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Abstract: In this paper we introduce an approach to increase density of field-effect heterotransistors in the framework of a
transimpedance 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 be annealed in the framework of an optimized scheme. We also consider an approach
to decrease the 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: field-effect heterotransistors; transimpedance amplifier; optimization of manufacturing; analytical approach for
prognosis.

1 Introduction

In the present time several actual problems of solid-state electronics (such as increasing performance, reliability and density of
elements of integrated circuits: diodes, field-effect and bipolar transistors) are intensively solving [1-6]. To increase the
performance of these devices it is attracted an interest determination of materials with higher values of charge carriers’
mobility [7-10]. One way to decrease dimensions of elements of integrated circuits is manufacturing them in thin film
heterostructures [3-5,11]. In this case it is possible to use inhomogeneity of heterostructure and necessary optimization of
doping of electronic materials [12,13] and development of epitaxial technology to improve these materials (including analysis
of mismatch induced stress) [14-16]. An alternative approach to increase dimensions of integrated circuits is using laser and
microwave types of annealing [17-19].

Framework the paper we introduce an approach to manufacture field-effect heterotransistors. The approach gives a possibility
to decrease their dimensions with increasing their density framework a transimpedance amplifier. We also consider the
possibility of decreasing mismatch-induced stress to decrease the quantity of defects generated due to the stress. In this paper
we consider a heterostructure, which consists 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 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 filter and at the same time to increase
their density. At the same time, we consider the possibility of decreasing mismatch-induced stress.
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Fig. 1b. Heterostructure with a substrate, epitaxial layers and buffer layer (view from side)
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Fig. 1a. Structure of the considered amplifier [15]
2 Method of solution

To solve our aim, we determine and analyze 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 [1,20-24].

6C(x,y,z,t):i[Dac(x,y,z,t)}L 0 [DGC(X, y,z,t)}Li[D@C(x,y,z,t)}L

ot ox ox oy oy oz o
09 &vsﬂl(x,y,z,t)LfC(X,y,W1t)dW +
ox| kT 0

Qﬁ[ Ds V(X Y, z,t)LfC (x, y,W,t)dW}
oy kT 0 )

with boundary and initial conditions
0C(x,y,z,t) o oC(x,y,2,t) _0 oC(x,y,2,t) -0

0 X ‘x:O 0 X ‘x:Lx 0 y ‘y=0 , C (x,y,2,0)=fc (x,y,2),
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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 dopant; Vs is the

LZ

[C(x,y,z,t)dz
symbol of surficial gradient; 0 is the surficial concentration of dopant on interface between layers of
heterostructure (in this situation we assume, that Z-axis is perpendicular to interface between layers of heterostructure);
wm(xy,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 depend 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 [22-24]

D =D, (x, y,z,T>{1+f—Cy(x’ y’z’t)} 1rg Y O%2Y,  VEIxY2Y

P"(x,y,z,T) Vo e (V*)Z

C’(x,y, z,t)} 1. 1V (x, Y, z,t)+g2V2(x, Y,Z,t)
P”(x,y,2,T) (VY | 2

Here Dy (x,y,z,T) and Dys (x,y,z,T) are the spatial (due to accounting all layers of heterostructure) 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[1,3]
[22]; V (xy,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 detail in [22]. Spatio-
temporal distributions of concentration of point radiation defects have been determined by solving the following system of
equations [20,23,24]

ol(xy,zt)_ & {DI(X’y’Z’T)ﬁl(x,y,z,t)}r % {DI(X’y’Z’T)o”I(x,y,z,t)]F

Ds = DSL(X’ Y Z,T){l+ Ss

ot O X OX oy oy

)5 1(x,y,2,t)

0
+—| D,(X,y,2,T
ﬂz{ ey 2z

}—k.,mx, Y2 T) 100y, 2,8)kyy (6, 4,2, ) x

L

x1(x,y,2,t)V (v, z,t)+Qi{%Vsy (x,y,z,t)[ 1 (x, y,W,t)dW}r
OX| kT 0

~N

02 &Vs,u (x, y,z,t)LfI(x,y,W,t)dW
8y kT 0 3

oV (xy,2t)_ 2 Dv(x,y,z,T)ﬁV(X’y’z’t) L0 Dv(x,y,z,T)ﬁv(X’y’z’t) s
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with boundary and initial conditions

o1(xy.zt) g 21(x,y,z,t) _o 21(x y,2,t) 0 ollxyzt) g
é) X x=0 é’ X X=Ly a y ‘y:O 0’) y y=Ly
o1(x,y,z,t) 0 o1(x,y,z,t) _o 9V(x y,2,t) . AV (x,y,2,1) 0
a Z 7=0 ﬁ Z =L, ax x=0 é)x X=Ly
oV (x,y,1,1) 0 oV (x,y,2,t) _og OV (x, y,z,t)| 0 oV (x, y,z,t)| _0
g y y=0 J y y=Ly a1 7=0 oz =L,
I (x,y,2,0)=fi (x,y,2), V (x,y,z,0)=Fv (X,y,2). 4

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,z,T) are the coefficients of volumetric and surficial diffusions
of interstitials and vacancies, respectively; terms V2(x,y,z,t) and 13(x,y,z,t) correspond to generation of divacancies and
diinterstitials, respectively (see, for example, [24] 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 (x,y,zt) and diinterstitials @ (x,y,z, t) could be determined by solving the
following system of equations [20,23,24]

aqn,(x,y,z,t):ﬁ{%(x, y’Z,T)aCD.(X,y,z,t)}rﬁﬁ{% (x.y,2,7) 0 Lil% y,z,t)}+

ot OX OX oy

I_Z

:|+Q 2 {D‘D'S Vi (x,y,2,t) @, (X, y,W,t)dW}r

)§CD|(x,y,z,t)

0z

0
+—1 D, (X,vy,2,T —
52{ n Xy ox| kT

D 7
+Q@%{ SV, Y, 2,0) @, (x y,W,t)dW}kl,l(x,y,z,T)lz(X' Y, 2,t)+
0

+k, (%, y,2,T)1(x,y,2,1)

oD, (xy,z,t) _ I D, (x, y,Z’T)éd)V(x,y,z,t) Lo D, (X’y,z,_l_)éd)v(x,y,z,t) .
ot X v oX oy v oy
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with boundary and initial conditions

od,(x,y,12,1) 0 o, (xy,2,t)
O X O X

x=0

_o 22 (X,y,2,t) 0
ay

X=Ly y=0

oD, (xy,2,1) _o 00, (xy.2,1) 0 oD, (x,y,2,1)

= =0
0’) y y=Ly 0’) z ‘Z=O a Z z=L,
o, (x,y,2,1) 0 2, (x,y,2,t) _g 9%, (x,y,2,1) 0
X %<0 IX x=Ly ay ‘y=o
oD, (x,,2,1) _o 0D, (x,y.2,t) o 2, (x,y,2,t) 0
a y y=Ly é’ yA 7=0 a z z=L,
@ (xy,2,0)=far (x,y,2), v (X,y,2,0)=fav (Xy,2). (6)

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 ky(x,y,z,T) are the parameters of decay of complexes of radiation defects.

Chemical potential 4 in Eq. (1) could be determined by the following relation [20]
/JJ_:E(Z)QOij [Uij(X,y,Z,t)+Uji(X,y,z,t)]/z, (7)

1( ou, Ou;
u; == +
2 OXx; Ox

where E(z) is the Young modulus, gj is the stress tensor; ! j is the deformation tensor; u, u; are

the components ux(X,y,z,t), Uy(x,y,z,t) and u,(x,y,z,t) of the displacement vector u (X’ ys Z’t); Xi, Xj are the coordinate X, v,
z. The Eq. (3) could be transformed into the following form

e (% y’z,t):[aui(x, y.2,t) | ou,(x, y,Z,t):I{l[éui(x,y,z,t)+ 8uj(x,y,z,t)}_

O X; o X; 2 O X; oX;

o(2)8; [ou(x,y,z1) O
—&,0: + 4 kA _3e, |—K(z 2T (X, y,2,t)-T,|6. t—E(z

0, 4T | 2 K@@ 0y 20-1)5, 1 2E@)
where o is Poisson coefficient; & = (as-aei)/ag. is the mismatch parameter; as, ag. are lattice distances of the substrate and
the epitaxial layer; K is the modulus of uniform compression; g is the coefficient of thermal expansion; T, is the
equilibrium temperature, which coincides (for our case) with room temperature. Components of displacement vector could
be obtained by solution of the following equations [25]
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o’u,(x,y,2,t) do,(xy, Z’t)+ oo, (XY, Z’t)+ 0o, (x,y,z1t)
ot’ - O X oy 01
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0. X

1

 E(@) |ou(xy.zt) ouxy.zt) & ou(xy,zt)
i = 2[1+0(Z)]{ 8x>: TTax 3 6x>k/ }L ()

Where

QU 2Y oy ()T (x,y, 2)-T,]

0 X , p (2) is the density of materials of heterostructure, &; Is the
Kronecker symbol. With account the relation for oj; last system of equation could be written as

pT OS2 i s P |TUOREY, S (- B L

ot 1+0(z2)] ox +o

)
o’u,(x,y.zt)  E(z) {82uy(x, y,Z,t)+82uz(x, y,z,t)}{K(z)+ [ E(2z)
31+

OXdy +2[1+c7(z)] dy? 0z’ U(Z)ﬂ

y o%u,(x,y,z,t) K (z)ﬂ(z)aT (x,y,2,t)

0X01z 0 X
p(z)azuy(x,y,z,t): E(z) {ﬁuy(x,y,z,t)+62ux(x,y,z,t)}_aT(x,y,z,t)><
ot? 2[1+ 0 (2)] ox? X0y oy
d E(z) [ou,(xy.zt) au(xyzt)]] o%u,(xy,zt)
XK(Z)/}(ZHE{z[lm(z)]{ oz a;/ }}+ oyt

X{LZ))]JF K(z)}+{K (2)- E(2) )]} u,(x.y, Z,t)+ K(z)azuy(x’ y,2,t)

121+o(z 6[1+0c(z 0yoz X0y

o’u,(x,y,2,1) E(z) |0%u,(x Y,z t) o’u,(x,y,z,t) 2°u,(xy,z1)
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+li{ E(z) {66uz(x,y,z,t)_aux(x,y,z,t)_8uy(x,y,z,t)_auz(x,y,z,t)}}_

60z |1+0(2) 0z X oy 0z

k(s Z8T(x,y,z,t)
K(2)p(2)—7—= .

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

0u(0,y.zt)_, dU(L,y.2t)_, 2u(x0zt)_, 0 (x, Ly, 2,t)
OX ; O X ; oy ; oy
6U(x,y,0,t):0 alxyL,t) _
01 P: (U(xy,2,0)=0,, U(x,y,2,00)= 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 [26]. Previously we transform the Egs.(1), (3) and
(5) into the following form with account initial distributions of the considered concentrations

8C(x,y,z,t):g{DaC(x,y,z,t)}ri{D0C(x,y,z,t)}+i{Dac(x, y,z,t)}r
(1a)

ot 0 X 0X oy oy 0z 01

+ f. (x,y,z)é(t)+Qa8 {DS V(X y,z,t)jC(x, y,W,t)dW}+

kT
09 By u(x,y, zt)jC(x,y,W,t)dW
oyl kT °
ol(xyzt) o {D,(x,y,z,T)ﬁl(X’y’z’t)}+ 0 {D,(x,y,z,T)m(X’y’z’t)}+
ot O X OX oy oy

~

7 ol(xy,zt 0| D r
+Z{D,(x,y,z,T)%}+Q {k'llf Vi (X, Y,z t){l(x,y,W,t)dW}+

ol {DIS V(v 2,01 (x y,W,t)dW}kl,.(X, y,2,T)I%(x,y,2,t)-
0

oy| kT
kv (%Y, 2, T)H(X, Y, 2,V (%, y,2,0)+ f, (x,y,2)8(t) )
oV (x,y,z,t) & oV (x,y,z,t)| & oV (x,y,2,t)
= D,(x,y,z,T D,(X,y,z,T
e L

'z oV (xy,zt o | Dy
+E[D\,(x,y,z,T) (0”;/ )}LQa—[kT Vo (X,y, 2, t)jV (x, y,W, t)dw}
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+O ay[ll:()\'/l's Vo (x,y,2, t)jV (x,y,W, t)dw} kov (X ¥, 2, TIVZ(X,y,2,t)-

—k, v (X, Y, 2, T)H(X, Y, 2,0V (X, y,2,t)+ f, (x,y,2)5(t)

2D (x,y,1z,t 0 2D, (X,y,1z,t 0 2D, (X,y,1zt
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ot X

Z 0 X

D
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z

D y4
+Q%|: kq_)ll_s VSILll(X’ Y Z,t)j.d)l (X, y’W’t)dW:|+k| (X’ Y Z’T)I (X’ Y, Z’t)+
0

+k,, (6, 2T (%, y, 2,t)+ fy, (%, y,2)5(t) -

0 ®, (x, y,z,t):ﬁ[D% (xy.2.7)0 B x y,z,t)}+ 4 {D% (x.y.2,7)0 Bu 6 y,z,t)}+

ot OX OX 2y oy

L

0 oD, (x,Y,2,t 0 | Da, ;
+E{D®V(x,y,z,T) V(ézy )}FQE{ kd’_l_sVsyl(x,y,z,t)chV(x,y,W,t)dW}+

L

D :
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0

+kyy (X Y, ZTIVE(X Y, 2,t)+ £, (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

oC,(x,y,z,t o|.D o1,D
(X y ):%Qa{zﬁvs;ﬁ(x,y,z,t)}amﬂa{zﬁvsm(x,y,z,t)}r

ot
+f.(x,y,2)5(t) (1b)
Jlxy,z1t o|D 0 D
Aa—z)za“zﬂa Lﬂ"f’v (x,y,z,t)}+a1,§28y{zk—1'fvsy (x, y,zt)}
+ 1, (X’ y,z)5(t)—af, kI,I(X! Y, Z’T)_allalvkl,v (X’ y’Z!T) (3b)
oV.(x,y,z,t o | D 0 D

1(0’"[y ):a1VZQ5|:k_\-/FVS/ul(X’y’Z’t)j|+a1VQa|:Zk_\-?vSﬂl(x’y’z’t):|+
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mIZQ
ot ox| kT

o | D
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= Qg
ot ox| kT
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oD
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Integration of the left and right sides of the Egs. (1b), (3b) and (5b) on time gives us the possibility to obtain relations for
above approximation in the final form

ot X,Y,2, V2(x,y,z,
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t
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t
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0 O

t
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t

otD otD
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0

t t
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V0, y,2,7) dex

0 tDg s 0 t Uy
D, (X, Y,2,t)= 72— V(X y,z,7)dr+Q
1v( y ) G, 5X£ KT s/ul( y T) 4 oxy KT

a, 7+ f, (x,y,z)+jkv(x, v,2,TIV(x,y,2,7)d r+jkv,v(x,y,z,T)Vz(x,y,z,r)dr

We determine average values of the first-order approximations of concentrations of dopant and radiation defects by the
following standard relation [26]

1 eLlyL,
= X,V,z,t)dzd yd xdt
“TeLLL HH“( .2, y

X -y —z

©)

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

1 Lok (a, + A) ®a,B+0°L,L La
=~ [ [ ]f(xyz)dzdyd = -4| B+ -
e '—xLyLzHg (xy,z)dzdydx a, \/ 12 "
LXLVLZ
—a3+A Qy = L QIJI fl (X’ y,z)dzd de—Ot“S“OO—@LXLyLZ
4a, ’ Sioo | @y 000
) LLyL,
S,i=1©=t)[ ][k, (xy.zT)L(xy zt)V(xy zt)dzdyd xdt 2,5
where 0 000 = Oji00 X
LLyL,
X (SIZVOO _SIIOOSVVOO), A = S|vooS||oo +S|2voo _Suoosvvoo, % = £ £ 'c[ fv (X’ Yy Z)d 2d yd X

Lx Ly

><S|vooS|2voo +S|voo®|—i|—§/|—§ +28vvoo 1100 i'([ fl (X Y, Z)d zd yd X— ®LXL§/L§SVVOO -

o—I"

LbyL, LLyL

f,(x,y,z)dzd ydx 8, =Sy |

~

X

O —

f (x,y,z)d zd yd x

0= va 00

4

LebyL, 2 2
X {ij, (x,y,z)d zd yd x} A:J8y+®2a—32—4®& B:%#{/ QP+p—q-
000 a, a, 6a

3 2
©a, [4a0—®LXLyLZ alaj 0 % (4®a _@? j

—?’\/\/q2+p3+q = 24’ a, 8a’ a,
@) LZXLZyLi N a21 0= @ 4a,a, - 0® szLyLza1a3 _Oa,
54a4 84, 12a, 1843,
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R, Sii20 Lyl
— f, (X,y,z)dzdydx
“o TeLLL,  eLLL, LXLyLZ 11T, (0yz)dzdy
Rv1 va 20 1 Lyl
— + + f, (X,y,z)dzd ydx
“o TeLLL, eLL L, LLL [ 11T, (xy.2)d 2dy
(©] LxLyLz .
R, =[(©-t)[ [ [k (xy,2T)lL(xy,zt)dzd yd xdt
where 0 000

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 [26]. 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 anst+p n-1 (X,Y,2,t). The replacement leads to the following transformation of
the appropriate equations

0C,(x, y,z,t):i[{lJrg[azc +C,(x, y,z,t)]y} {Hglv(x, y,z,t)+ V2(x, y,z,t):l y

ot ox P”(x,y,z,T) A > (o)

DL(x,y,z,T)w}ri{ {HQV(X,%ML VZ(X’y,Z,t)}ﬁCl(x,y,z,t)x

ox oy v Y oy

D (x, y,z,T){lJrg[“zc +Cy(x y,Z’t)]y}}iﬂhglV(x, X,z,t)+g2v2(x, y,z,t)} )

P"(x,y,z,T) oz V (\/)2

D, (x Y, z,T)aCl()(;’zy’ Z't){1+§ |2 +C,(xy, 2,0} H+ f.(x,y,2)5(t)+

P(x,y,2,T)

+Qi{fT Vesnlx .2l +Cx YW, t)]dvv}

~

rol {Ds Vo, y,2.0) [ene +€ (x y,w,tndw}
oy |k 0 ad)

o1,(xy,zt) 2 {DI(X’ y,Z’T)o”Il(x,y,z,t)}r % {D,(x,y,z,T)ml(X’ y,z,t)}r

ot O X OX oy oy

+£{Du (%, Z,T)W}— K (6 Y, 2,T)[en, + L,(x y, 2, O)F =k, (x,y,2,T) %

X [0!1, + |1(X’ Y Z,t)][alv +V1(X’ Y Z’t)]"‘Q%{Vs,U (X’ Y Z’t)l_f[am + |1(X’ y’W’t)] dW x
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X& +Qi &Vsﬂ (x,y,z,t)Lf[oz2I +1,(x,y,W,t)] dW
kT oy | kT 0 (3d)

OV, (x,y,2,t) _ 2 {D\,(x, y,z,T)ﬁVl(X’ y,z,t)}r 0 {D\,(x, y’zj_)o”vl(x,y,z,t)}+
ot 0 X OX oy oy

)é’Vl(x, Y, Z,t)

07 }_ kv,v (X! Y Z,T)[Ollv +V1(X’ Y, Z!t)]z - kI,V (X! Y, Z1T) X

0
+—| D, (X,Vy,2,T
é,z{ V(XY

0 L
X [all + |1(X, Y Z’t)][alv +V1(X’ Y, ZJ)]"'Q&{VS/J (X’ Y Z’t)g[azv +V1(X’ y,W,t)] dW x
x%}+ﬂ%{%vsy (x, Y, z,t)Z[oz2V +V,(x,y,W,1)] dW}

29, (X’ Y, Z’t) :i{D@I (X, y,z,T

OX oy

Py > )5®1|(X1y1z1t)}+i|:D®l(x’y’Z’T)ﬁq)u(X’y’Z’t) +
X

D Z
+Q%{ kCDT'S Vs (x, y,Z,t)LI[am, + @, (x, y,W,t)]dW}ij,y,(x, y,z,T)I%(x,y,2,t)+
0

D ;
+Q%{ kqjll_s Vsu (X, Y Z’t)LI[ach. +@,, (X’ y’W’t)] dW}"‘ kI(X’ y,Z,T)l (X’ y,Z,t)+
0

+i{D¢I (X, Y, z,T)Oﬂ)CD1I (;( Y: Z’t)} +f, (x,y,2)5(t)

oz i =)

é’q)lv(x,y,z,t)} ﬂ{D%(X,y,Z’T)ﬁCDN(X,y,z,t)}+

oD, (x,y,2,t) & L0
OX 0 oy

=21D, (x,y,2,T
ot a”x{ “’v(xyz )

D 7
+Qa%{ V1 (0,9, 2,0) [, + @ (0 YW, dW}+kV,v (%Y, ZTIV2(x,y,2,0)+
0

D 7
+Q(3_8y{ qulv_s Vsu (X1 y’z't)LI[ach\, + @y (X' va’t)] dw}"‘kv (X’ y’Z’T)V (X' y,Z,t)+
0

A R e N AR

Integration of the left and the right sides of Egs. (1d), (3d) and (5d) gives us the possibility to obtain relations for the
required concentrations in the final form
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C,(x, v, z,t)=%i{1+§ [tz +Ci(x,, Z’T)]y} [1+§1V (X’V% Z1f)+g V2(x, Y, Z,T)} N

P"(x,y,2,T)

oC,(x,Y,z, o t V(x,Y,z, VZ3(x,y,z,
><DL(x,y,z,T)1()(6)3(/ZT)deraygDL(x,y,z,T){legl (va*zr)+g2 (K/Y)Zz

T)} )

0Zo

Xacl(x,y,z,r){“g[azc +C,(x,y,z,t)] } }{1+g \Y; (x,Vy*,z,r)+g Vz(x,y,z,r)} y

oy P"(x,y,2,T)

2 (V * )2

'4
x D_(x, y,z,T)aCl()(;’ ;/,z,r){1+§[achtg(l(;(,z/,;,)r)] }d + fo (X, y,2)+

a t L, a t
8_£ Ve (X, y,z,r)g[oc2C +C,(x, y,W,7)]dW d T+8_y£VSﬂ (x,y,2,7) %

X Q&sz[azc +C,(x,y,W,7)|dWdr
KT o 16)

I al,(x,y,z, Z al(xy,z,
Iz(x,y,z,t)=5£D,(x,y,z,T) 1(0&/ T)dT-I_ay-([DI(X’y’Z:T) 1(53: T)d

+i}DI (x, y,z,T)ﬂ (%Y, Z’r)d r—jk, (%, y,2,T) ey, +1,(x,y,2,7)fd 7 —
OZo oz 0

T+

t ot
_.([kl,v (X, Y Z,T) [O£2| + |1(X’ Y Z’T)][azv +V1(X’ Y, Z’T)] dr +5£Vsﬂ (X, Y Z,T)X

L, L,
QD_-IF I[a2| + |1(X, y'W'T)] dwd T"'a_&yj.VSIU (X, Y Z’T).[[QZI + |1(X’ vavT)] X
0 0 0

« 025 g wdr
kKT 36)

AV, (x, y’Z’T)dZ'+ o }D (X.y.2 T)o”Vl(x, Y,2,7)
X Ayo T oy

v, (x, y,z,o:ggmx, y,2,T)

)o”Vl(x, Y,2,7)

57 dz-_jkv,v(xv y’Z’T)[azv +V1(X’ va’T)]ZdT_
0

0’>t
+—|D,(X,V,2,T
az£ Xy

dzr+

t ot
_.([kl,v (X, Y ZrT) [052| + |1(X’ Y, Z’T)][azv +V1(X, Y er)] d T+a.£vslu (X’ Y, Z’T) X

© 2025 NSP
Natural Sciences

Publishing Cor.


http://www.naturalspublishing.com/Journals.asp

14 %N Sy E. L. Pankratov: On Approach to Optimize Manufacturing...

Q D .[[azv +V (X y,W, T)]deT+_vaﬂ (X Y, Z, T).[[azv +V (X y,W, T)]

Q%d Wdrz+f,(xy,2)

é’d)ll(x,y,z,r)dr+ 2 t0”CI)1|(x,y,z,r)><

X 5y£ oy

2D, (X’ y’Z’T)
oz
L, 0 t D L,

D
X kqjll's g[azq) @, (%, y,W, T)]deT+Q8_y£ kqjll's (j;[azq)l + @, (X, y,W,r)]dW X

ot
CI)2| (X’ Y, Z1t): 5.({ Dcp, (X, Y, Z,T)

x Dy (X,y,2,T)d r+£}D® (x,y,2,T) d r+Q£}VS,u (x,y,2,7) x
' 7o O0Xo

x Vu (x,y,2,7)d r+jk,’,(x, y,z,T)IZ(x,y,z,r)dr+jkI (x,v,2,T)1(x,y,2,7)d z +

0

+f, (X, y,2) .
7z oD, (X,Y,1z, o tod, (X Y,z
q)zv(X’ y,z,t):ﬁqu)v(x, y’Z’T) 1V(0"Xy T)d T+ﬁy£ 1V(0”yy T)x

)aq)lv (X, Y, Z, T)

xD, (X, y,2,T)d r+i}D® (x,y,2,T dr+Qi}VSy (X,¥,2,7) x
! a2y 0Xo

S L 0! Dcpvs L
X 1 i[amv 1v(X y,W, Z')]deZ'+ a—y(j) T g[a2®v+®lv(x,y,W,z')]dW X

Vu (x,y,2,7)d r+jkvlv(x, v, 2, TIV?(x,Y,2,7) dr+jkv(x, v,2,TIV(x,y,z,7)d 7+

+ f,, (X,y.,2)

Average values of the second-order approximations of required approximations by using the following standard relation
[26]

LxLyLz
H[pz(x, y,z,t)-p(x,y,z,t)] d zd yd xd
X -y -z | 10)

Substitution of the relations (1e), (3e), (5e) into relation (10) gives us possibility to obtain relations for required average
values a2y

2 ®a.F+0%L L L
4b; b, 4D,
oc=0, coa =0, coav =0
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C, _azzv Swoo — Aoy (2 Swor TS TOLLL ) Svvez — Sivia

aZI — X y Z
Swor+ %y Sy
1 1 S, S
b4 = —SIZVOOSVVOO _—S\fvoosuoo b3 = _M(ZSVVM + SIVlO +
here OL.L,L, OLL,L, | OLL,L,
S S S2
+OL L, L, )+ 22w (g 198 4 S e +OLL L, )0 (284S o+
x Ly b IV 01 1110 IV 01 x Ly b woi T 210
oL, Ly L, oL, Ly L,

S2 S SionS
+®LxL Lz) % bz :M(Swoz+S|v11+Cv)_(S|v1o_Zva01+®LxL X
@B eL,L,L, y

Xy

S, .S S
xLZ)Z+W(®L L,L, + 25,10 + Sy )+ ﬁ(slvm+28”w+28,VOl+®LXLyx

C|S|2\/00 _ 28|v1o

SZ
X Lz)(zsvvm + ®Lx Ly Lz + SlVlo)_LOO(C - vaoz - S|v11)+

eL.L,L, e’LIL2L% eLlL,L,
b1 = S||oo SIVM i SVV02 i CV (stvm + S|v1o + ®Lx I—y Lz) ﬁ(@)l—x I—y X
X SIVOOSIV01, oL, Ly L, oL, Ly L,

S, ..S2 S
x Lz + 28||10 + S|v01)(2$‘vv01 + S|v10 +OLL Lz)_ WAOIVOL — MO0 (38|v01 + 28||10 +
7 oeLLL, eLLL,

S||oo 2 S
=0 (S o+ Spe) — o x
+OL,L, L )(C vaoz_S|v11)+2C|S|vooS|v01, ’ ®LxLyLz( v WOZ) LxL Lz

Xy —z y

1 —Syvor =S
><6(®Lx|—y|—z"‘28||10"'S|v01)(Q/_vaoz_S|v11)"'2C|S|2\/01—S|v01CV @l\_/rl(izyl_z WAL
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_ oy ;1 S)i00 _Suzosuzo_ Swii

LLL +2S,,+S TeLLL " eLLL eLLL eLLL
X(®xyz+ II10+IV01)’ ®xyz ®xyz®xyz®xyz’

2 \/8y+®2a 402 p_98
Cy =,y Syoo + Ay Suvoo ~Swver ~ S|v11 a, ay ’ 6a,
b,b (ON N b 0?

4b, -OL,L L 3}—
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b? , 4 L LL
x(4®b2—®2l;3) L2L2L2®b - bob, —© bb; _ ©b,
4

x—y =z

X z S_
! 8b2 12b; 18b,

Farther we determine solutions of Eqs.(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 «;. The substitution leads to the
following result

p(z)82 ulng[,zy, 2,t) _ K (z)ﬂ(z)aT (xa )3(/ z,t)’ p(z)az uly((;,zy, z,t)

K@pe) T ELLY Tl g) ) TTOLLY

oy p ot? 01

Integration of the left and the right sides of the above relations on time t leads to the following result

u,(x,y,z,t)=u, +K(z )%%iZT(X y,z,7)dzd $—

—K(Z)%aggT(x y,z,7)dzd 9

u,(x,y,z,t)=u,, + Z&Z)i
vz, K @ZH L

O —y —~

4
[T(x,y,z,7r)dzd 9~
0

K(z )%%IiT(x,y,z,r)drdS
on

Uy, (X, ¥,2,t)= U, + K (z )ﬁaz

N—"

t 9
[[T(x,y,z,7)drd $—
00

—K(z)%%gy(x y,2,7)drd 9

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) [26]. The replacement leads to the
following result

p(z)82u2X(x,y,z,t):{K(Z)+ 5E (z) }azulx(x,zy,z,t)jL{K(z)_&}X

ot? 6[1+ o (2)] ox 3[1+0(z)]

Xézuly(x,y,z,t)+ E(z) azuly(x,y,z,t)Jr<’;32u12(x,y,z,t)_aT(x,y,z,t)><
oxoy 2[1+0(2)] oy’ 017° ox
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xK(z)ﬂ(z)+{K(z) E(2) }52U12(X,y,z,t)

+3[1+0'(Z)] X0z

(Z)azuzy(x,y,z,t): E(z) |Quy(0y.20) u,(xy.zt)| aT(xy.zt)
P ot Mro@)] ox oX0Yy oy

2[1+0(2)] 01 oy oy’

x K(z)ﬁ(z)+i{ E(z) [auly(x, V,2,t)  auy,(x, y,z,t)}}Jrazuly(x, V2t

X{LZ)Z)]JF K (z)}+{K (2)- 6[1E (2) }azuly(x’ y, Z,t)+ K (Z)azuly(x, y,z,t)

121+0( +0(z)] 0yoz X0y

p(z)azuzz(x,zy, zt)_ E(2) azulz(x,zy, Z’t)+ o°uy, (x, 3/ Z,t) s ou,, (x,y,z,t) .\
ot 2 [1+0(z)] ox dy ox01

Lo (0, z,t)} i {K (Z)Fun(x, y,z,t) 0w, (6y,2,0) du,(xy, z,t)}}+

0yoz 0 X oy 0z

L E@ ofcou,(xy.zt) ouxyzt) w2t au,(xy.zt)]
6[1+c(z)] 0z 01 ox oy 01

ou, (x,y,z,t) ou,(xy,zt) oau,(xy,zt)]| E(2) oT (x,y,2,t)
- 8xy - oy - azy }Ha(z)_K(z)'B(z) 8Z

Integration of the left and right sides of the above relations on time t leads to the following result

U2x(X, Y, Z,t)= LZ){K (Z)+ G[EE((TZ()Z)]} 822 }fulx(x1 Y, 217) dzd 9+L{K (Z)_

p 0x* 00 p(2)

E(z) | & E(z) [ &2 te
_:«;[1+o—(z)]}axayggu”(x’y’Z’T)Olfd‘%zp(z){(a;ﬂHuly(x’y’z’f)‘3'”"9+
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td 1 1 0°
M (%, y’Z’T)de‘9L+G(Z)+ Z)axoz cj)(j)ulz(xyZT)drdS{ (2)+
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[ R E—
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fT (x,y,z,7)d zd S—a—zﬁulx(x, y,z,7)d7d 9 x
0 aX 00
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o i 1 p(z)7e K (2)
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00

2[1+0(Z)]
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+
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OX00 OYoo
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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 good enough approximation to make qualitative analysis and to obtain some quantitative
results. All obtained results have been checked by comparison with results of numerical simulations.
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3 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 dopants 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 the possibility to increase compactness of transistors. At the same time one can
find increasing homogeneity of dopant distribution in doped part of epitaxial layer. In-creasing of compactness of
transistors gives us possibility to increase their density.

((x.0)

Substrate

0.0
0 L/4 L/2 3L/4 L

Fig. 2: Distributions of concentration of infused dopant in heterostructure from Fig. 1 in direction, which is perpendicular
to interface between epitaxial layer substrates.

Increasing of number of curves 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

2.0
1 2
1.5
)
> 1.0
o
Epitaxial layer Substrate
0.5
0.0

0 L/4 L)ZZ 31/4 L

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 correspond to annealing time ® = 0.0048(L,2+L,*+L,?)/Do. Curves 2 and 4 correspond to annealing time ®
= 0.0057(Ly?+Ly?+L,%)/Do. Curves 1 and 2 correspond to homogenous sample. 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
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Fig. 4: Spatial distributions of dopant in heterostructure after dopant infusion.

X

Curve 1 is idealized distribution of dopant. Curves 2-4 are real distributions of dopant for different values of annealing
time. Increasing number of curves corresponds to increasing of annealing time

C(x,0)

7

X
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 number of curves corresponds to increasing of annealing time

The second effect leads to decreasing local heating of materials during functioning of transistors or decreasing of their
dimensions for fixed maximal value of local overheat. However, framework this approach of manufacturing of bipolar
transistor is necessary to optimize annealing of dopant and/or radiation defects. The reason for this optimization is the
following: If the 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 [15,25-32]. Framework this criterion we approximate real distribution of concentration of dopant by stepwise
function (see Figs. 4 and 5). Farther we determine optimal values of annealing time by minimizing the following mean-
squared error

l LxLyLz
=~ [[][c(xy,2,0)-y(xy,z)]dzd ydx
L,L,L, 000

: (11)

where  (x,y,z) 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
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anneal radiation defects after ion implantation. One could find spreading of concentration of distribution 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 achieve any interfaces during annealing of radiation defects, it is
practically to additionally anneal the dopant. In this situation the optimal value of additional annealing time of implanted
dopant is smaller than annealing time of infused dopant.

v —Zy
0.4 4

1 / .
0.3

eD,L’

3
0.2
1 1

0.1

0.0 T T T T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5
alL, &, & v

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=1/2and = £=0

0.12 A

0.08 4
i / °
a 1 °
@

3
0.04
1
0.00 T T T T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5
alL, &, ¢, v

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=1/2and é= £=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
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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 corresponds to a homogenous material with averaged parameters of heterostructure from Fig. 1

Farther we analyzed the influence of relaxation of mechanical stress on distribution of dopants 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 change 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 other processes in
annealed area due to inhomogeneous distribution of temperature and Arrhenius law. Accounting relaxation of mismatch-
induced stress in heterostructure could lead 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, it could lead to generation
dislocation of discrepancy. Fig. 8 shows distributions of component of displacement vector, which is perpendicular to
interface between layers of heterostructure.

4 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 transimpedance amplifier. We formulate recommendations
for optimization of annealing to decrease dimensions of transistors and to increase their density. We formulate
recommendations to decrease mismatch-induced stress. An 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 the possibility to take into account nonlinearity of considered processes.
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