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Abstract— This paper presents an analytical approach to
model linear and nonlinear mass and heat transport with space
and time varying parameters. The approach gives a possibility
to predict mass and heat transport in multilayer structures
without crosslinking the solution on interfaces between layers in
these structures. Based on the approach, we analyzed the
possibility to increase the density of field-effect heterotransistors
in an enhanced swing differential Colpitts oscillator. The results
indicate that the increase in the density of these transistors could
be obtained by manufacturing them in a heterostructure with
specific configuration wusing dopant diffusion or ion
implantation with future optimized annealing. We also found
that the fulfillment of specific detected conditions gives a
possibility to decrease the mismatch-induced stress, which was
generated in layers of the considered heterostructure.

Index Terms— Analytical Approach for Modelling; Enhanced
Swing Differential Colpitts Oscillator; Increasing of Density of
Elements.

l. INTRODUCTION

At present, problems of solid state electronics (such as
increasing of performance, reliability and density of elements
of integrated circuits: diodes, field-effect and bipolar
transistors) are intensively being solved [1-6]. There have
been increasingly interests on the determination of materials
with higher values of charge carrier’s mobility [7-10] to
increase the performance of these devices. 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, optimize doping of electronic materials [12]
and develop epitaxial technology to improve these materials
(including analysis of mismatch induced stress) [13-15]. An
alternative approach to change the dimensions of integrated
circuits are using laser and microwave types of annealing [16-
18]. One of the approaches is to use inhomogeneity of
distribution of temperature during annealing. The
inhomogeneity leads to inhomogeneity of physical and
technological parameters: diffusion coefficient of dopant and
radiation defects (for ion type of doping), parameter of
recombination of point radiation defects, due to Arrhenius
law. However, the inhomogeneity of parameters is usually
smoother in comparison with the analogous inhomogeneity
in heterostructures.

In this the paper, we introduce an approach to manufacture

field-effect transistors based on a thin film technology. The
approach gives a possibility to decrease their dimensions by
increasing their density framework to an enhanced swing
differential Colpitts oscillator. We also consider the
possibility to decrease mismatch-induced stress to decrease
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 Figure 1). We also
consider a buffer layer between the substrate and the epitaxial
layer. The buffer layer is usually used as a layer with
intermediate value of the lattice constant between lattice
constants of the substrate and the epitaxial layer. The
intermediate value of the lattice constant gives a possibility
to decrease mismatch-induced stress in the substrate and the
epitaxial layer. The considered epitaxial layer includes into
itself several sections, 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 Figure 1). After this doping, it is required annealing
of dopant and/or radiation defects.

The main aim of this paper is to analyse the redistribution
of dopant and radiation defects to determine conditions,
which correspond to the 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. We also introduce an
analytical approach to model linear and nonlinear mass and
heat transport with space and time varying parameters. The
approach gives a possibility to predict mass and heat transport
in multilayer structures without crosslinking of solution on
interfaces between layers in these structures. In this situation,
the introduced approach gives a possibility to make more
adequate analysis of mass and heat transport in comparison
with the recently introduced analytical approaches.
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S g where: C(x,y,z,t) = Spatio-temporal distribution of
) concentration of dopant
Il I Q = Atomic volume of dopant
L
! Il T Vs = Symbol of surficial gradient jC(X, Y, Z,t)d z
i 0
I_:l I::I = Surficial concentration of dopant on interface
between layers of heterostructure (in this situation
| we assume, that Z-axis is perpendicular to interface
P P between layers of heterostructure)
_l_ (X, y,2,t) = Chemical potential due to the presence
- of mismatch-induced stress
(a) D = Coefficients of volumetric diffusions

Ds = Coefficients of surficial diffusions

Epitaxial layer

Values of dopant diffusions coefficients depend on the
properties of the materials of heterostructure, speed of heating
and cooling of materials during annealing, and spatio-
Substrate temporal distribution of concentration of dopant.
Dependences of dopant diffusions coefficients on parameters
could be approximated by the following relations [21-23].

(b) C(xy,zt
D. =D, (xy,z,T) 1+§—( y.z.t) |
Figure 1: (a) Structure of the considered oscillator [24], and (b) Py(X, y,z,T)

Heterostructure with a substrate, epitaxial layers and buffer layer (view from

Buffer layer

side) V(xy,zt)  V3(xvy,zt)
x|1+¢, — +g, 5
II.  METHOD OF SOLUTION \Y (V ) )
We determined and analyzed spatio-temporal distribution of D.=D (x, Y, Z,T) 1+§M x
concentration of dopant in the considered heterostructure. We s St P (x, Y, z,T)

determined the distribution by solving the second Fick's law
in the following form [1, 19-23].

x |:1+g1V(X\,/)C,Z,t)+g2V2((i(/,*y),22,t):l
M— 0 [DM}+

ot oX oX where: Dy (x,y,z,T) = Spatial (due to accounting all layers of
heterostruicture)
_,_i DM +i DM + Dvs (x,y,2,T) = Temperature (due to Arrhenius law)
oy oy 0z 0z dependences of dopant diffusion coefficients
oD L @) T = Temperature of annealing
+ Q_|:_S VS/u’l(X’ Y, Z, t)IC (x, y,W ,t)d W} + P (x,y,z,T) = Limit of solubility of dopant _
ox| kT 0 y = Parameter that depends on properties of
5D L materials and could be integer in the following
+Q{SVSM(X, y,2,t)[C(x, y,W,t) dw} interval y€[1,3] [21]
oy kT 0 V (xy,zt) = Spatio-temporal distribution of
concentration of radiation vacancies
The boundary and initial conditions are: V" = Equilibrium distribution of vacancies

Concentrational dependence of dopant diffusion
coefficient has been described in detail in [21]. Spatio-

2 ISSN: 2180 — 1843 e-ISSN: 2289-8131 Vol. 13 No. 1 January — March 2021



On Optimization of Manufacturing of an Enhanced Swing Differential Colpitts
Oscillator Based on Heterostructures to Increase Density of their Elements: Influence of Miss-Match Induced Stress

temporal distributions of concentration of point radiation I = Equilibrium distribution of interstitials
defects have been determined by solving the following Di(x,y,z,T) = Coefficients of volumetric diffusion of
system of equations [19, 22-23]. intersitials
Dv(x,y,z,T) = Coefficients of surficial diffusions of
interstitials
AIUYAR) = 0’[& (x,y,z T)ﬁl(Xth)} + Dis(x,y,z,T) = Coefficients of volumetric diffusion of
ot OX o% vacancies
o Al (X, Y, Z,t) Dvs(x, y,z,T) = Coefficients of surficial diffusions of
+—|D,(x,y,z,T)=—2 221y vacancies
ay ay V2(x,y,z,t) = Terms for generation of divacancies,and
P Al (X V.2 t) 12(x,y,z,t) = Terms for generation _of diinterstitial_s,
+—1| D, (X, Y, Z,T)# — (see, for example, [23] and appropriate references in
oz oz this book)

—k, (% y,2,T) 17(x,y,2,t)-
Ky (XY, 2, T)H(X, Y, 2,)V (X, y,2,t)+

kiv(xy,zT),  kuxy,zT) and kvv(xy,zT) =
Parameters of recombination of point radiation
defects and generation of their complexes

+0% 0 |:D|s Vo (x V.2 t)j (x, y,W,t)dW}+ Spatio-temporal distributions of divacancies @y (x,y,z,t)
kT and diinterstitials @ (x,y,zt) could be determined by solving
the following system of equations [19, 22-23].
0”V(x,y,z,t):5{D\/(X,y’z’_l_)ﬁv(x,y,z,t)}r 3)
J oy, 2.) T =k, , (% y,2,T) I*(x,y,2,t)+
+—{D\,(x, y,z,T)#}L
oy oy o 2D,(x,y,2,t)
5 V(% y,2.0) +—| Dy, (%, y,2,T)— 2=
+_|:DV(X’ y,Z’T)¢:|_ é’X é’X
oz oz
’ 20,(x,y,z,t
—k,y (X, y,ZT)V?(x,y,2,t)- +0,)_y{Dq)| (x, y,z,T)%}
K,y (X, v, 2,T) 1 (X, y, 2,V (X, y,2,t)+ B 50, (xy.2.1)
0 +—|D (x,y,z,T)'— +
Qa{k‘{f Vo (x,y,2, t)jV (%, y,W, t)dW} oz| ™ 01
Dis i d +Qi_%v wm(xy,z t)LfCD (X, y,W,t)dW |+
+Q y{kT Vu (X,y,z,t)gv(x,y,W,t) W} ox| kT st Y B2y
The boundary and initial conditions are: +Q8_ay ?:f%s Sgl(x Y,z t)j I(x,y,W,t)dW}+
allxyzt) _,. alxy.zt) . +k, (%, y,2,T) 1(x,y,2,1)
X 0 O X x=Ly 74 ) (X v,Z, t) kv (X V.2, T)VZ(X V.2, t)
a1(xy,z2,t) _p: 21(xy,21) o ot
oy y=0 a2y ., +£{D® (x y.2 T)ﬁdbv(x, y,z,t)}r
A1(x,y,2,t) :O_ﬁl(x,y,z,t) o ox| ox
ot |, oz | +i[D (y.2 T)§®V(x, y,z,t)}r
) 1 Y1 &
oV (xy,z,t) _g: OV xy.zY) _o: @) oyl ay
ox | ox | . 21b (%72 T)ﬁd)v(x, y,z,t) .\
AV (x,y,2,t) _o: 9V (x,y,2,t) _ oz| T 0z
ay : ay _ D Ly
v t)y i v ) yLy +Q§{ k‘”f V(X y,2,t) [, (X, y,W,t)dW}
XY, Z, . XY, 2, . X 0
- =0 e — —01
a z z=0 ﬂ z =L, a Dch S L,
I (x,y,2,0)=fi (x,y,2); V (x,y,2,0)=fv (X,y,2). Qg_y[ kT VSﬂl(X’y’Z t)£®v (X’ y,W,t)dW}+
where: | (xy,zt) = Spatio-temporal distribution of +ky (X, ¥, 2TV (x,y,2,t)

concentration of radiation interstitials
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The boundary and initial conditions are:

oD, (x,y,z,t) _o: A1(xy,z,t) _o:
X o X L,
A1(x,y,z,t) o A1(x,y,2,t) _o:
ﬁy y=0 ay y=Ly
2@, (x,y,2,t) _o; 21 (xy.zt) _o;
oz o Jz L, -

A, (x,y,2,1) _o; 2V (x,y,2,t) 0. ®
oX o O X L,

oV (x,y,2,t) _g: OV (xy.zt) _0i
é,y y=0 é’y y=Ly

AV (x,y,z,t) _0: 9% (x,y,2,t) _o:
01 o 01 L

D (x,y,2,0)=fa (x,y,2);
Dy (x,y,2,0)=fav (X,y,2)

Da(x,y,2,T), Dav(x,y,2,T), Dais (X,y,2, T) and Davs
(x,y,z,T) = Coefficients of volumetric and surficial
diffusions of complexes of radiation defects
ki(x,y,z,T) and kv(x,y,z,T) = Parameters of decay of
complexes of radiation defects

where:

Chemical potential z4 in Equation (1) could be determined
by the following relation [19].

m=E@)Qayj [uij(x,y,z,t)+uji(x.y,z,)]/2 (7

E(z) = Young modulus
aij = Stress tensor

where:

- ou;
u; :l %+—‘ = Deformation tensor
bo2\ox; ox

Ui, U;j = Components ux(Xy,zt), uy(xy,zt) and
uz(x,y,z,t) of the displacement vector g(x,y,z,t)

Xi, Xj = Coordinate X, y, z

The Equation (3) could be transformed to the following
form.

aui(xiyizyt) auj(xryizyt)
i 1 1t =
H (X Y,z ) |: an + aXi X
X{;{aui(x, y,z,t)+6uj(x,y,z,t)

— &0, +
oX dX, } “o0%

N o(2)s; [&Jk(x’ y,z,t)_3go}_ K(z)x

1-20(z OX,
<B(2) [T (xy,2,t)-T,] &, | QE(2)/2,

i

o = Poisson coefficient

& = (as-agL)/agL is = Mismatch parameter

as, agL = Lattice distances of the substrate and the
epitaxial layer

K = Modulus of uniform compression

where:

S = Coefficient of thermal expansion
T, = Equilibrium temperature, which coincide (for
our case) with room temperature

Components of displacement vector could be obtained by
solution of the following equations [25].

o°u (x,y,z,t) do,(x Yy, 2zt
T
+ aUXy(X, y,Z,t)+ ao—xz(xi y'Z’t)

oy 0z

o?u,(x,y,2,t) do,(xy,21)
Pl =t
4 adyy(x’ y,Z,t)+ ao-yz(xl y,Z,t)

oy 0z

o°u,(x,y,z,t) do,(x vy zt
p(2) (atzy )_oc (axy ),
+5Uzy(X,y,Z,t)+aau(x,y,z,t)

ay 0z

where o - E(z) {aui(x,y,z,t)+
To2l+o(z)]]  ox

ﬁ“f(x'y'z't)_@ja”k(xyyyzyt)}x(z)a y

ij

oX 3 0%
xa“k(ax'xy'z")—ﬂ(z) K@)[T(xy,2t)-T]

p (2) = Density of materials of heterostructure
&ij = Kronecker symbol

Taking into account the relation for o , the last system of
equation could be written as.

p(z)az u (%, y,2,t) _ {K (2)+ 6[SE (z()z)]}><

ot? 1+o
XM-F{K(Z)—%}X

ox?
E(z) [quy(x,y,z,t)Jr

o%u,(x,y,z,t)
X +
oxoy 21+ 0o (2)] ay?

o’u,(x,y,z,t) E(z) y
T }{K(Z)Jr3[1+a(z)] @
XOZUZ(X, y.zt) T (x,y,2,1)

0X0z K(2)) OX
p(z)az uy(@);,zy,z,t) _ |5§z){azuyfax),(2/,z,t)Jr
ulxyzt)| 1 (Z\aT (x, y,z,t)><
oxay  |1+o(2) " oy
x K (Z)+i{[auy(X’ y’Z't)+ 5UZ(X, Y Z’t)} x
0z 0z oy
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x E(z) + 5E (2) +K(z2)px
2o |2 o] 21 (xy.2t) w):ﬂo. (cy,2T) L y2) y’“)}
Xazuy(x,y,z,t)+{K(Z) E(z) y ot i ax X ]
2 B o al(x,y,z,t
oy 6[1+a(z)] + 21D, (xy,2,T) (x.y.z,t) +
62uy(x,y,z,t) < (z ) 2u, (x,y,2,t) ay| ay |
Xi
0yoz oxoy 2l Al (X Y,z t)_
+—|D,(x,y,z,T) =2l y
(Z\azuz(x,y,z,t)z o', (x,y,2,t) | 57 (xy.2T) e
P\Z) 2 - - (3a)
ot ox* 5D
&u,(x, y,z,t)+62ux(x, y,z,t)+6 u,(x y,2,t) 5 +Qa {k.llf V(X y,2 t)f (x, y,W,t)dW}+
oy? 0x0z oyoz . .
+Q BV (X, y,2,0) [ (X y,W,t dw}—
Tt ar <o o ool
o
o0 (x.9.2.0) =k, (Y, 2P0y, 2,)+ (%, y,2)5() -
XY,z
uy(x,y,z, +aux(x,y,z,t)H_K(z)X —k,y (%, y,2,T)H(X,y,2,t)V (x,y,2,t)
oy 0z
oV (x,y,z,t o oV(xy,z,t
><ﬁ(z)aT (x, szit)+1i E(2) y 7( y.2.1 { (%, y,2 T)i(&z )}+
oz 60z |1+0(2)
o”V (x,y,2,t)
% 6auz()§y’z’t)_aux()§y!Z!t)_ |: Xy’ al ﬂy :|
YA X
D, (% y2 T)av (x,y,2, t)
enfurd) st Gl
oy 0z
+Qa {[k)‘_’l_svsyl(xyzt) (x,y,w,t)d }
Conditions for the system of Equation (8) could be written 5D
in the form. y{kfl_svsyl(xyzt fv xthdW}
d U(O,y,z,t)zo; GU(LX,y,z,t)zo; Ky (6 Y, ZTIVE(x y,2,t)+ f, (%, y,2)5(t) -
ax dx .V(XyZT)I(xyzt) (xyzt) (52)
au(x0,zt)_.9U i(x, Ly 2,t) _0: (x yzt {Dd, x,y,27) 21 yzt)}
oy oy X
1] 1] 22l oD, (X,Y,2,t
2U(xy.01) . 2U(xy,L 1) . +2 b, (xy2T) (xy )}
oz oz oy ay
(xy,2,0)=0,; G(xy,z,0)=0, A (x y,z,T)aCD'(X’ Y, z,t) .
oz| " o1
We determined spatio-temporal  distributions  of b .
concentrations of dopant and radiation defects by solving the 100 | Pus V(% y,2,t) @, (x,y,W t)dw}
Equations (1), (3) and (5) framework standard method of ox| kT 0
averaging of function corrections [26]. Previously, we 0 Dan|s Y
transformed the Equations (1), (3) and (5) to the following " 6y|: Vsi(x.y.2, ‘){‘D'(X y,W,t)dW}
forms taking into account the initial distributions of the Tk, (%, y, 2T (%, y,z,t)+f (x,y,2)5(t)+

considered concentrations.
+k|’|(xl y,Z,T) (X, y,Z,t)

oC(x,y.z,t) =i{o oC(x, y,z,t)}L

ot oX oX o, (x, y,z,t) o (x,y,2 T) @, (x,y,2,t) .
o | oc( t)| o |.acC( t) o ™ >
1 O p Bl O RN 2D, 2 o®, (xy,2,t)
oy oy 0z 0z +—| Dy, (X, y,2,T )= 4
o aa o -
S
Q— {kTVSﬂ (xyzt)jC(x th)dW} +0’[ N (XyZT)é’(I)V(X,y,Z,t)}+
5D, oz oz
Q t)[C W, t)dW ,
" 6y{kT st (0.2, )I (xyW.1) } +Qaax{?(‘”_|‘ﬁs V(% y,z,t)Ljd)V(x, y,W,t)dW}+
0

+fe (x y,2)8(t)
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a Dy S

E

L,
ay| kT Ve (X, y,z,t)id)v(x, y,W,t)dW}+

ky (%Y, 2TV (x,y,2,t)+ fy, (x,y,2)5()+
+kyy (% ¥,2,T)V2(x,y,2,1)

+Q

Further, we replaced the concentrations of dopant and
radiation defects in right sides of the Equations (1a), (3a) and
(5a) on their yet to be known average values aip. In this
situation, we obtained the equations for the first-order
approximations of the required concentrations in the

following forms.

oC,(x,y,z,t) 0

Ds
ot _6)({ KT Vsﬂl(x Y, Z, t)}

0 | . Dg
X alCQ+a1CQay|: T Vsyl(x Yy, Z, t)}+

+fe (% y,2)5(t)

a1,(x, y,z,t)=Q d {
ot
o|D
X ay, 7+ al,zQay{k_'lfVS,u (x, y,z,t)}+

+ fl (X’ Y, Z)é‘(t)_allalvkl,v (X’ Y, Z’T)_
_alzl Ki | (X, Y, Z,T)

E_'lf Ve (XY, zt)}x

IVy(x,y,2,t) _ 8 | Dy

_— \% t
ot ax|ier Verboyzt)

xaleQ+a1VQay{ E‘_’l_svsyl(x Y,z t)}

+ fv (X, Y, Z)a(t)_allalv Y (X’ Y, Z’T)_
_aﬁlkv,v (X’ Y, Z,T)
[T

oD, (xy,zt) o[D
“(y):ax|:vs,u1(xry’zlt):|x
Drms

ot kT
S

+ fo, (0 y,2)80)+k, (x, y, 2T (%, y,2,t)+
+k,, (x y,2,T)1%(x, y,2,t)

{ Do, s

kKT
D()
X Oy ZQ+ 0ty 2Q ay[ kl_lv_s Ve (%, y,z,t)}+

+ fy, (%, ¥,2)8()+k, (X, ¥, 2TV (x,y,2,t)+
+kyy (%Y, ZTIV(x, Y, 2,1)

0
X g, ZQ+ 0ty 20 y{

0

0X

oDy (%, y,2,t) _
ot

Vsyl(x,y,z,t)} x

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

ot z
C,(xy, z,t):alCQ&(j) Ds, (X, Y, Z'T)EX

ISSN: 2180 — 1843 e-ISSN:

xl:1+glv(x’vy*’z'r) S (()\(/3/ Z z-):|><
Ssaic

XV 11, (X, y,z,r){l+ 7y 2T)

Ssic

+a
) PV x y,z,T

a t
— | Ds (%, Y,2, T){H
Yo

x |:1+§1V (X’Vy,: Z’T)+§2

ot
“(x, ZT}

vy }X

x Ve 14(X, Y, z,r)%d r+ . (x,y,2)

jD'S Vo (x,y,z,7)d 7+

0
| t Q
1(X' Y.z, ) o,z ‘KT

(1b)

0 fD'S V(X y,2,7)d 7 x

+f,(xy, z)+oz1I Yk

(3c)
x zQ—al,alvjk,vv(x,y,z,T)dz-—
0

t
—af,gk,',(x,y,z,T)dr

(3b)
V,(x,y,z,t)= aleQ—[ Ds Vsyl(x y,2,7)d 7+

SLEP

+1f, (X’ Y, Z)_alilfkv,v (X1 Y, Z,T)d 7=
0

+a1VZQ 0

t
- allalvgkl,v (X, yvsz) dr

ch|s

T Vs,ul(x, y,Z,r) drx

ot
D, (X, Y, th): aij

X Qg zQ+Q—j q"s V(X y,2,7)dz x
(5¢)

X, z+jkI (x,y,z,T)I(x,y,z,7)d 7 +
0

+fq, (XY, z)+}k,v, (% y,2T)%(x,y,2,7)d 7

d)VS

ot
q)lv(x Y,z t) 7{ S,Ltl(X,y,Z,T)d‘r x

J- Dy S

T V(X y,2,7)d 7 x

X g, 71Q+Q

0
otD
OX

X g, Z +jk\, (X,y,zTNV(x,y,z,7)d 7 +
0

t

IkV %

0

+ o, (%Y, 2)+ Ky (XY, 2 TIVE(x,y,2,7)d

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

1

—FX
oLL,L, ©)

(1c) “p =
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L

y
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Substitution of the relations (1c), (3c) and (5¢) into relation
(9) gives us the possibility to obtain the required average
values in the following form.
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We determined the approximations of the second and
higher orders of concentrations of dopant and radiation
defects framework standard iterative procedure of the method
of averaging of function corrections [26]. For the procedure
to determine the approximations of the n-th order of
concentrations of dopant and radiation defects, we replaced
the required concentrations in the Equations (1c), (3c), (5¢)
on the following sum anpton-1(X,y,z,t). The replacement leads
to the following transformation of the appropriate equations.
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The average values of the second-order approximations of
the required approximations are derived by using the
following standard relation [26].
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The substitution of the relations (1¢), (3e), (5e) into relation
(10) gives us the possibility to obtain relations for the
required average values azp,
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Further, we determined the solutions of Equations (8), that
is the components of displacement vector. To determine the
first-order approximations of the considered components
framework method of averaging of function corrections, we
replaced the required functions in the right sides of the
equations by the yet to be known average values ai. The
substitution leads to the following result.
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The integration of the left and the right sides of the above
relations on time t leads to the following result.
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The approximations of the second and higher orders of
components of displacement vector could be determined by
using the standard replacement of the required components
on the following sums ai+ui(x,y,zt) [26]. The replacement
leads to the following result.
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In this paper we determined the 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 a good approximation to make
qualitative analysis and to obtain some quantitative results.
All obtained results have been checked by making
comparison with results of the numerical simulations. It
should be noted that the checking shows essentially higher
calculation speed when using the analytical simulation in
comparison with the numerical simulation.

IIl.  DiscussION

In this section, we analyzed the dynamics of redistributions
of dopant and radiation defects during the annealing and
under the influence of mismatch-induced stress. Typical
distributions of concentrations of dopant in heterostructures
are presented on Figures 2 and 3 for diffusion and ion types
of doping, respectively. These distributions have been
calculated for the case, when the value of dopant diffusion
coefficient in the epitaxial layer is larger than the substrate.
The figures show that inhomogeneity of heterostructure gives

us the possibility to increase the 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-junctions gives us the possibility to
decrease their switching time. The second effect leads to
decreasing local heating of materials during functioning of p-
n-junction or decreasing of dimensions of the p-n-junction for
fixed maximal value of local overheat. However, the for the
framework of manufacturing the field-effect transistors, it is
necessary to optimize annealing of dopant and/or radiation
defects. The reason of this optimization is as follows: 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, the
distribution of concentration of dopant is too homogenous.
We have optimized annealing time using the framework
introduced recently [15,25-32]. For the criterion, we
approximated the real distribution of concentration of dopant
by step-wise function (see Figures. 4 and 5). Further, we
determined the optimal values of annealing time by
minimizing the following mean-squared error.

1.5

1.0

C(x.0)

0.5 1

Epitaxial layer Substrate

0.0

r T r t T
0 L/4 L2 3L/4 L
X

Figure 2: Distributions of concentration of infused dopant in heterostructure
from Figure 1 in direction, which is perpendicular to the interface between
epitaxial layer substrate. Increasing the number of curve corresponds to the
increasing of difference between the values of dopant diffusion coefficient in
the layers of heterostructure under the condition, when the value of dopant
diffusion coefficient in epitaxial layer is larger than the value of dopant
diffusion coefficient in substrate

(15)

12 ISSN: 2180 — 1843 e-ISSN: 2289-8131 Vol. 13 No. 1 January — March 2021



On Optimization of Manufacturing of an Enhanced Swing Differential Colpitts
Oscillator Based on Heterostructures to Increase Density of their Elements: Influence of Miss-Match Induced Stress

2.0
1
1.5
6
< 1.0+
o
Epitaxial layer Substrate
0.5
0.0

T T I 1
0 L/4 L){Z 3L/4 L
Figure 3: Distributions of concentration of implanted dopant in
heterostructure from Figure 1 in direction, which is perpendicular to interface
between epitaxial layer substrate. Curves 1 and 3 correspond to annealing
time ® = 0.0048(L+L,2+L;?)/Do. Curves 2 and 4 correspond to annealing
time ® = 0.0057(L2 +L2+L;?)/Do. Curves 1 and 2 corresponds to
homogenous sample. Curves 3 and 4 correspond to heterostructure under the
condition, when the value of dopant diffusion coefficient in epitaxial layer is
larger than the value of dopant diffusion coefficient in substrate
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Figure 4: Spatial distributions of dopant in heterostructure after dopant
infusion. Curve 1 is an idealized distribution of dopant. Curves 2-4 are real
distributions of dopant for different values of annealing time. Increasing in
the number of curve corresponds to the increasing of annealing time.
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Figure 5: Spatial distributions of dopant in heterostructure after ion
implantation. Curve 1 is an idealized distribution of dopant. Curves 2-4 are
real distributions of dopant for different values of annealing time. Increasing
in the number of curve corresponds to the increasing of annealing time.

The w (x,y,2) is the approximation function. Dependences
of optimal values of annealing time on parameters are
presented on Figures 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 achieve any interfaces during annealing of
radiation defects, it is practicably to the additional anneal of
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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Figure 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=1/2and ¢ =& =0
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Figure 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 y for a/L=1/2
ande =& =0

Further, we analyzed the influence of relaxation of
mechanical stress on distribution of dopant in doped areas of
heterostructure. Under the 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 the spreading of distribution of
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concentration of dopant in this area. The changing of
distribution of concentration of dopant could be at least
partially compensated by using laser annealing [29]. This
type of annealing gives us the possibility to accelerate
diffusion of dopant and another process in annealed area due
to inhomogenous distribution of temperature and Arrhenius
law. The 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 the density of elements of integrated circuits. On the
other hand, it could lead to the generation of dislocations of
the discrepancy. Figure 8 shows the distributions of the
component of displacement vector, which is perpendicular to
the interface between layers of heterostructure.
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Figure 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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Figure 9: Normalized distributions of charge carrier mobility in the
considered heterostructure. Curve 1 corresponds to the heterostructure,
which has been considered in Figure 1. Curve 2 correspond to a homogenous
material with averaged parameters of heterostructure from Figure 1

IV. CONCLUSION

In this paper, we modelled the redistribution of infused and
implanted dopants, taking into account the relaxation
mismatch-induced stress during manufacturing the field-
effect heterotransistors framework that enhances the swing
differential  Colpitts  oscillator. ~ We  formulated
recommendations for optimization of annealing to decrease
dimensions of transistors and to increase their density. We
formulated recommendations to decrease mismatch-induced
stress. Analytical approach to model diffusion and ion types
of doping taking into account the 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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