,z,T)dr (3¢)
0 0
otD otD
V,(X, y’Z’t):al"ZQagk_lTSVSﬂl(x’ y,z,7)d r+a1VzQa—y£k—$Vsyl(x, y,z,7)d 7+

t t
+f, (X’ Y Z)_aﬁ/.([kv,v (X’ Y Z,T)d z'_0‘1|051VE[|(|,V (X’ Y, Z’T) dz

D
S,ul(x, y,z,r) d T+Qij 015 Vsyl(x, y,Z,T) dzx

D, (X,Y,2,t zQ
u(xy.zt)=ay, OX kT oxo kT

xay, 2+ f, (XY, z)++jkI (x,y,2,T)I(x,y,2,7)d r+jk,', (x,y,2,T)I*(x,y,z,7)d z

0 (5¢)

o tD o tD
@, (X, y,z,t):amsza{ kq’%s Vo (x, y,z,r)dr+Qa£ ktiS V(X y,2,7)d 7 x

xa, 2+ f, (XY, z)+jkv(x, y,2, TV (x,y,z,7)d T+.t“<v,v (x,y,2,TIV*(x,y,z,7)d z

We determine average values of the first-order approximations of concentrations of dopant and radiation defects by the
following standard relation 2],

plxyztdzdydxdt (9)
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Sy —
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%o = @LLLM

X =y =z

Substitution of the relations (1c), (3c) and (5¢) into relation (9) gives us possibility to obtain required average values in the
following form

LlyL 2 ®a.B+O%L L L
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—
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~
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Where
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o-1]

We determine approximations of the second and higher orders of concentrations of dopant and radiation defects framework
standard iterative procedure of method of averaging of function corrections 6. Framework this procedure to determine
approximations of the n-th order of concentrations of dopant and radiation defects we replace the required concentrations in
the Egs. (1c), (3c), (5¢) on the following sum anptp 1 (X,Y,2,t). The replacement leads to the following transformation of the
appropriate equations
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Integration of the left and the right sides of Egs. (1d), (3d) and (5d) gives us possibility to obtain relations for the required
concentrations in the final form
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Average values of the second-order approximations of required approximations by using the following standard relation 261,
l © Lx Ly Lz
a,,=———[[[[[p(x,y,2,t)- p(x,y,2,t)]d zd yd xd t
OL,L,L, 0000

(10)

Substitution of the relations (1e), (3e), (5e) into relation (10) gives us possibility to obtain relations for required average values
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Farther we determine solutions of Egs. (8), i.e. components of displacement vector. To determine the first-order
approximations of the considered components framework method of averaging of function corrections we replace the required
functions in the right sides of the equations by their not yet known average values «i. The substitution leads to the following
result.
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-k (@) T EIEY) )PS5 TN

Integration of the left and the right sides of the above relations on time t leads to the following result
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Approximations of the second and higher orders of components of displacement vector could be determined by using standard
replacement of the required components on the following sums ai+ui(x,y,z,t) ?°l. The replacement leads to the following result
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Integration of the left and right sides of the above relations on time t leads to the following result
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Framework this paper we determine concentration of dopant, concentrations of radiation defects and components of
displacement vector by using the second-order approximation framework method of averaging of function corrections. This
approximation is usually enough good approximation to make qualitative analysis and to obtain some quantitative results. All
obtained results have been checked by comparison with results of numerical simulations.

O'—.S

9
[T(x,y,z,7)dzd $+u,,
0

Discussion

In this section we analyzed dynamics of redistributions of dopant and radiation defects during annealing and under influence
of mismatch-induced stress. Typical distributions of concentrations of dopant in heterostructures are presented on Figs. 2 and 3
for diffusion and ion types of doping, respectively. These distributions have been calculated for the case, when value of dopant
diffusion coefficient in the epitaxial layer is larger, than in the substrate. The figures show, that inhomogeneity of
heterostructure gives us possibility to increase sharpness of p-n- junctions. At the same time one can find increasing
homogeneity of dopant distribution in doped part of epitaxial layer. Increasing of sharpness of p-n-junction gives us possibility
to decrease switching time. The second effect leads to decreasing local heating of materials during functioning of p-n-junction
or decreasing of dimensions of the p-n-junction for fixed maximal value of local overheat. However framework this approach
of manufacturing of bipolar transistor it is necessary to optimize annealing of dopant and/or radiation defects. Reason of this
optimization is following. If annealing time is small, the dopant did not achieve any interfaces between materials of
heterostructure. In this situation one cannot find any modifications of distribution of concentration of dopant. If annealing time
is large, distribution of concentration of dopant is too homogenous. We optimize annealing time framework recently
introduces approach > 2532 Framework this criterion we approximate real distribution of concentration of dopant by step-
wise function (see Figs. 4 and 5). Farther we determine optimal values of annealing time by minimization of the following
mean-squared error.
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Fig 2: Distributions of concentration of infused dopant in heterostructure

from Fig. 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 diffusion coefficient in
substrate
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Fig 3: Distributions of concentration of implanted dopant in heterostructure

from Fig. 1 in direction, which is perpendicular to interface between epitaxial layer substrate. Curves 1 and 3 corresponds to
annealing time ® = 0.0048(L?+L,?+L,?)/Dy. Curves 2 and 4 corresponds to annealing time ® = 0.0057(L.2+L,2+L,%)/Do. 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
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Fig 4: Spatial distributions of dopant in heterostructure after dopant infusion.

Curve 1 is idealized distribution 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
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Fig 5: Spatial distributions of dopant in heterostructure after ion implantation.

Curve 1 is idealized distribution 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.
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Fig 6: 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 &£ = 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 6= £=0

where v (X,y,2) is the approximation function. Dependences of optimal values of annealing time on parameters are presented
on 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 distribution
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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 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
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Fig 8: Normalized dependences of component u; of displacement vector on coordinate z for nonporous (curve 1) and porous (curve 2)
epitaxial layers

of dopant during this annealing. In the ideal case distribution of dopant achieves appropriate interfaces between materials of
heterostructure during annealing of radiation defects. If dopant did not achieves any interfaces during annealing of radiation
defects, it is practicably to additionally anneal the dopant. In this situation optimal value of additional annealing time of
implanted dopant is smaller, than annealing time of infused dopant.
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Fig 9: Normalized distributions of charge carrier mobility in the considered heterostructure. Curve 1 corresponds to the heterostructure,
which has been considered in Fig. 1. Curve 2 correspond to a homogenous material with averaged parameters of heterostructure from Fig. 1

Farther we analyzed influence of relaxation of mechanical stress on distribution of dopant in doped areas of heterostructure.
Under following condition &< 0 one can find compression of distribution of concentration of dopant near interface between
materials of heterostructure. Contrary (at &>0) one can find spreading of distribution of concentration of dopant in this area.
This changing of distribution of concentration of dopant could be at least partially compensated by using laser annealing [29].
This type of annealing gives us possibility to accelerate diffusion of dopant and another processes in annealed area due to in
homogenous distribution of temperature and Arrhenius law. Accounting relaxation of mismatch-induced stress in
heterostructure could leads to changing of optimal values of annealing time. Mismatch-induced stress could be used to
increase density of elements of integrated circuits. On the other hand could leads to generation dislocations of the discrepancy.

Fig. 8 shows distributions of component of displacement vector, which is perpendicular to interface between layers of
heterostructure.

Conclusion

In this paper we model redistribution of infused and implanted dopants with account relaxation mismatch-induced stress
during manufacturing field-effect heterotransistors framework a operational amplifier. We formulate recommendations for
optimization of annealing to decrease dimensions of transistors and to increase their density. We formulate recommendations
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to decrease mismatch-induced stress. Analytical approach to model diffusion and ion types of doping with account concurrent
changing of parameters in space and time has been introduced. At the same time the approach gives us possibility to take into
account nonlinearity of considered processes.
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