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1. INTRODUCTION

In this paper we introduce an approach to increase density of field-
effect transistors framework an enhanced swing differential Colpitts
oscillator. Framework the approach we consider manufacturing the
oscillator 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.

DOI: http://dx.doi.org/10.31257/2018/JKP/2020/120202

development of epitaxial technology to improve
these materials (including analysis of mismatch

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
heterostructure and necessary optimization of
doping of electronic materials [12] and

induced stress) [13-15]. An alternative
approaches to increase dimensions of integrated
circuits are using of laser and microwave types
of annealing [16-18].

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 enhanced swing differential
Colpitts oscillator. 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
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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 oscillator and at the same time to

increase their density. At the same time we
consider a possibility to decrease
mismatch-induced  stress. As  an
accompanying aim of this paper we
introduce an analytical approach to
analyze mass and heat transport in
heterostructures during manufacturing of
integrated  circuits  with  account
mismatch-induced stress and nonlinearity
of processes. The approach gives a
possibility to analyze mass and heat
transport in multilayer structures without
crosslinking of solutions on interfaces
between layers. The approach also gives
a possibility to take into account spatial
and temporal variation of parameters of
considered processes.
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Fig. 1a. Structure of the considered oscillator
[24]. Here 1 denotes the field-effect transistors
(S is the source; G is the gate; D is the drain); 2
is the capacitor; 3 is the resistor; 4 is the coil
inductor; lines is the routing between elements;
points are the connections between elements of
the routing.

Epitaxaal layer

I, Buffer layer

Substrate

Ly

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
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by solving the second Fick's law in the
following form [1,19-23]
aC(x,y,z,t) i{DaC(x,y,z,t)}+i{D6C(x,y,z,t)}+ 0 {Dac(x,y,z,t)}_

ot ox ox oy oy oz oz

Q@

DX L
a)(L(_I_Vs,ul(x, Y, z,t)({C(x, y,W,t)dW} +

o|D i
+Q—| =V u(x,y,2,t) C(x,y,W,t)dW}(l)
8y{kT > ;[

with boundary and initial conditions

aC(X!ylZ’t) :O
6X x=0
oC(x,y,z,t) ~0
6)( x=L,
oC(x.y.z,t) -0

0 y y=0 , C (xy,2,0)=fc (x,y,2)
oClxy.zt)  _,

a y x=L,
oC(xy.zt) _,

82 z=0
oC(x,Y,z,t) ~0

az x=L

Here C(xy,z,t) is the spatio-temporal
distribution of concentration of dopant; Q is the
atomic volume of dopant; V; is the symbol of
surficial gradient; fOLZ C(x,y,z,t)dz 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);
(x,y,zt) is the chemical potential due to the
presence of mismatch-induced stress; L, Ly and
L, are dimensions of the considered
heterostructure in directions x, y and z, where X,
y and z are the spatial coordinates; t is the
current time; W is the variable of integration; T

is the temperature of annealing; k is the
Boltzmann constant; 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 [21-23]

2
D, =D, (x. y,z,T){1+§ I(Dy(x, y,z,t)}{lJrglV (x, )( z,t)+g2V (x,y,2,t)

(x,y,2,T) \%

vy

C’(x,y,z,t V(x,y,z,t V3(x,y,z,t
DS:DSL(X'y1Z’T)|:1+§S ( Y )}|:1+§1 ( )( )+§ ( y )

P’(x,y,2,T)

v i
. (2)

Here D. (x,y,z,T) and Dis (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; P (x,y,z,T) is the limit of solubility
of dopant; parameter y depends on properties of
materials and could be integer in the following
interval y €[1,3] [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 [21]. Spatio-
temporal distributions of concentration of point
radiation defects have been determined by
solving the following system of equations
[19,22,23]

al(X'y'Z’t):i{D,(x,y,z,T)al(X’y'Z’t)}-%[D,(x,y,z,T)m(X’ y,z,t)}_

ot X OX ay

21(x,y,z,t)
oz

o
+E[D, (x,y,2,T)

x1(x,y, 2,1V (x,y,2,t)+ Qﬁ[%vsy (xy, z,t)LfI (x, y,W,t)dW} +

ox| kT 0
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0

D
+Q8—y{k—_'lfvs,u (x,y,2,1)
®3)

ﬁv(gf,z,t):%[%(x’ y,z,T)éV(gz’z’t)}+§y[q(x,y,z,T)&V(X'y’Z’t)}+

o '—..Nl_

(X, y,W,t)dW}

OV (x,y,2,t)
o0z

2o

Jz }_k‘“’(x’y’z'T)Vz(X’y'zvt)_kl,v(XvaZvT)X

L
x1(x,y,z,tV (x,y, Z,t)+Q%|:%VS/J (X, y,2,)[V (x, y,W,1t) dW}+
0

0 | Dy L,
+Qa—y{ﬁvsy (x, Y, z,t)gv (x, y,W,t)dW}

with boundary and initial conditions

A1(x,y,z,t) 0
I X o
21(x,y,2,t) 0
é’X X=Ly
A1(x,y,z2,1) o
oy yo
21(x,y,2,1) _o
oy L,
21(x,y,z2,1) _o
oz o
21(x,y,z,t) 0
ﬂz z=L,

oV (x,y,2,t) 0
O X o
oV (x,y,z,t) 0
O X L
oV (x,y,2,t) 0
Voo
AV (x,y,2,t) _o
é) y ‘y:Ly
oV (x,y,2,t) _g
oz -
oV (x,y,z,t) 0
oz L
I (x,y,2,0)=f; (x,y,2), V (x,y,2,0)=fy (X,y,2).
Here 1 (xy,zt) is the spatio-temporal

distribution of concentration of radiation
interstitials; 1" is the equilibrium distribution of
interstitials; Dy(x,y,z,T), Dv(x,y,z,T), Dis(xy,
2,T), Dys(xy,z,T) are the coefficients of
volumetric and  surficial  diffusions  of
interstitials and vacancies, respectively; terms
VA(xy,z,t) and 1%(xy,zt) correspond to
generation of divacancies and diinterstitials,
respectively (see, for example, [23] and
appropriate  references in  this  book);
kiv(x,y,z,T), kii(x,y,z,T) and kyv(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,z,t) and diinterstitials @,
(x,y,z, t) could be determined by solving the
following system of equations [19,22,23]

20,(x, y’Z’t):i{Dw (X,y,Z,T)ﬁm'(X’y’Z't)}+i{D¢ x y'z'_l_)o”d),(x,y,z,t)}r
ot OX ! OX oy ' ay

o 20 (x,y, 1zt 0 | Dy, L
+072[le (%, y,z,T)%}rQE{ kﬂzl's Ve (x, y,z,t)id),(x, y,W,t)dW}r
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oy -,
+k, (X, Y, Z1T)| (X’ Y, Z1t) (5) o ®d, (x,y,2,t) 0
%:%[Dwv(X,y,z,T)%}Jr%[D%(X,YVZ,T)%W}* & 2=0 )
o0, (xy.2t) 4
*%{D‘W (x,y,z,T)%}m%ﬁ”f VX, y:th)Z(Dv(Xv y,W,t)dW}+ & =t

cDI (X,y,Z,O):qul (X,y,Z), @/ (X,Y’Z,O):f(pv (X,y,Z).
o|D

+Qay{ k“_T_S Vo (X, y,z,t)L(j:d)V (x, y,W,t)dW}+k\,v\,(x, V.2, TIVA(X,y,2,t)+ Here Da(xy,z,T), Dav(xV,zT), Dais
(x,y,z,T) and Dgvs(x,y,z,T) are the coefficients of

volumetric and surficial diffusions of complexes

+ kV (X’ Yy Z’T)V (X’ Yy Z’t) of radiation defects; ki(x,y,z,T) and kv(x,y,z,T)

with boundary and initial conditions are the parameters of decay of complexes of
radiation defects.

oD, (XY,z,t _ _ _
(% y,2.Y) =0 Chemical potential ¢4 in Eq.(1) could be
¢ x=0 , determine by the following relation [19]
oo, (xy.zt) _, m=E@) Q0 [ui(xy.20)+ui(xy. 202
I X L )
where E(z) is the Young modulus, g is the
o0, (xy.2t) o o)
oy = stress  tensor; u;; = E(a_xj"'ﬁ) is  the
-0 t
’ : deformation tensor; uj, u; are the components
oD (X y Zt) ux(xy,z,t), uy(x,y,z,t) and u,(x,y,z,t) of the
| 1 Y1 & :O .
oy L displacement vector u(x, y’Z’t); Xi, Xj are the
1 coordinate X, vy, z. e Eq. cou e
’ di The Eq. (3) Id b
oD, (x,vy, 2,1 transform to the following form
(X, y,2,1) 0 f he following f
oz 7=0 , ﬂ(X’yyzyt)z{aui(g,x):,z,th6uj(gyxsll,z,t)H;{aui(g,z,z,t)+6uj(;,x)ll,z,t)}_
2D, (x,y,2,t) o (8)
N a e T [ P2 |k @I yiz)-T ) D)
oD, (x,y,2,t) 0
O X - where o is Poisson coefficient; g = (as-
x=0 ' agL)/agL is the mismatch parameter; as, ag_ are
oD, (X, y,z,t) _0 lattice distances of the substrate and the
O X o epitaxial layer; K is the modulus of uniform
hx ' compression; £ is the coefficient of thermal
oD, (X, y,z,t) 0 expansion; T, is the equilibrium temperature,
oy - which coincide (for our case) with room
y=0 , (6) temperature. Components of displacement
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vector could be obtained by solution of the
following equations [25]

B (Z)az u(xy,zt)_do,(x y,z,t)+ oo, (x, y,z,t)+ 00, (x,y,2,t)
ot’ X oy 0z
B (2}82 u,(x,y,2,t) _ a0, (x, y*Z*t)+ do,(x, y,z,t)+ do,(x,y,z,t)
ot? ox oy 0z
2 0 Y, 2.t
)2 _0obuye) o) o, lcy.e)
ot oX oy oz

9)
where
_ E(@ |au(xy.zt) ou(xy.zt) & au(xy.zt)
O_IJ_Z[1+O'(Z)]|: : gx)fz + o, _? u (;(XZZ }+K(Z)5|,><

y auk(;(’xy’ Z’t)_ﬂ(Z)K (D)[T(xy,2,t)-T,]

, p () is the density of materials of
heterostructure, &; Is the Kronecker symbol.

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

(Z)a u(xyz,t) {K(z)+ [SE(z) }azux(x,y,z 1), {K(z)— : E(2) )]}X
6 3l+o

ot? 1+0(2)] ox?

axoy 20+0(2)] ay? oz*

du,(xy.2t)  E() Vuy(xvyvzyt)+82uz(x,y,2,t)}[,<(z)+ E@@) }

y o%u,(x,y,z,t) K (z),B(z)aT (X,y,2,t)

0X01Z 0 X
(Z\azuy(x,y,z,t)_ E(z) [é&u,(xy.zt) 2%, (xy.zt) aT (x,y,2,)
P 5 " 2[+o(2)] ox oxdy oy

xK(Z)ﬂ(Z)+aiz{2[E(Z) b yzl) duleyzy]], Fu,byal),

1+o(z)]{ 0z ay } oy’
(10)

{ 5E(2)

) 121+ 0 (2)]

E(z) |8, (xy.z1t) o°u,(x,y,2,1)
+K(Z)}+{K(Z)76[l+a(z)]} dyoz K@) oxoy

u,(x,y,2,t)
Ay2 2 +
oX ay 0xo0z

p(z)az u(xyzt)  E@) |d%,(xy.zt) . o%u,(x,y, z,t)+ o
ot? 2[+0(2)]

,(xy,2,1) a (%, y z t)+6uy(x, y,Z,t)+6ux(x, vzl ,
ayaz oy oz
1o |—60u (x y.zt) ou(xy,zt) au(xy.zt) ou(xyzt)]|
6012 l+o‘ ) oz ax oy az

oT (x,y,2,1)
K(@)pla) Tt

Conditions for the system of Eq. (10) could
be written in the form

00(0,y,zt) _ 8U(Lx,y,z,t):0
0 X : oX
ou(x0,zt) . adlxL,zt)
oy . oy
o t(x,y,0,t) 0 6ﬂxwhi)0

0z : 0z
G(x,y,2,0)=0,. G(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 [26]. Previously we
transform the Egs.(1), (3) and (5) to the
following form with account initial distributions
of the considered concentrations
6C(x,y,z,t)_g{Dac(x,y,z,t)}ri{Dac(x,y,z,t)}ri{Dac(x, y,z,t)}r

ot ox ox oy oy o1 o1
(1a)

+f.(x,y,2)5(t)+ Qaax[kDTSVSy (x,, z,t)LfC (x,y,W ,t)dw} +

+Q—{&Vsy (x,Y, z,t)LjZC(x, y,W,t)dW
y| kT 0

a1(x, y,z,t)}ri[Dl (x y,z,T)m (%,y,2,1)] .

X ay oy

+%{DI (x, y,z|T)ﬁI (x, Z’Z‘t)}+§2: {kD‘Ilf V(% .2, t)ZI (x, y,W,t)dW}r

+Qaay{kD_'lf V(X Y,z t)j (%, y,W,t)dW}_kH(X, v, 2, T)3(x, y,2,t)—

—K,y (6 Y, 2, T (X, Y, 2,0V (X, y, 2,0)+ f, (%, y,2)8(t
(3a)
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ovi(xy,zt) 2 oV (x,y,z,t o oV (x,y,z,t 21Xy, z2,t 0| D d|_D
2benet)_ 2oy, ey P02, Lo gL AORED 0 2 e sy g, 0.5 10V

+f, (X’ Y, Z)é‘(t)_alzl K, (X, Y, Z’T)_allalvkl,v (X’ Y, Z,T)
(3b)

+%{DV(X, %Z,T)%ﬁ’z't)}_g {B_’lf Vo (X, y,z t)jV (X, y,W, t)dw}

oV, (x,y,z,t)

+Q 5y{ll?yrs V(% y.2, t)J (x, y,W,t)dW}—kvvv(x, 2TV y, 20—

:aleQ [DVS Vou(xy,z t)}+a1VQ y{ B Vou(xy,z t)}
0

B kI‘V (X, y. Z,T)I (X, y. Z,t)V (X, V. Z,t)—|— £, (X, V. 2)5(1:) +1 (X’ yvz)é‘(t)_alvkv,v (X, Y Z!T)_allalvkl,v (X, yerT)

ﬂ(D“(X,y,Z,t) a ZQi|:D‘P|S
ot x| kT
29, (xy.2.1) y'z't):i[m. (x, y,z,T)L)'(X’ y’z’t)}i[um (x, y,z,T)iﬁp'(x’ y’z't)}r

0 | Dy,
Vo (x, y,z,t)}awlz(zafy{ kq)TS V(X y,z,t)}

ot OX OX

+ 1, (%, y,2)8(t)+k, (x,y,2,T)1(x,y,z,t)+k, ,(x,y,2,T)I*(x,y,2,t)

iz
+E[D"" (xy,2,T)

0 {Dms
oy

+k, (% y, 2, T)12(x y, 2,t)+

0z ox| kT

oD, (x, y,z,t)}rQ o |:Dq> s

(5a)
od,(xy,2t)_ 2 D, (x,y,z,T)(chV(x’y’z’t) + b, (x y,z,T)ﬂq)V(x’ y,2,t)
at ox| X ay| ay

0z ox| kT

D,,
Jrﬂi[Dq,v (%, z,T)iﬁch (;zy Z’t)}rQ 0 {

2 [Days
Qay{ kT
+kyy (%Y, 2 TIVE(X Y, 2,t)+ f, (X, y,2)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 a1, In this situation we obtain equations
for the first-order approximations of the
required concentrations in the following form

E)Cl(x,y,z,t)ﬂx 0l o [

D 0 |_D,
ot P Zisvs.ul(x y.z t)i|+alcgay|:z =Y /”1(X Y.z t)}

kT kT

+ 1. (xy,2)5(t)

(1b)

V(% y.2, t)ch (X y.W, t)dW}
Vol .0 Gy W08 | 1,2 . 2)

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

V(%Y. 2, t)I<D (xy.w, t)dW}

L
V(X y,2,t) [ @y (X, y,W,t)dW}rk\,(x, v, 2, TV (x,y,z,t
0

V(% y,z,t)= %/ZQ

(Sb)

a0, (X,y,Z,t) 0 | Doys 0 | Days
— A = ZQ— | 2V (X Y, 2,t) |+, 2Q— | —
ot i, 207 | 7 Vel 2.0 [+, oy| kT

mmmﬂ+

+ fo, (6¥,2)8)+k, (6%, 2TV (Y, 2,0+ K (0 y, 2TV (X, y,2,)

Integration of the left and right sides of the
Egs. (1b), (3b) and (5b) on time gives us

pOSSIbI|Ity to obtain relations for above
apprOX|mat|on in the final form
(X Y.z, t) alcgﬁleL(x' yJJ)ﬁ{l*'é‘lV(xyvy; ZVT)‘*’S‘ZVZ(K}Y)EZ'T)} x

Eay. ot Eal
xVo14(X, Y, z,r){1+ P’(xs, ytcz,T)}d r}+a1c a—ygDsL(x, y,z,T)[l+m} +

)+

x QV, (x Y, Z, r)kT [1+g1 (X,\/)l:z,r)+ng2(g,/¥),zz,r
(1c)

L(x,y,2,t)= al,zQ

)}dmc(x,y,z)

j Dy Vs,ul(x y,z,7)d r+a1|ZQ—j Dy Vsyl(x y,z,7)dz+
)t t
+ fl (Xv Y, Z)_all gkl,l (X’ Y, Z,T)d T_allalvgkl,v(xl Ys Z!T) dr

(3¢)

j Ds Vs,ul(x vz, r)dr+a1sz—j Dy VSM(X y,z,7)dz+

t t
+1, (X1 Y, Z)_aﬁlgkv,v (X7 Y, Z,T)d z'_0‘1|0‘1v£k|,v (X, Y, Z,T) dr
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o tD,
(Du(xlyxzvt):am,‘ZQaX kdfrs

D
Ve (x,y,z,7)dr+Q 9] 28 vou(x,y,2,7)d 7 x
oxo kT

xay, 2+ f, (XY, z)++jk, (% y,zT)(xy,2,7)d r+jk,v,(x, y,2,T)I*(xy,z,7)dr
(5¢)

0 tDys 0 tDg,s
D, (%Y, 2t)=ay 20— [—22V (X y,2,7)dT+Q v
w (XY 2t) =, 2Q 2[5 2 V(Y. 2.7) T

(X y,2,7)dox
xat, 2+ f, (XY, z)+ikv(x, v,z TV (x,y,2,7)d H—ik\,_V (% y,z,TIV*(x,y,z,7)d 7

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

a L ®LXLYLZp( )d dydxd
= X,y,z,t)d z xdt
P @)LXLyLZHH B Y y

(11)

Substitution of the relations (1c), (3c) and
(5¢) into relation (11) gives us possibility to
obtain required average values in the following
form

L
[ f.(x,y,z)dzd ydx
0

2 2
. :\/(a3+A) _4(B+®a38+(z LXLyLZai)_
4

ay =

L,
gfl (x,y,2)dzd yd x-S, @LXLVLZ}

SIVOO

, (12)

€] Ly, .
S, =g(®—t)j£gkpp(x v,z T)L(xy, 2tV (x,y,z,t)d zd yd xd t

X (Slzvoo _Suoovaoo)'
a; = S|v008||oo + S|2\/oo - Suoosvvoo,
xLyLz

:I.[.[fv(xsy,Z)dZddeX
000

—

2 21212 Lok 21212
><S|voosl\/oo +S|voa®LxLyLz +28vv005|\00£ (J; (J; fl (Xv y,z)d zd yd X_GLxLyLszoo -

LxLyLz
_S'ZVO‘)Hg f (x,y,z)dzd yd x
LyL, |
a Slvooggg f, (X’ y,z)d zd ydx
8y = Sy X

X
1
o '-'x'_
o c_.<l_
o— I

2
f (x,y,z)dzd yd x}

2
:J8y+®2%—4®i
a’ a,

=2 3o+ pP g -
6a,
e+ p°+a

2
=22 (45 oL L L %% | 0% (408, -0 |-
24a; a, 8a, Ly

@3 3 L2 L2 L2 ®4a1

54a Xy 8a
p= R 48,3, -OL, Ly Lza'la3 _ Oa,
12a; 18a,
Rll Suzo L,
“n el L, TeLLL, LXLyLz [1]fs, (xy.2)d2d ydx
, (13)
R Swa 1 uhy
“o =L TeLLL TLLL b (xy,z)dzdydx
, (14)
where
(€] Ly

k (x,y,2,T)l(x,y,z,t)d zd

o t—.(l_
o— I

Rpi = £(®_t)£

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].
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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 on,*p
1 (XY,z,t). The replacement leads to the
following transformation of the appropriate
equations

ot ox

8C2(x,y,z,t): 0 [{l+§[azc +C,(x, y,z,t)]f} {Hglv(x, )i,z,t)+g \/Z(x,y,z,t)} y

ox Pl y.eT) Bi

0C,(x, vy, z,t 0 V(x,y,z,t V3(x,y,2,t)|6C,(x,y,2,t
XDL(X’MZ'T)%}'-@[ {l*‘ﬁ (V)i )+§2 ( }12 ):| 1( Y )X

xD, (X, z,T){Hfi[azc +Gy(x, y’Z’t)]y}j+§Z[[l+glv (x Y. Z’t)+§zvz()\(/'3/'z’t):‘ x

P’(x,y,2,T)

P7(x,y,2,T)

x D (%Y, z,T)aCl()é’zy’ Z’t){1+§[a2° +C(xy,2t)f }]+ fo(x,y,2)8(t)+

)o”Vl(x, y,Z,t)

0
+—| D, (XvVy,2T
0”2{ oy 2z

0 L
x ey, + 1,(x,y,2,)][e, +V,(X,y,2,1) +Q5{V5y (x,y, z,t)g[azv +V,(X, y,W,t)] dW x

xDVS +Q 0 VSV
KT oy | kT
)

oD, (x,y,2,t

0 | Dg L
+Q -~ {kT S,ul(xyzt)g[azcJrC(x,y,W,t)]dW}Jr

0 | Dy

+Q§y{kT s,u1(x Y,z t)j[azc +C(X YW, t)]dW}
(1d)

0"IZ();ty’Z’t):%[D,(x,y,z,T)ml();:’Z’t)}+ﬁiy{D,(x, y,z,T)ﬁIl();;l’Z’t)}+

+%{DI (Xv Y, ZvT)%}fku(xl Y, ZvT)[au + |1(Xv Ys th)]z =Ky (Xv va'T) X

<l #1020 Wy 201 02 Vo (1,20 + 1y, aw

XE'IF}JFQaay{EJF Vo (X, y,Z,t)I[aZI +1,(x, y,W,1)] dW}
(3d)
%ty'z't):%{m(x,y,z,T)éVl();i/’Z't)} j {DV(X y Z’T)aw(g;lt)}

}— Koy (%Y, 2,T ) +Va(%, Y, Z,0)F =K, (X, y,2,T) x

u(x,y, z,t)z[oz2V +V,(x, y,W,1)] dW}

ot OX
Q— Y X,V,2,t
6x{kT st (%Y )g
+Qi
ay{kT

oz oz

{ o, (% y,Z,T)ﬁq)“ (X %,2.1 } |:Dc1>, X,y,2,T)

+i{ (X y.2 ,T\é’q)ll (x.y.2, t)}u f, (X Y,2)5(t)

o0, (xy,21)|,
oy

[azq)I + @, (x, y,W,t)] dw }+kII X, ¥, 2, T)?(x,y,2,t)+

D ;
U (x, y,z,t)Lj[oz2c1>l @, (X, y,W,t ]dW}+kI X,¥,2,T)(xy,2,t)+
0

(5d)
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é’q)zv(x1 y’z’t):ﬁ{D% (X, y’z,T)é’®1v(X’ y’z’t):|+§|:D®v(X, y’Z’T)é)q)lv(X’ yl,t)}_'_

ot OX OX oy

D 7
+Qi{ qu\ll's Vou (X, y,Z,t)LI[achV +®,, (X, y’W1t)]dW}+kV,v(X, Y, 2, TIV(x,y,2,t)+
0

D L
+Qa_‘i/{ qulv's Vou (X, y,z,t)[[aczq)V + @, (X, y,W,t)] dW}+kV(x, v, 2, TV (X, y,2,t)+
0

+£[D¢V (x,, z,T)ﬁchV (;(Zy Z’t)} + fq, (X, Y, z)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

[azc +C1(X1 Y Z’T)]y} |:1+glv (X1 Y, Z1T)+ VZ(X1 Y Z’T):I %

P"(x,y,2,T) A L (V*)Z

o0C,(x,v,z, ot V(x,Y,z, V(x,y,z,
DL(x,y,z,T)1(6—3(/T)dr+a—y£DL(x,y,z,T){l+gl (Vy* T)+g2 ((Vy)2 T)}x

C,(x, y,z,t):%i{lﬂf

y 0C,(x, y,z,r){l+§[a2c +C,(x, y,z,t)]y}Jr%j{lJrglV (x, y’Z’T)+ V2(x, y,z,r)} y

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

D, (x,vY, z,T)GCl();’ ;/ Z’T){l+§[achtz(l’(;: ZTZ)T)] }d r+ fo (X y,2)+

a t L, a t
8_£ Ve (X, y,z,r)g[oc2C +C,(x, y,W,7)] der+8—y£VS,u (x,y,2,7) %

Q&sz[azc +C,(x,y,W,7)]dWdr
To (16)

2 Al(x,y,z, ot Al.(x,y,z,
Iz(x,y,z,t):ﬂiDl(x,y,z,T) 1(5))(/ T)dr+ay£D,(x,y,z,T) 1(53: r)der

+i}DI (%, y,z,T)OP) (., Z’T)d r—}k, (%,y,2,T) e, + 1,(x,y,2,7)fd 7 -
Olo oy o
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L, L,
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0 0 0

xQ%der+ f,(x,y,2)

ot 2D, XY,z o Lo, (x v,z
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x V. (x,y,2,7)d r+jkvyv(x, y,2,TIV3(x,y,z,7)d r+jkv(x, v,2,TIV(X,y,z,7)d 7+
0 0

+f,, (x,.2)
Average values of the second-order approximations of required approximations by using the
following standard relation [26]

1 ®LxLyLz
@, :mj [ [ Lo, (x,y,2,t)= p(x,y,2,t)]d zd yd xd t
xLyl, 0000 . (15)
Substitution of the relations (1e), (3e), (5e) into relation (10) gives us possibility to obtain relations
for required average values o,

2 Pa.F+@%L L Lb
a0, = (b3+2E) 4| p, 0% LyLb) b +E
4D, b, 4D,
0oc=0, oo =0, ey =0,
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) =
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1 1 SiianS
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where X =y =z X~y =z 1 X~y =z

Sivod S2
+ ®Lx I—y Lz )+W(Slv01 + 28||1o + S|v01 + ®Lx I—y Lz )+ﬁ(28vv01 + S|v10 +

Sz .S S\ 00S
+®LxLyLz)_ﬁ bz zﬁ(swoz+S|v11+Cv)_(S|v1o_Zva01+®|—x|—yx

X~y =z

S, S S
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S, C/Sie 25
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X =y =z
XSlvooS|v01, ®LxLyLz L,L

Xy =z

S, S2 S
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SIIOO
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X(®LxLyLz+ II10+ IVOl), ®X y —z ®x y —z ®x y —z ®x y z,

:\/8y+®2a—32—4®& F:®a2+
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2 2 —
40h,-0* = b o S B o '2 5= o7 PP ®LX2LVLZb1b3 _ob,
8b; 12b; 18hb,

4

Farther we determine solutions of Eqs.(10), 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

plo) 0t @) T O )T T2

K@) URED (T ED _y ()7T 02

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

p(z)oy
IRV LR IR
K(z)p z)ayHT(X y,z,7)dzd 9
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u,(X,y,z,t)=u,, + K(z)&z)i}fT(x, y,z,7)d7rd 9
o, Z)@Z 00

- K(z)%%zfﬂx, y,z,7)dzd 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
ait+ui(x,y,z,t) [26]. The replacement leads to the following result

()% Uy, (X, y,z,t):{K(z)+ 5E(2) }82%(& y,z,t)+{K(Z)_3[1LZ)Z)]} y
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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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a 09
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X0z
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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

Discussion

In this section we analyzed dynamics of
redistributions of dopant and radiation defects

6p(z)0z |1+0(2)

K
gT(x, y,z,7)dzd 3+u,,

E2) { %IIUH(X, y,z,7)dzd $—

8 4 aoog
—(fu, (x,y,2,7)dzd $——[[u,(X,y,z,7)d zd 3 |} —
oyl y(Xyzo)drd 8- [u,(xy.z7)dz }

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
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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 field-effect 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. In
this situation one shall choose compromise
value of annealing time. This is a reason for
optimization of the annealing. We optimize
annealing time framework recently introduces
approach [15,25-32]. 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.

larger, than value of dopant diffusion coefficient in
substrate.

1.5 5

1.0

C(Z.8)

0.5 1
Epitaxial laver Substrate

0.0

T T
U] L4

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

2.0

Ciz.8)

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,%)/D,. Curves
2 and 4 corresponds to annealing time ® =
0.0057(L,*+L,*+L,%)/Dy. 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

?I[C (x,y,2,0)-w(x,y,2)]dzd yd x
, 17

where w (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 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,
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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.

2
2
® 3
S 1
]
4
~
0 z L,

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

C(z,®)

0 i,
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 y for a/L=1/2
and e=¢=0
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Fig. 7. Dependences of dimensionless optimal
annealing time for doping by ion implantation,
which have been obtained by minimization of mean-
squared error, on several parameters. Curve 1 is the
dependence of dimensionless optimal annealing time
on the relation a/L and £ = y = 0 for equal to each
other values of dopant diffusion coefficient in all
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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 y for a/L=1/2
ande=¢£=0

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
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. 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.

0.8 —

0.6 -

0.4 —

0.0

i 2

0.0

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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1w
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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

Conclusion

In this paper we model redistribution of
infused and implanted dopants with account
relaxation mismatch-induced stress during
manufacturing field-effect heterotransistors
framework an enhanced swing differential
Colpitts oscillator. We formulate
recommendations for optimization of annealing
to decrease dimensions of transistors and to
increase  their  density. We  formulate
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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 nonlinearity of considered processes.
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