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ABSTRACT

In this paper we introduce an approach to increase density of field-effect heterotransistors in the frame-
work of a current follower transconductance amplifier. In the framework of the approach we consider
manufacturing the amplifier 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 mis-
match-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 mis-
match-induced stress.

KEYWORDS

Heterotransistors; current follower transconductance amplifier; optimization of manufacturing; analytical
approach for prognosis.

1. 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 [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 hetero-
structure and necessary optimization of doping of electronic materials [12] and development of
epitaxial technology to improve these materials (including analysis of mismatch induced stress)
[13-15]. An alternative approaches to increase dimensions of integrated circuits are using of laser
and microwave types of annealing [16,17].

In the framework of the paper we introduce an approach to optimize manufacture of field-effect
heterotransistors. The approach gives a possibility to decrease their dimensions with increasing
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their density framework a current follower transconductance amplifier [18]. We also consider
possibility to decrease mismatch-induced stress to decrease quantity of defects, generated due to
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Fig. 1a. Structure of considered current follower transconductance amplifier [18]
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Fig. 1b. Heterostructure with a substrate, epitaxial layers and buffer layer (view from side)
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the stress. In this paper we consider a heterostructure, which consist of a substrate and an epitaxi-
al 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 anoth-
er 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 pre-
sent paper is analysis of redistribution of dopant and radiation defects to determine conditions,
which correspond to decreasing of elements of the considered amplifier and at the same time to
increase their density. At the same time we consider a possibility to decrease mismatch-induced
stress.

2. METHOD OF SOLUTION

To solve our aim we determine and analyzed spatio-temporal distribution of concentration of do-
pant in the considered heterostructure. We determine the distribution by solving the second Fick's
law in the following form [1,19-22]

aC(x,y,z,t)zg{Dac(x, y,z,t)}Li{Dac(x, y,z,t)}Li{Dac(x,y,z,t)}+
ot OX OX oy oy 02 0z

6 DS L, a DS L,
+Q—| =V u(x,y,2,t)[C(x, y,W,t)dW +Qﬁ—y =SV (%, y,2,1)[C(x, y,W,t)dW |+
0 0

OXx| kT kT
+i DCS 5#2()(1 yvzlt) +ﬁ DCS 5#2()(1 yvz!t) +i DCS 0”/’!2()(’ y,Z,t) (1)
x| VKT O X Ay|V KT oy Oz|V KT o1

with boundary and initial conditions

oC(xy,zt) _, oClxyzt) _, 8C(xyzt) 0 aC(x,y,2,t) 0
a X x=0 , a X X=Ly , a y y=0 , a y X=Ly ,
oC(xyzt) -0, oC(xy.zt)  _ 0, C (xy,2,0)=fc (x.2).

0z 0z

z=0 x=L,

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

ume of dopant; Vs is the symbol of surficial gradient; [C(x,y,z,t)dz is the surficial concentra-
0

tion of dopant on interface between layers of heterostructure (in this situation we assume, that Z-
axis is perpendicular to interface between layers of heterostructure); za(x,y,z,t) and zo(x,y,z,t) are
the chemical potential due to the presence of mismatch-induced stress and porosity of material; D
and Ds are the coefficients of volumetric and surficial diffusions. Values of dopant diffusions co-
efficients depends on properties of materials of heterostructure, speed of heating and cooling of
materials during annealing and spatio-temporal distribution of concentration of dopant. Depend-
ences of dopant diffusions coefficients on parameters could be approximated by the following
relations [23-25]

D, = DL(x,wﬁ){l%%}{lmv(X;/X’Z’t)+gzvz((\x;,Y);z’t)},
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Ds=DSL<x,y,z,T>{1+gg—;’fxx'yy;;))}{“glv(X’Vy*’“hgﬂz((xv’y)f’” @

Here D (x,y,z,T) and Ds (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 ye[l 3] [23]; V (x,y,z,b) is
the spatio-temporal distribution of concentration of radiation vacancies; V" is the equilibrium dis-
tribution of vacancies. Concentrational dependence of dopant diffusion coefficient has been de-
scribed in details in [23]. Spatio-temporal distributions of concentration of point radiation defects
have been determined by solving the following system of equations [19-22,24,25]

m();’{’Z’t)zﬁ[D,(x,y,z,T)m();)):’Z’t)}+0%{D,(x,y,z,T)al();;:’Z’t)}+

+%{D. (x,y, Z’T)W}_ Ko (v, 2,T) 12(x y, 2,t) =k, (X, y,2,T) 1(x,y, 2,t) x

0 { D, 6y2(x,y,z,t)}+g 0 [D

S vou(xy,z, t)j (x, y,W,t)dW}L

Z,0)+
V(oy20+ L

OX|V kT oX oX

+Qaa {E_'If Vou (X, zt)jl(x y,W, t)dW} 0 { Dis a“Z(X'y’Z’t)}+
y

oy|V KT oy
+i|:_DIS a,uz(X,y,Z,t):| (3)
0z|V kKT 0z
V(X V,z,t o IVIX,V,z,t 17 V(X Y, z,t
%zﬂ{m(x, y,z,T)%}+—{Dv(x, y,z,T)%}+

+%{D\, (x,, zT)M} ~kyy (%Y, 2, T)V2(X,y, 2,t) K, (% ¥, 2, T) (X, Y, 2,t) x

oz
0 [ Dys 0u,(x, y,z,t)}L

V(xy,z2, t)+Qaa {D"S Vou (X y,2, t)j (x, y,W, t)dW}

kT OX|V KT OX
o | D & | Dys 0u,(x, y,zt)
Q sy ,Z,t W,t)dW 2
+ ay{kT s (%Y, 2, )I (x, y,W,t) } ay{VkT 5y

+i DVS aﬂz(xsyyz!t)
oz|V KT 0z

with boundary and initial conditions

A1(x,y,z,t) 0 1(x,y,2,t) 0 21(x,y,2,t) 0 ol(xy.zt)
OX o OX L ’ oy o ’ oy . ,

olxy.zt) _, 2lxy.zt) 0 oV (x,y,z,t) o 9V (x,y,z,1) 0
é, z z=0 ’ ﬂ z z=L, , ax x=0 e ﬂx x=Ly ,




International Journal on Organic Electronics (IJOE) Vol.13, No.1, January 2024

oV (xy.zt) 0 2V (x,y,z,t)

_ 0 AV (x,y,2,t)
oy -

oy 01

y:Ly

0, AV (x,y,2,t)

ki =0. ()

z=L,

y=0 z=0

I (xY,2,0)=fi (x,y,2), V (xy,2,0)=Fv (x,y,2), V (X, +V.t,y, +V,t, 7, +V.t,t) =V, [1+ 2t ] .

KT X +yi+27

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 V(x,y,z,t) and 1%(x,y,z,t) correspond to generation of divacancies and diinterstitials, respec-
tively (see, for example, [25] and appropriate references in this book); kiv(x,y,z,T), ki.i(X,y,z, T)
and kv,v(x,y,z,T) are the parameters of recombination of point radiation defects and generation of
their complexes; k is the Boltzmann constant; » = a®, a is the interatomic distance; ¢ is the spe-
cific surface energy. To account porosity of buffer layers we assume, that porous are approxi-

mately cylindrical with average values r=.,/x’+y? and z before annealing [22]. With time

small pores decomposing on vacancies. The vacancies absorbing by larger pores [26]. With time
large pores became larger due to absorbing the vacancies and became more spherical [26]. Distri-
bution of concentration of vacancies in heterostructure, existing due to porosity, could be deter-
mined by summing on all pores, i.e.

YV (x+ia,y+jBz+kg,t), R=x2+y*+2%.

j=0k=0

M-
M=

V(xy, zt)=

T
o

Here o, fand y are the average distances between centers of pores in directions x, y and z; I, m
and n are the quantity of pores inappropriate directions. Spatio-temporal distributions of divacan-
cies @y (x,y,zt) and diinterstitials @& (x,y,z, t) could be determined by solving the following sys-
tem of equations [24,25]

ﬁ@,(x,y,z,t):i{DQ (x,y,z,T)ﬁcD'(X’y’z't)}+i{D¢ (x y,z,T)ﬁcD'(X’ y,z,t)}+
ot ox| OX ay| ay
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D
09 { S vs/ul(x,y,z,t)jd),(x,y,w,t)dW}Lku(X:y,Z,T)lz(xiy’z't)+kl(x’ y.2T)x
0

oy| kT
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o @, (x,y,2,t) 0 | Days Lz
+az[D“’V (x,y,2,T) g }+an{ T Vs,ul(x,y,z,t)(j)CD\,(x,y,W,t)dW + (5)

L,

D
Qa_ay{ VoY, 2] @ (x y,W,t)dW} +kyy 6V, 2TV Y, 2,t) + Ky (%, y,2,T) x
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Vi yyzyt)+g{9¢vs 0 ;% y,z,t)}g{%s 015 (x y,z,t)}g{%s 015 (%, y,z,t)}
OX|V KT o X oy|V KT oy oz|V KT oz
with boundary and initial conditions
2D, (x,y,2,) 0 21(x,y,2,1) o ollxyzt) _, 2lxyzt)
ox o X - ’ ly o ’ oy . '
2D, (x,y,2,) 0 21(x,y,z,1) 0 2D, (x,y,z,1) 0 oV (x,y,z,t) o
éjz z=0 , é) z z=L, , é’X x=0 , ﬂx X=Ly ,
ov(xy.zt) _, oV(xyzt) 0o AV (x,y,z,t) _g 9% (x,y,z,t) o
oy o oy . ’ o1 o oz o
Di(X,Y,2,0)=Ffa (X,¥,2), Dv(X,Y,2,0)=Fav (X,Y,2). (6)

Here Dai(x,y,2,T), Dav(X,y,2,T), Dais (X,¥,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 pa-
rameters of decay of complexes of radiation defects. Chemical potential s in Eq.(1) could be
determine by the following relation [19]

m=E(2)Qa; [uij(x,y,z,)+uii(x,y,z,1)])/2, )

- ou,
where E(z) is the Young modulus, o is the stress tensor; u; =%(%+a—‘J is the deformation
X X;
J

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
G(x, Y, z,t); Xi, Xj are the coordinate x, y, z. The Eq. (3) could be transform to the following form

p(x,y,2,1)=E(z)

Q aui(x’ylz’t)+auj(x’y’z’t) 1 aui(x’ylz’t)+aui(x’y’z’t) B
2 0X; 0 X, 2 0X; 0 X,
o(2)s

—&,0; + 1_ Zo_(ijz){aUk (6)(x): Z't) _3‘90} -K (Z)ﬁ(Z)[T (X, Y, th)_To] J; }v

where o is Poisson coefficient; &= (as-aeL)/aeL is the mismatch parameter; as, ag. are lattice dis-
tances 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 [20]

Z)az ux(X’ y'Z’t) — aGxx(x’ y’Z’t) + 8O-X}'(X' y’ Z’t) + asz(xl y’ Z't)

pl ot? ox oy 07
U xy,zt) do,(xy,zt) o, (xy.zt) do,(xy.zt)

Pl == oy | oz
(2\62 u,(x,y,z,t) _ oo, (x,y,2,t) . oo, (x,y.2,t) L 90, (x,y,2,t)
ot OX oy 0z ’
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E(z) |ouylx y,z,t)+auj(X, y.zt) & du, (xy.z.t) s au, (x, y,z,t))<
" 2h+o(2)]]  ox, DX, 3 0x, ox,

xK(z)- B(2)K (2)[T(x,y,z,t)=T,], p(z) is the density of materials of heterostructure, & is the
Kronecker symbol. With account the relation for gjj last system of equation could be written as

o%u,(x,y,z,t) 5E(z) | o%u,(xy,zt) E(z) )o°u,(xv.zt)
pl2) atzy :{K(Z)+6[l+o(z)]} ale +{K(Z)_3[1+O'(Z)]} oxay

£(2) FZuy(x,y,z,tLaZuz(x,y,z,t)HK(z)+ c()_ [y

2M+0(2)] ay? oz7° M+o(z)]] oxoz

T (x,y,z,t)
k(g T

o’ u,(xy.zt)  E(z) [0u,(xy.zt) 8% (xy z1) oT (x,y,2,t)
p2) ot? - 2[l+a(z)]{ ox? " axayy }—K(z)ﬁ(z) 6;/ '
o E@) [ouxy.zt) au(xyzt) 5E(2) o%u,(x,y,z,t)
+E{2[1+0(Z)]{ oz a; }}+{12[11Lo(z)]+ K(Z)} oyr

+{K(Z) E(2) }62uy(x, y,z,t)+ K(Z)—azuy(x’ 2. (8)

“6l+o(2)]]  oyoz oxay
2 2 2 2 02 LV, Z,t
p(z)a u, (x, y,z,t):{a u, (x, y,z,t)+a u, (x, y,z,t)+6 u, (x, y,z,t)+ u,(x,y,z ):I y

ot’ ox’ oy’ 0X01 0yoz

E(z) ) {K(Z){aux(x, y.2.1) ou,(x,y,z,t) L ou(xy, z,t)}}Jr oT(x,y,2,1)

X2[1+0'(Z)]+E dX dy 01 o1

13{ E(2) {66uz(x,y,z,t)_6ux(x,y,z,t)_5Uy(X,y'Z't)_auz(x,y,z,t)}}'

60z|1+0(z) 0z OX dy 0z

x K(2)p(z)+

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

0u(y.2t)_,. u(L,y.zt)_ . 20(x0zt)_ . aa(xL,,zt) 0. 20(xy.01)

oX OX oy oy oz
aa(xy,L,,t)
0z

=0; d(xy,2,0)=0,; d(x,y,z,00)=0,.

We determine spatio-temporal distributions of concentrations of dopant and radiati-on defects by
solving the Egs.(1), (3) and (5) in the framework of the standard method of averaging of function
corrections [27]. Previously we transform the Egs. (1), (3) and (5) to the following form with ac-
count initial distributions of the considered concentrations

aC (x,y,z,t) @ {DGC (x, y,z,t)} 0 {DM} 0 {DM} (1a)

ot ox X oy oy oz oz
, 0 [ Des 0 1,(x,y,2,t) .2 | Bes 0 1,(x,y,2,t) . 0| Des d 1,(x,y,2,t) .
x|V KT O X Ay|VKT oy Az|VKT o1
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0” Des 0 (%, y,2,t) +Qi
52 V kT oz OX

LE)T Vou(xy,z t)jC(x,y,W,t)dW}+

+Q%[E_IS_ Vou (xy,2, t)jC(x y,W, t)dW:|+ f. (x,y,2)8(t)

m();’f’z’t)=%[D.(X,y,2,T)m();)):’Z’t)}é%{D.(X,y,Z,T)m();’;:'Z’t)}

+%{D, (x, y,z,T)W}H); {E%f V(X y,2 t)f' (xy.w, t)dw}

+Q%{E'TS Ve (xy,2, t)jl (x y,W, t)dw} k.,.(X. y,z,T) |2(X1 y,2,t)—

Ky (Y, ZT)H(X Y, DV (%, Y, 2,t)+ f, (%, y,2)5(t) (3a)
&V(x,y,z,t)zi[D (xy ZT)é’V(x,y,z,t)}ri{D (xy ZT)&V(x,y,z,t)}r
ot ox| T OX oyl VT oy
i AV (x,y,z,t) 0 | Dy L
+E[D\,(x,y,z,T)T}+Q&[FVSM(x,y,z,t)£V(x,y,W,t)dW}r

Z

+Qi|: Dls Vs/ul(x Y,z t)I].I (X;ylW't)dW:|_k| I(le'Z'T)I 2(X’ y,Z,t)—
oy| kT 0 |

—Kiy (6,2 (Y, 2tV (6 y.2,0)+ 1, (x v, 2)8(t)

20,(xy,z2,t) 72 2D,(XY,zt J 29,(X,Y,zt
—(aty ):5[ o, (X, Y,2,T) 222 ( y )}rﬁ—y[Dcpl (x,y,z,T)—(ﬁyy ):|+

o X,Y,z,t
+Z{D®| (x, y,z,T) (azy )} { s (%, y,2 t)j (x, y,W,t)dW}r

D
;y{ kq_’%s Ve (x,y,2 t)ICD (X, y,W, t)dw}+k (%, T)1(x,y,2,t)+

0 [ Pus mliyza)], 0 [ Ous cumbryzt)], o Pos dmliyad)],

Ox| VKT dX oy|V KT oy 0z|V KT 0z |

+k,, (% v, 2,T) 12(x, y, 2,t)+ f,, (x,y,2) S(t) (5a)

AT AL (;(’ty'z't)=%{ o, (x,,2T)Z (X .2, t)} %{Dq,v (x,y,2,T) DXy, 28 (;’yy’z’t) +

7
+—1| D, (X,V,2,T
ﬁz[ mv( Y

)ﬁd)v(x,y,z,t) +Qi|:D(DVS

LZ
oz OX kKT vslul(xi y,Z,t)(J)CDV(X, y,W,t)dW:|+

QE{D‘D'S Vo, (x,y,2, t)j(D,(x y,W, t)de|+k (xy,2T)V(x,y,z,t)+

oy| kT
L0 Da,s 01,(x,y,2,t) iDvsa,uzxyzt)Jra Dmvsa,uz(xyzt)
T ox| VKT X oy|V KT oy oz| VKT 0z
+k,y (%Y, ZTIVE(x Y, 2,t) + £, (X, y,2)8().
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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 ai,. 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 o|.D
1(8—3/)=alcQa{zﬁVS,ul(x,y,z,t)}+a1CQa—y{zﬁVs,u1(x,y,z,t)}+
D, D,
(o y2)5lt)+ 2| Des Qmleyzt)| | 2 ) Des du(xy.zt)|,
IX|V KT X Ay| VKT oy
+iFCS 5“2(X’y’z’t)} (1b)
27|V KT oz
alxy,zt o|D 0 D
%:aﬂzﬂa{k—?vsy(x,y,z,t)}+a1,98—y{zk—'TSVSy(x,y,z,t)}+
L0 Dis om,(x.y,2,1) L9 Dis op,(x,y,2,1) L9 Dis ayz(xyzt)
T ox| VKT dX oy| VKT oy oz|V KT oz
+ f| (X’y’z)é‘(t)_alzlkl,l (X’y’Z’T)_allalvkl,V (X7 y’Z'T) (3b)
oVixy,zt o|D o|._D
1%—3’)=a1VzQ&{k—VTSVSy1(X,y,z,t)}+a1VQa—y[zk—VTSVSyl(x,y,z,t)}+
i Dus du,(xy,2,1) +i Dus du,(x.y,2,1) +i Dus au,(x, th)
T ox| VKT dX oy|V kT oy oz|V KT oz

+ fv (X1 Y, 2)5('[)_051?/ I(v,v (X1 Y, Z'T)_all ay kl,v (Xv Y, Z!T)

D, D,
w ZQi|: - VS/Ul(X’ Y, Z1t):| g, ZQi|: = VS/ul(X1 y,Z,t):|+

ot ox| KT ay| kT

L 0] Dags O 11,(x,y,2,t) 0| Bass d14,(x,y,2,t) 4 0| Buss  14,(x, y, zt)

ax V kT oX oy|V KT oy oz|V KT 0z

+ Ty (X, v,2)8)+k, (%, y,2T)I(x,y, 2,t)+k, , (% y,2,T)1?(x, y,2,t) (5b)

oo, (X y,zt 0 D v 0 D v
% Q_{ kqil's Vo (x,y,2, t)}+al¢sz—y{kLTS Syl(x,y,z,t)}r
+i 9‘Dv5 8y2(x, y,Z,t) +i E)@vs a/uz(Xv y,Z,t) +— 0 D‘DvS a:uz(x y,Z t)

ox| VKT OX oy|V kT oy oz| VKT 0z

+ Ty, (%, y,2)0(t)+k, (X, v, 2TV (%, y, 2,t)+ K, (X ¥, 2T V(X y,2,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

Cl(X’ y’Z’t) alCQ .[DSL(X y7Z T) SlLll(X’ y’Z’T)l:1+gl

V (x, y,z,r)Jr V2(x, y,z,r)} y

v
Xi 1+& drb+ f (X,y,2)+a Qij’D (X, y,Z,T) 1+ ésalvc «
kT P’ (x,y,2,T) ¢ oy ot P”(x,y,2,T)
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XY, 2,T Vix, vy, 2,7 6 t Des 0 (X, y,2,7

x Vs,ul(xyZT)kT 1+¢ (V* )+gZ ((\/*)2 ) dr+5£\7lzfl' Z(é’x )dr+
D D
2 -1[ Cs ﬂ/’lz(x y1ZT)dT+ij_CS ﬂ,uz(X,y,Z,T)dz_ (1C)
é’yoVkT ay AoV KT oz
1,(x,y,2,t)= al,zQ j D Vsyl(x Y, 2, z-)d2'+a1,ZQ IkT Ve (x,y,2,7)d 7+
0 O
D D D
af Is 5ﬂ2<X,y,Z,t)dr+i}_|s aﬂz(xnyazat)dz_+ij_ls 5/12(X,y,2,t)dz_+
8xOV kT oX oyoV kT oy 0zoV KT 0z
t t

+ fl (X1y’z)_alzl .‘kl,l (x,y,z,T)d T_aualv.[kl,v (X’ va’T)d T (3C)

V,(x,y,2,t)= aleQ—j Vs,ul(x y,z,7)d r+a1VzQ—j D Vsyl(x y,z,7)d 7+

L2010 auz<x,y,z,t>dr+gj_avs 5ﬂz(X'y,Z,t)dr+iijs ooyt

oxoV kT oX 0yoV kT oy 0zoV KT 0z
t t
+ fv (X’ y’Z)_alfl.[kV,V (X’ y’Z7T)dT_allalv.c[kl,V (X,y,Z,T)dT
(I) a tD(D,S
chl(Xiva’t):alm'ZQ_I Slul(X,y,Z,T)dT-i-am)l ZQ&.“ KT Vs,ul(X,y,Z,T)dT-i-
0
D D
a J‘ ‘1)|S a:uZ(X Yy, Z, T)dz__'_ij _<1>|S a:uz(x’ yIZ’T)dT_{_ij‘_‘DlS a:uz(x’ y’Z,T)dT-i—
axOV kT oX oyoV KT oy 0zoV KT 0z

+jk|(x, v,2,T)1(x,y,2,7)d z-+jk,',(x, y.zT)I*(xy, z,r)d o+ £, (xy,2) (5¢)

D
chV(X' y,Z,t) almVZQ_.[ d)vs S,Lll(X, y,Z,Z')dT-i-am,VZQa—f[ kd)-\ll-s Vs,ul(xv y,Z,T)dT-i-
0
D D D
+i.t[ _vas 8/”2()(' y'z’T)dz_+ij‘_®vs aﬂz(xv y'Z'T)dT_'_ij‘_‘Dvs aﬂz(xv y,Z'T)dT-i-
oxoV KT oX OyoV KT oy 0zoV kT oz

+jkv (x,y,2,TIV(x,y,z,7)d 7 +}k\,yV Xy, 2 T)V?(x,y,z,r)d 7+ f, (xy,2).
0 0

We determine average values of the first-order approximations of concentrations of dopant and
radiation defects by the following standard relation [27]

[ [ 1o (xy zt)dzdydxdt. )

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

LbyL, (a +A)2 @a B+® L I_ L a. a +A
f.(x,y,z)dzdydx, a, = [ ~4|B+ e
e L,L, Zi” (xy.2) y u \/ 432 [ a, J 4a,
1 @ LXLYLZ
ay = .[.[.[f (X Y,z )dZdde_auSuoo_@LxLyLz '
voo | &y 000
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LybyL,

y
x (SIZVOO - SIIOOSWOO) a3 SIVOOSIIOO SIVOO SIIOOSWOO’ 2 IVOO .([ g,([

Ly L

!

L,

where S = [k,,(xy.zT)L(xy.zt) V) (x y,z,t)d zd yd xdt, a, =S, x
0

o i

o—0®

f, (x,y,2)d zd yd x x

LxLyLz
x SIZVOO +SIVOO®L§<L§/L§ +28VV00 1100 .([ J(; .([ fl (X' y’ Z)d Zd yd X_G)LiLi/LiSWOO _SI2V00 x

Ly Ly L

Xff

~

L, L.

fl (x,y,z)dzdydx, a:l:SIVOO.(IjJ(;

o—
o—I"

f (xy,z)dzdydx,A= J8y+®2 s 402
a’ a,

xLyz
Wooﬁng.(x,y,Z)dzdde} B— \/\/q +p°—q- \/\/q +p’+q,

3 4 2
q:® i (4a0—®LXLyLZ a1a3j e & [4®a _e? a3j 02 1222078
a, 8a;

24a4 a, 543. xTYTTogg 2 !
00" 4a,a,-OL,L L, aa, _ 04,
12a’ 18a, '
R, Suzo 1 Lyl
a, = + + f, (X,y,z)dzd ydx
“roeLLl, eLLlLl, LLL, H { o (%.9:2) y
Rv1 va 20 1 Lyl
a. = f. (x,y,z)dzd ydx,
™oeLlLLl, eLLlL LLL, Hi o (xy:7) Y

LlyL,

{11k (xy,2T)i(xy,z,t)d zd yd xdt.
000

-

where R | =?(®—t)
0

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 cor-
rections [27]. In the framework of the procedure to determine approximations of the n-th order of
concentrations of dopant and radiation defects we replace the required concentrations in the Egs.

(Lc), (3c), (5¢) on the following sum an,+pn-1(X,y,z,t). The replacement leads to the following
transformation of the appropriate equations

d C,(x, y,z,t):i({“é [, +C,(x, y,z,t)]y} {1+§1V(X’ y,z,t)+g V2(x, y,z,t)} y

ot ox P’ (x,y,2,T) V© V)

DL(x,y,z,T)MJ+ﬂ{ {]Hglv(xyy,z,t)+ VZ(X,y,Z,t)}ﬁcl(X,y,z,t)x

ox oy v oy

%D, (x, y,Z,T){lJrg[azc +C,(x,y, z,t)] B 0 [{H V (x, y,z,t)+g V2(x, y,z,t)} .

P’ (x,y,2,T) 017 A : (\/)2
x D, (%, y,z,T)aCl(X’ y’z't){1+§[azc +Cy(x, y,zjt)]’ BJr fe (xy,2)5(t)+

oz py(x, y,2,T )

i Dcs 0’7/12()( Y.z, t) A | Dgs ﬁ,uz(x A t) i D é’ﬂz(x Y,z t)
ToxViaT ox MoV Ty [Tar|kT T g

0 |D L

+Q&{ﬁvsﬂl(x,y,z,t)£[azc +C(X,y,W,t)]dW}+

z
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r0 212y byt +Cluywlow ) a9
ﬂlz(x,y,z,t)zﬁ{DI (x,y,z,T)all(X’y’z’t)}ti{D,(x,y,z,T)ﬁll(X’y’Z’t)}+
ot O X OX oy oy

+%{DI (X’ Y, Z'T)W}_k“ (X' y'Z’T)[all + Il(X' y’z’t)]2 _k'vV (X' y’Z’T)X

L

x [all + II(X’ y’ Z’t)][alv +V1(X’ y’ Z’t) +Q§{VS/I (X' y’ Z’t).[[aﬂ + II(X’ y’W’t)] dWX

D 0 ]b 0 10u,(x .2t
xk—'TS}+Q6y{k_'lfVSy(xyzt)j[a2,+I(x th)]dW} 9] 1 (%, y )X

OXo OX
Dis 4,4 0§ Dis dm(xy.zt)y 04 Dis dmlxyzt)y, (3d)
T T oyl oy 020V KT o1
y oy

+%|:Dv (xy, ZT)%;/“)} —kyy (% y,2,T )y +Vi(x,y, 2,0)F —k,, (%, y,2,T)x

x [all + Il(x’ y’ Z’t)][alv +V1(X' y' Z't)]+Qai{VS/'l (X’ y’ Z!t)l]z[azv +Vl(x' y'W’t)] dW x

D. o )b 0 tou,(xy.2,t
Xk_VTS}JFQay{k?Vs/t(xy,zt)I[ozzv+V(xth)]olW} axg—“z(axy )

x _I:)VS J~ VS aﬂz(xyyuzit)dr+ij DVS a,Uz(X,y,Z,t)dT
VKT ayoV kT oy 0zoV KT oz

ob, (xy,2,t 0 o0, (XYy,z,t 0 od, (x,y,7,t
2|(é)ty )=5|:D¢| (X y,Z,T) 1 (é,xy ):|+_|:D(I)| (X y,Z,T) 1l (é)yy )}_’_

6 (D,
+O— {kT'S Vou (% y,2,t) I[azq) 1.(X,y,W,t)]dW}+k.,.(X,y,z,T)lZ(X,y,z,t)+

D
+Q%{ kaill's Vou (x,y,2,t) j[azml @, (x, y,W,t)]dW}Jrk,(x, v,2,T) 1(x,y,2,t)+

+i DCI’uS ayz(x,y,z,t) +i Dd’us a,uz(x,y,z,t) = 0 DCD|5 aluz(x Y,z t)
Ox| VKT dX oy|V KT oy 0z| VKT 0z

o 2D, (x,y,2,1)
+E{D¢I (x,, z,T)T}+ fo, (% y,2) S(t) (5d)

2D, (x, y,z,t)zi{ oy, T)5<DN (x, y,z,t)}ri{Dm (x y,z,T)aq}N(X’ y,z,t)}r
ot ox| ox oy| oy

0

D .
+Q—X{k&_l_svs,u (x,, z,t)Z[ozmV + @, (x, y,W,t)] dW}+ Koy (X, Y, 2 TIV?(x,y,2,t)+

D
+Q%{ km_lv_s Vi (xY,2, t)Lj[am + @, (x, y,W,t)]dW}+kV(x, v, 2,T)V (X, y,2,t)+
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o[ Dos 2mbua)], o Dos 2fuyan)], 0] 0o 2iieyad],

+_ — — — — —_—
ax[v KT OX oy|V kT oy oz|V KT 0z

+%{D®V (x,y, z,T)W}+ fo, (X, y,2)5(t).

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

R [, +C,(x,y,2,7)] V(xy.zz)  Vixyz7) y
Cz(x,y,z,t)_ag{hé 57 (. y.2T) Hl+g1 ViR v

oC,(x,y,z, ot V(x,Y,2, VZ3(x,Y,z,
)¥d7+a—ygDL(x,y,z,T)|:1+g1 (Vy* T)+g2 ((Vy)z T):|><

><aCI(x,y,z,r) o, +C(xy 2t | a0 Vixyze)  Vixyzo) |
oy {Hﬁ P’ (x,y,2,T) +6z£ e v (v

4
% DL(x,y,z,T)aCl(X’y’Z’T){lJr§[a2‘3 +C1(vaiza7)] }d7+ fc (x,y,z)+

xD (x,y,2,T
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95 i K
+Q@X£kT Ve (X, y,z,r)j(;[azc +C,(x,y,W,z)]dwWdz+ ayb[VS,u (x,y,2,7)x
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OxX| VKT X
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T)o”ll(x, Y,2,7)

)o”ll(x,y,z,r)d
OX
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o 0
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0

t a t
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KT o 0Yo 0
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_D !le
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0

13



International Journal on Organic Electronics (IJOE) Vol.13, No.1, January 2024
t a t
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D ..
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0
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kT o |

s
KT o

t t D
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0

OxoV KT X
ij‘ D<I>|S 5#2(X, y’z’r)dr-i-ij. DCDuS 5ﬂz(X,y,Z,T)

dr+

+—[= — de+f, (x,y,2)+
oyoV KT oy 0zoV kT 0z :
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0
ot 20, (X,V,1z, o todb,,(XY,z,
chv(X,y,Z,t)ZEQD@V(X,y,Z,T)MdTJfa—yglv(a—ny
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oz

x D, (x,y,z,T)dr+iiD®V (x,y,2,T dr+9ijvsy (x,y,2,7)x
s OXo

D L, a t D L,
X kd)'\lis g[amv +@,, (X, y,W,T)]deT-i-Qa—y{ kdilv_s i[awv +@,, (X, y,W,r)]dW x

t 2 it Dd’vs a:uz(x’ y’Z’T)
xVS,u(x,y,z,r)dr+(j)kv,v(x,y,z,T)V (x,y,z,r)dr+aX£VkT = dr+
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oyoV kT oy 0zoV KT 0z

dr+f, (x,y,2)+
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0

Average values of the second-order approximations of required approximations by using the fol-
lowing standard relation [27]

Lyby L,

L i Houxy.2.0)- pulx,y,2.t)]d zd yd xdt. (10)

a:
¥ eLLL,

i’

Substitution of the relations (1e), (3¢), (5e) into relation (10) gives us possibility to obtain rela-
tions for required average values a2,
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Farther we determine solutions of Eqgs.(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 ai. The substitution leads to the following result

p(e) V2 () TTN2Y) ()T 20 “”f;;y’z'”=—K<z)ﬂ(z>—5”§;j“>,
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plo) 020y (g)p(q) TTL2E).

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

ulx(x,y,z,t):UOX+K(z)%%iiT(x,y,z,r)drdS—K(z)%a—iIiT(x,y,z,r)drdS,
_ B2 0 Ndrdo—K(f® 2 5 Ndr

uly(x,y,z,t)—uoy+K(z)p(z)ay££T(x,y,z, )dzd 9 K(z)p(z)ayg(j)T(x,y,z, )dzd 9,

ulz(x,y,z,t):uoz+K(z)%%iiﬂx,y,z,ﬂdrdS—K(z)%%ﬁﬂx,y,z,r)drdS.

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
oitui(x,y,z,t) [27]. 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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In the framework of the paper we determine concentration of dopant, concentrations of radiation
defects and components of displacement vector by using the second-order approximation frame-
work 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.

3. DISCUSSION

In this section we analyzed dynamics of redistributions of dopant and radiation defects during
annealing and under influence of mismatch-induced stress and modification of porosity. 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 doped area is larger, than in nearest areas. The
figures show, that inhomogeneity of heterostructure gives us possibility to increase compactness
of concentrations of dopants and at the same time to increase homogeneity of dopant distribution
in doped part of epitaxial layer. 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 distri-
bution of concentration of dopant. If annealing time is large, distribution of concentration of do-
pant is too homogenous. We optimize annealing time framework recently introduces approach
[28-36]. In the framework of 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 anneal-
ing time by minimization of the following mean-squared error

LlyL,

[

-

=TT [C(x,y,2,0)-w(x,y,z)]dzd yd x, (15)

X~y =z
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C(x,t)

0

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 diffu-
sion coefficient in substrate. Points are the experimental data from references [37,38]
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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,2+L,%)/Do. Curves 2 and 4 corresponds to annealing time © =
0.0057(Ly?+Ly?+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

o
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\4&

L.

0

Fig. 4. Spatial distributions of dopant in heterostructure after dopant infusion. Curve 1 is idealized distribu-
tion of dopant. Curves 2-4 are real distributions of dopant for different values of annealing time. Increasing
of number of curve corresponds to increasing of annealing time
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C(x,0)
N\

X

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

where  (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 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.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 di-
mensionless optimal annealing time on the relation a/L and £= y= 0 for equal to each other values of do-
pant diffusion coefficient in all parts of heterostructure. Curve 2 is the dependence of dimensionless opti-

mal annealing time on value of parameter ¢ for a/L=1/2 and £= y=0. Curve 3 is the dependence of dimen-
sionless optimal annealing time on value of parameter &for a/L=1/2 and ¢ = = 0. Curve 4 is the depend-
ence of dimensionless optimal annealing time on value of parameter yfor a/L=1/2 and = &£=0

Farther we analyzed influence of relaxation of mechanical stress on distribution of dopant in
doped areas of heterostructure. Under following condition g< 0 one can find compression of dis-
tribution 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

20



International Journal on Organic Electronics (IJOE) Vol.13, No.1, January 2024

using laser annealing [36]. This type of annealing gives us possibility to accelerate diffusion of
dopant and another processes in annealed area due to inhomogenous distribution of temperature
and Arrhenius law. Accounting relaxation of mismatch-induced stress in heterostructure could
leads to changing of optimal values of annealing time. At the same time modification of porosity
gives us possibility to decrease value of mechanical stress. On the one hand 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. Figs. 8 and 9 show distributions of con-
centration of vacancies in porous materials and component of displacement vector, which is per-
pendicular to interface between layers of heterostructure.
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1 L]
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eD,L’
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0.0 0.1 0.2 0.3 0.4 0.5
alL, g &y

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 op-
timal annealing time on value of parameter &for a/L=1/2 and £= y= 0. Curve 3 is the dependence of di-
mensionless optimal annealing time on value of parameter &for a/L=1/2 and £= y= 0. Curve 4 is the de-
pendence of dimensionless optimal annealing time on value of parameter yfor a/L=1/2 and e= £=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 dependences of vacancy concentrations on coordinate z in unstressed (curve 1) and
stressed (curve 2) epitaxial layers
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4. CONCLUSION

In this paper we model redistribution of infused and implanted dopants with account relaxation
mismatch-induced stress during manufacturing field-effect heterotransistors in the framework of
a current follower transconductance 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. 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 nonline-
arity of considered processes.
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