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Abstract: We introduce an analytical approach to model manufacturing of an enhanced
swing differential Colpitts oscillator to optimize this process for increasing of density of
field-effect heterotransistors framework the considered circuit with decreasing of ther
dimensions. The approach gives a possihility to take into account spatial and at the same
time temporal variations of parameters of technological process. At the same time the
approach gives a possibility to take into account nonlinearity of physical processes. The
approach gives apossibility to formul ate recommendations for optimization of technological
processes.

Keywor ds: analytical approach for modelling, enhanced swing differential Col pitts oscillator,
optimization of manufacturing, increasing of density of el ements.

INTRODUCTION

Currently density of elements of integrated circuitsand their performance intensively
increasing. Simultaneously with increasing of the density of the elementsof integrated
circuit their dimensions decreases. [1-11] One way to decrease dimensions of these
elements of these integrated circuit is manufacturing of these elements in thin-film
heterostructures [11-15]. An aternative approach to decrease dimensions of the
elements of integrated circuits is using laser and microwave types annealing [16-
18]. Using these types of anneding leads to generation inhomogeneous distribution
of temperature. Due to Arrhenius law the inhomogeneity of the diffusion coefficient
and other parameters of process. The inhomogeneity gives us possibility to decrease
dimensions of elements of integrated circuits. Changing of properties of electronic
materials could be obtain by using radiation processing of these materials [21,23].
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In this paper we consider enhanced swing differential Colpitts oscillator based
on field-effect transistors described in Ref. [24] (see Fig.1l). We assume, that the
considered element has been manufactured in heterostructure from Fig. 1. The
heterostructure consist of asubstrate and an epitaxial layer. Theepitaxia layer includes
into itself several sections manufactured by using another materials. The sections
have been doped by diffusion or ion implantation to generation into these sections
required type of conductivity (n or p). Framework this paper we analyzed
redistribution of dopant during annealing of dopant and/ or radiation defects to
formulate conditions for decreasing of dimensions of the enhanced swing differential
Colpitts oscillator.
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Figure 1la Considered of the oscillator [24]
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METHOD OF SOLUTION

We determine spatio-temporal distribution of concentration of dopant by solving
the following boundary problem [1,19-23]
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Figure 16: Considered heterostructure with three layers (view from side)
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Boundary and initial conditions for Eq. (1) are

oC(xy,zt) oC(xy.zt)  _o oC(xy.zt) g
X o oX e oy o , C(xy,z0)=f_(xy.2),
oCkyzt)  _g aCxy.zt) _o aChkyzt)
oy e, oz o 0z o

Function C(x,y,zt) describes distribution of concentration of dopqnt in space
and time; parameter W describes the dopant’s atomic volume; symbol N_ describes

Ly
the surficial gradient of considered concentration; function [C(xY,zt)dz describes
0
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the dopant concentration on interface between layers of the heterostructure for the
case, when interface between layers of heterostructure is perpendicular to the Z-
axis, function m (x,y,zt) describes the chemical potential, which was generated due
to mechanica stress between layers of heterostructure; parameters D and D describes
coefficients of volumetric and surficia diffusions. Diffusions coefficients of dopants
will be changed with changing of materials of heterostructure; speed of cooling and
heating of materials during annealing; distribution of dopant and radiation defects
(after radiation processing) concentrations in space and time. Framework this paper
we consider the following approximations of diffusions coefficients of dopant [21-
23]

B C’(xy,zt) V(x,y,zt)  V3(xY,zt)
Dc = DL(X1 Y, Z1T) 1+¢ Py(gx, Y, Z,T):||:1+ S Y TS (V*)z :

D, =Dg, (xy,2T) 1+§SM}{1+§1V(X{/¥’ Z’t)+gzvz(()\(/’}/)’zz’t)] )

FunctionsD, (x,y,z,T) and D, .(X,y,z T) describevariationswith variation of spatial
coordinate x, y and z (heterostruicture has several layers with different properties)
and variation of temperature T (framework the Arrhenius law); function P (x,y,zT)
describes dependence of solubility limit of dopant on spatial coordinates and time;
value of parameter g isinteger (usually y<[1,3] [21]) and changing with changing
material of heterostructure; function V (x,y,zt) describes dependence of radiation
vacancies (with equilibrium distribution V) concentration on spatial coordinates
and time. Dependence of diffusion coefficient of dopant on considered concentrations
wasdescribed in[21]. Dependences of point radiation defects concentration on spatial
coordinates and time have been considered as solution of equations bellow [19,22,23]

ol ();)t/,z,t)zé)a”x{Dl (x,y,z,T)é)I ();))(/,z,t)}Ljy{Dl (x,y,z,T)é)I ();))//zt)}+

+52{D| (x,y, Z,T)é)l();)zl,z,t):| Ky %y, 2T) 12(x,y,2,t)- k,y(X, Y.z T)x

L,

x1 (%, y,Zt)V(x,y, z,t)+Qa{D'SVSy (%, v,z t)[ 1 (x, y,W,t)dW}L
ox| kT 0
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Qaay“?_'lfvsﬂ (%Y, z,t)fl (x, y,W,t)dW} 3)

é)v(x’y’z’t):é){D\,(x,y,z,T)aV(X’y’Z’t)}Lé){D\,(x,y,z,T)aV(X’y’Z’t)}L
ot 2 X ox oy oy

’ oV (x,Y,z1t)
T D ) b 1T -
I

2 }—kvxx,y,z,T)v2<x,y,z,t>—k.,v<x,y,z:>x

x1 (%, y,Zt)V(x,y, z,t)+Qi

= {D\/s Vo (XY, z,t)LfV (%, y,W,t) dw} +

kT 0

oD L
0-2 | Psv_ 4 (xy.z)[V(x y.W.t)dW
ay{kT sﬂ(xyZ)g (%, y.W,t) }

Initial and boundary conditions for above equations are

21(x,y,zt) 0 21(xy,zt) o 21(xy,zt) 0
é’X x=0 , O”X x=Ly , é’y y=0 !
a1 (xy,zt) _o 2l(xy.zt) 0 21(x,y,zt) 0
I y y=Ly , oz 7=0 , oz =L, ,
aVxyzt) _g oVixyzt) g ovixyzy) .
X NP X wt, ay o (4)
Nzt g ovixyzt) o oVyzt) g
é)y y=Ly ’ oz 7=0 o oz z=l,

I (xy,z0)=f (xy,2), V (xy,z0)=f (Xy.2).

Function | (x,y,zt) describes dependences of radiation interstitials concentration
(with the equilibrium distribution 1”) on spatial coordinates and time; functions
D,(xy,zT), D,(xy,zT), D,(xy,zT) and D (x.y,zT) describes dependences of surficial
and volumetric diffusions coefficientsinterstitials and vacancies on spatial coordinates
and time, respectively; terms 12(x,y,zt) and V?(x,y,zt) describe accounting generation
of diinterstitials and divacancies (these terms were described in details in [23] and
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appropriate referencesin thisbook); functionsk , (x,y,z T), k (xy,zT) andk,,(xy,zT)
describe dependences of recombination parameters of point radiation defects
generation of their complexes on spatial coordinates and time. Distributions of
concentratios of diinterstitials F, (x,y,zt) and divacancies F,, (x,y,zt) in space and
time we determine as solution of the following equations [19,22,23]

20,(xy,2t) Z’t)zé[Dm (x v, z,T)ié’(D'(X’ Y. Z’t)}é[D@ (XY, z,T)im'(x’ Y. Z’t)}r
ot ox| o X oyl @ oy

L,

a 2@, (xy.zt)| 9 |Dos
+52{D®. (x,v,2,T) o }Lan{ s V oty (X, y,z,t){)d),(x,y,W,t)dW +

L,

Qa{D% V(% y,2,t)[ @, (x, y,W,t)dW} +k, (Y, ZT)E(x Y, 2,t)+

oy| kT 0
+k (% Y,z T)I (x,y,21) (5)
2D, (xy, Z’t)zé[Dd,v (xy, Z,T)é)Q)V(X’ Y, z,t)}a’[D(bv(x, Vv Z,T)é)Q)V(X’ Y, z,t)}+
ot Ox Ox oy oy

o oD, (xY,zt 0 | Dg, L
+aZ{D¢V(x, Y, z,T)V(azy)}+QaX{ kCDTS Vo (X, Y, z,t)gq)v(x, y,W,t)dW}+

L,

D
+Qaay{ V(% y, 20, (x, y,w,t)dw}kw(x, y,2zTIVA(x, Y. 2t)+
0

+k, (%, ¥, 2zT)V (X y,21)
Initial and boundary conditions for the considered concentrations are

oD, (x,y,21t) 0 oD, (xy,zt) _o 20 (xyzt) g

O”X x=0 , O”X x=Ly , é’y y=0 !

20, (%y,21) _o 29 (xy.z1) 0 oD, (x,y,2t) 0
ay v, oz o oz ]
o®,(x,y,21) 0 2®,(x,y,2t) _o 2D, (xy,2z1t) 0 g
X NP X el : oy y-0 , (6)
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o, (X Y,zt) o 20, (x,y,71t) o o, (X Y,zt) _o
ay : oz S oz ’

y=Ly 72-0 z=L,
F (xy,z0)=f_ (xy,2, F, (xy,z0)=f_ (Xy.2).

Functions D, (x,y,zT), D_(xY,zT), D_.(Xy,zT) and D_ (x,y,zT) describe
dependences of surficial and volumetric diffusion coefficients of considered
complexes of radiation defects on spatial coordinates and temperature; functions
k (xy,zT) and k (x.y,z T) describe dependences of decay parametersof the considered
complexes also on spatial coordinates and temperature. Chemical potential w, in
Egs.(1), (3) and (5) was determined by using the following relation [19]

m=E(2) Ws”. [uij(x,y, z,t)+uji(x,y, zb)]/2. @)

Here function E(2) describes dependences of the Young modulus on coordinate
z, which is perpendicular to interface between layers of heterostructure; o, is the

1( ou 0y,
tensor of stress; tensor Yij = 2( Ox. + 87); J describes deformation in materials of
J_ .

heterostructure due to miss-match induced stress; functions u,, u, are equal to
componentsu (xy, zt), u,(x,y,z,t) and u,(xy,z) of thedisplacement vector a (x,¥,2,t);

X, X are equal to spatial coordinatesx, y, z. The above Eq. (7) could be considered in
the following form

- - , i t
1 (%Y, z,t)= 5U|(X’y,z’t)+aUJ(X’Y’Z,t) 1 aul(x,y,z,t)+8UJ(X,y,z, )|
O X, 0 X, 2 oX, 0X

o+t PO o L g . 20)- T a”}iE(z»

Here parameter sdescribes coefficient of Poisson; relatione, = (a-a_, )/a_, describes
the mismatch parameter; parametersa, a_ areequal to lattice distancesinthe considered
epitaxial layer and the substrate; parameter K describes modulus of uniform
compression; parameter 3 describes thermal expansion coefficient; parameter T,
describes the equilibrium distribution of temperature, which coincide (framework our
paper) with room temperature. We caculate distributions of components displacement
vector in space and time by solving the following system of equations [25]
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» (Z)qux(x,zy, zt) _ 9o, (xy, Z’t)+ 0o,,(%Y, Z’t)+ 0o, (x,y,2t)
ot 0 X oy 0z

(Z)azuy(x, y.zt) do,(xY, Z’t)+ oo, (x, y,z,t)Jr 0o, (X Y,zt)
ot? - ox oy 0z

» (Z)Ozuz(x, y,:zt) _ 9o, (xy, Z’t)+ oo, (XY, Z’t)+ oo ,(xy,zt)
ot? X oy 0z

_ E(2) |ou(xy.zt) ou(xy.zt) & ou(xy,zt)
Hereaij_2[1+a(z)][ axi./ TTax 3 axi/ }FK(Z)

ou. (X y,zt
Xk(a Xy )—ﬂ(Z)K(Z)[T(X, ¥,2t)-T.] function r (2) describes dependences
k

of the density of heterostructure’s materials on coordinate z parameter dJ is the
Kronecker symbol. Accounting of thelast relation for tensor S, leadsto transformation
of systems of equations for components displacement vector to the following form

pTSUY 2k @) SEE | TULSZY ) EE

ot 1+ 0o(z oX +o(2)]

><azuy(x, Y, z,t)+ E(2) {52%()& Ys Z1t)+82UZ(X, y; Z,t)}{K(Z)WLs[lE(Z)}

oxoy 2[1+o(2)] oy’ oz +o(2)]

d%u,(x y,z,t) T (x,y,zt)
* 0xoz k(252 oX

R )
o ot 2[1+0(2)] ox? Xy dy

xK(z),B(z)+a{2[1E(z) {auy(x,y,z,t)jLauz(x,y,z,'[)}+82uy(x,2/,z,t)>< ©

0z |2[1+o(2) 0z oy oy
y 5E(2) k(b k(o) E(z) |o%,(xV, z,t)+ . o%u,(x, Y, zt)
{12[1+0'(Z)] < )} {K() 6[1+a(z)]} oyoz &) X0y

84 Peer Reviewed Journal © 2020 ARF



On Analyical Approach to Model Manufacturing of an Enhanced Swing Differenial Colpitts. ..

+
ox oy’ 0x0z

% u,(x,y,zt) E(z) |0%u,(xy,zt) d°u,(xy,zt) 8°ul(xy,zt)
pl2) atzy 2[1+0'(Z)]{ : S T

L o,y Ziq . @{K (z){a u(xy,zt) 0u,(xy.zt) auxy, z,t)}+
oyoz oz 0X oy oz

10 E(z) 6auz(x,y,z,t)_aux(x,y,z,t)_<3uy(X,y,Z,'[)_auz(x,y,z,t) ~
60z |1+0(2) 0z oX oy 0z

K(@)p(r) 22l

Conditions for the above components have the form

0. 200020 o 2dkL,.21)

0 1(0,y,zt) 0. ou(L,,y,zt)
0X ’ 0X ’ oy ’ oy

ou(xy0t)  ad(xylL,t)
5 % 5, ~%aky,z0)=0,; G(x y,z,%0)= 0.
Now we solve Egs. (1), (3) and (5) by standard method of averaging of function
corrections[26]. First of al it isattracted aninterest transformation of the considered
equations to the form, which will be take account recently considered initial

distributions of concentrations of dopant and radiation defects

oC(xy,zt)_ o Dac(x,y,z,t) L0 Dac(x,y,z,t) L0 Dac(x,y,z,t) + 8
ot oX oX oy oy 0z 0z
0| D L
+ f.(x,y, Z)é‘(’[)#—Q{SVSy (x,¥,zt)[C(x, y,W,t)dW}L
OX| kT 0
09 |Dsy u (%, y,z,t)szC(x, y,W,t)dW
oyl kT S 0
ol (x,y,z,t)za’[DI (x,y,z,T)é)I (x,y,z,t)}La”{DI (x,y,z,T)é)I (x,y,z,t)}+
ot X ox oy oy

L,

i 21(xy.zt)| 0| Dg
- Z{D, (x,y,27T) = }Lgax{kT V(X y, z,t)gl (X, y,W,t)dW |+
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L,

+Qa{DISVsﬂ1(X, Y, zt)[1(x, y,W,t)dW}k.,. (xy,zT)I*(xy,zt)-

oy| kT
—k v (%Y, 2T)1 (X, Y,V (X, y,2t)+ f, (x,y,2)5(t) (3a)
é)v();{’z’t):jX{DV(X,y,z,T)é)V();’)z’z’t)}LQ{DV(X,y,Z,T)é)V();;/’Z’t)}L

7 oV (Xx,y,zt 0| D L,
+52{D\,(x,y,z,T)(é);/)}+9m({l<\j|§Vsyl(x,y,z,t)(j)V(x,y,W,t)dW}L

L,

o | D
Qay{kyrsvsul(x, v, zt)[V (x y,W,t)dW} —k,y (X Y, ZTIV(x y, 2,t)-

—k (%Y, ZT)L (%Y, Zt)V (% y,2t)+ f, (X, y,2)5(t)

29, (xy.2t) Z’t)zﬁ{m (x,y, z,T)iﬁqD'(X’ Y. Z’t)}ﬁ{m (x,y, z,T)iﬁqD'(X’ Y. Z’t)}
ot OX : OX oy : oy

L,

7 2@, (xy.zt)| 0 |Dos
+52{D®. (x,v,2,T) o }LQ@X{ o Ve (XY, z,t)i@,(x, YW, t)dW | +

L,

D
+Qaay{ kfhlsVsﬂl(x,y,z,t)jcbl(x,y,W,t)dW}Lk, (xy,2T)I(xy,zt)+
0

+k, (%Y, 2T)I(x, y,zt)+ f,, (X y,2)s(t) (5a)

—aQ)V(X’ y’ Z’t):a|:D<D (X’ y’ Z;T)aQ)V(X’ y’ Z’t):|+a|:D<p (X’ y’ Z’T)aQ)V(X’ y’ Z’t):|+
ot ox| X oyl oy

o 2D, (x,y,2t) 0 | D, L
+&Z{D¢V(x, Y, z,T)VaZ}+QaX{ kCDTS Ve (XY, z,t)gq)v(x, Y, W, t)dW |+

D L
0 aay{ k(DTVS V(X y,z,t) [@, (X, y,W,t)dW} +k, (%Y, ZT)V (X, y, 2, t)+
0

+ky (%Y, ZTIVA(X y, 2,t)+ f, (X,Y,2)8(t).
Now we will replace considered concentrations in right sides of Egs. (1a), (3a)
and (5a) on their average values «, which not yet known. After that we obtain
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equations to determine the first-order approximations of concentrations of dopant
and radiation defects

oC(xy.z) Qa{zDSVSM(x, Y, z,t)}L alCQaay{zDSVSyl(x, Y, z,t)} +

ot oy kT KT
+f.(xy,2)5(t) (1b)
2L(Xy,zt o|D 0 D
1(52’) =a, zQaX{k_'IfVSy (X, Y, z,t)} + al,Qay{zk_'FVSy (X, Y, z,t)} +
+ fl (X, Y, Z)é(t)_ alzl kl 1 (X1 i Z1T)_ &y Ay kl v (X1 Y, Z1T) (3b)
2V,(Xy,zt 0| D 0 D
l(a”ty) =ay, Zan{kYI'SVSyl(X’ Y, z,t)} + alVQay{zk‘_’FVSyl(x, Y, z,t)} +

+ 1, (X, Ys Z)é(t)_ al%/kv,v (X1 Y, Z1T)_ ay oK v (X1 Y, Z1T)

= zQ—
ot %o, KT

oX

oD, (xy,zt) 0 | Dgs
kT

D
V(X Y, z,t)} +aty, zQai{ 28V (X, Y, z,t)} +

+ £y, (% Y, 2)0(t)+k (%Y, ZzT)1 (. y, 2 t)+k , (%, ¥, 2T)12(x, v,z t) (5b)

oD, (xy,zt 0| D 0| D
lV(a"ty) =, ZQM{le_I_SVsﬂl(K Ys ZJ)} T, ZQay{ l<(b-\|/-S Vslul(x1 Y Z1t)} +

+ fo, (X ¥,2)8()+ K, (%, Y, ZT)V(X, y,2t)+ K,y (X ¥, ZT)V3(x, y, 2, ).

To obtain relationsto calculate of the required concentrations one shall integrate
of the above relations on time. The integration leads to the following results

0t Z
Cl(x1 Y, Z1t) = alcgag DSL(X1 Y, ZvT)ﬁ

Ve a t Ve
xVsu(X,y,7, r){1+ P%if/?cz,T)} d r} + oy Giyi Dg. (X, Y, Z,T){1+ P (x v 2zT) (iS?/KZT)} +
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l+c¢ (x,y,z,r)+ (X y’ZT) dr+ f

x QV (X, 2 T) T v S, (V) (% y,2) (10

otD o tD
L(xy,zt)=a, ZQ&!F?VSM(X’ y,z,7)d 7 +a, zQa—y(j)k—_'lf’Vsyl(x, Y,z,7)d7+
t t
+f, (X1 Ys Z)_alzl J(;kl,l (X1 Y, Z1T)d Ty alvj(;kl v (X1 Y, Z1T) dr (3¢c)
V,(x,y,z,t)= aleQ—j Dss Ve (XY, 2, r)dr+aleQ—j Dss Ve, (%, y,2,7)d7+
Xo kT yokT

t t
+1f, (X1 Ys Z)—aﬁ,(j)kqu (X1 Y, Z1T)d Ty alvj(;kl v (X1 Y, Z1T) dr

@, (X1 Y, Z1t) Qo ZQ .[ S/ul(x Y, Z, T) dr +Q .[ S/ul(x1 Y, 217) dzx

Xo Xo

xay, Z+ f, (x,y,z)++}k|(x,y,z,T)I(x,y,z,r)dr+}k|,|(x,y,z,T)Iz(x,y,z,r)dr (5¢)

1D,

¢)1\,(x,y,z,t):wmsz(3 km_lv_s Vsyl(x,y,z,r)dr+§28—j kﬂ)_lv_s Ve (X, y,2,7) dzx

xa, Z+ f, (Xy,2)+ j k,(xy,ZT\V(x,y,z7)dz+ } K,y (%Y, ZTV(x,y,z,7)d 7,

We calculate required average values of the considered approximations of the
above concentrations by using standard relation [26]

- = M(J:pl(x,y,z,t)d zd yd xdt, 9

Now it is necessary to substitute relations (1c), (3c), (5¢) into the relation. After
that we obtain the required relations to calculate recently considered average values
a,.. The relations could be written as

1 bbb ¥ ©a,B+0°LL,L
alczigggfc(x,y,z)dzdydx’ o z\/(as+'2°~) —4[B+ a,B+ 2 xLy ZaiJ_

f(xy,z)dzdydx—a,S,q —@LXLyLZ} .

88 Peer Reviewed Journal © 2020 ARF



On Analyical Approach to Model Manufacturing of an Enhanced Swing Differenial Colpitts. ..

Lyl

(¢] yL, ) )
Here S, (j)( )(j) (j) (j)kp,p(x, v,z T) (%Y, zt)V/) (x, y,zt)dzd yd xdt, a,=S, %

Lyl

X (Si/oo _SIWSNOO)’as = Svoo$|00+32\/00_$|003/v00’ &= (I)-fng (X’ Y Z)d zd deX

LXLYLZ

x Svooszvoo + Svoo@)l-il-il-i + ZSNOOSIOO.L i (J) fl (X1 Y, Z )d zdydx-© L2 LZSNOO -

X"y -~z

Lx

_Szvoo.i

|

LZ LX L

.(Efl (X,y,Z)d zd de, aﬂ.:SVOOiJ:

o—J
o—I"

fi(xy,z)dzdydx, a, =S, 4 X

2

2
G
f (x,y,z)dzd yd x} , A:\/8y+®2:é—4®2, B=6—aa2+§/1/q2+ p’—q-

4

®a2 aa, | ., & 28;
\/WJFQ 9= 4[4610 oLLL, J © 8az[4®az_@ aJ—

4 4 4

Ly
J
0

o '_'x'_
o -_.Nl_

B @3a§ 21212 @4af 0= 07 4a,a,-OL,L L,aa _ 04,
54 Y *8a;’ 12a2 18a,’

4
R, Sz 1 Lbhk
- + + f, (X,y,z)dzd ydx
“n TeLLL,  eLLL, L T ey2)dzdy

Xy —z

LLyL
=ty e L
eLLL, OLLL, LLL, oo

X"y -~z

N

(x,y,z)dzdydx

g,
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Here R, _j(G) t)jjjk(xy,zT) \(x,y,zt)dzd yd xdt,

We calculate the second-order approximation and approximations with higher
orders of dopant and radiation defects concentrations by using standard averaging
of function corrections [26]. Using this procedure for calculation of the n-th order
approximations of radiation defects and dopant concentrations leads to necessity of
replacement of considered concentrations on the sum «_+p. .(X,y,zt) inright sides
of the Egs. (1c), (3c), (5¢). After the replacement we obtain the following equations

aC,(x, Y, z,t)zﬁ[{1+§[azc +C(xy, z,t)]y} {:Hglv(x{/)(, z,t)+g2V2(x, Y, z,t) y

ot X P"(xY,2T) (\/)2
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+Q£I{BIS_VSM(X, Y, Z,t)L(I:[oc2C +C (%, y,W,1)] dw} (1d)
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ot 2 x ox oy 2y
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+— | D,(XV,2T
az{ VoY Jz
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2D, (XY, Z’t)zé[Dd, (xy, z,T)é)q)l' (XY, Z’t)}té[Dd, (xy. z,T)é)q)l' (XY, z,t)}+
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0
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0

ﬁ oDy (X1 Y, Z1t)
- Z|:D(DV (x,y, Z’T)—a”z + fo, (%, Y,2)8(t).

Integration of the both sidesof Egs. (1d), (3d) and (5d) leadsto obtaining following
relations for the considered concentrations

_ 0t [a2C+Cl(X’ Y 217)]7 V(X1 Y Z1T) VZ(X1 Ys Z1T)
Cz(x,y,z,t)_ag{lﬂf o (0y 2T) }{hgl v e Y3 :|><

aC y Y &y a t V y Yo & V2 v Y1 &
xDL(x,y,z,T)Wdﬂay{)DL(X,y,z,T){Hﬁ (X\/)/*ZT)+42 (E\(/*y)zu)}x
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+f,, (X, ,2).
Averaged values of the considered approximations could be obtain framework
following relation [26]

[p2(%,y,2t)- pu(x, y,2,t)] dzd yd xdt_ (10)

Now wewill userelations (1€), (3e), (5€e) into the above relation (10). After that
we obtain the following relations for the considered average values a.,

_ |b+Ef (o, @aF+O’LLLD) b+E
42 b, 4b,

Ay =0, Ay =0, asz_O
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Now we will calculate components of displacement vector by solution of
eguations of system (8). We will calculate approximations with the first-order of the
considered components by using standard method of averaging of function
corrections. We caculate gpproximationswith thefirst-order of the above components
by using method of averaging of function corrections. To caculate the approximations
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one shall replace the required functions on their not yet known average values a, in
right sides of appropriate equations. After the replacement we obtain Egs. (8) inthe
following form

(2)62 ulx((;i,zy, zt) _ K (z)ﬂ(z)aT ():3 )3(/ z,t)’ p(z)82 uly((;;,zy, z,t) _

yo,

K (@p@ LY bVt (52T 0020

Integration of these equations on time gives a possibility to obtain required
approximations in the following form

u (xy,zt)=u, +K(z )ﬂg;axi (x,y,z,7)drd 9~

K (Z)&Z)i

p(z) ox
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]gT(x,y,z,r)drdS—
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~K(z )ﬂgggziT(x,y,z,r)drds,

(2
pl(z

m

o
0z

u,(x,y,zt)=u,, + K(2) iiT(x,y,z,r)drdS—

~—

-K ﬂ() T(Xy,z,r)dzd 9
(z )p(z)a H (% y,27)
The next-order approximations could be obtained by analogous replacement on
thefollowing sumsa+u, (x,y,zt) [26]. Egs. (8) for the second-order approximations
takesthe form

p(z)w _ {K (2)+ G[SE(Z) }52%()@2}’1 Z1t)+{K (Z)—3[1E(Z)} «
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Integration of these equations on time gives a possibility to obtain the required
second-order approximations of considered components of displacement vector

Uy, (X, y,z,t):l{K(z)+6[5E( 2) } azzﬁulx(x y,zz)dzd 3+1{K(z)—
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In this paper we calculate distributions of concentrations of radiation defects
and dopant, components of displacement vector. We used method of averaging of
function corrections and obtain the second-order approximations. These
approximations are usually sufficient approximations for qualitative analysis and
obtaining some quantitative results. We check our analytical result by comparison
with numerical simulations.

m

-K(2)

TTT(X, y,z,7)dzd S+,
00

DISCUSSION

Now wewill consider redistributions of radiation defectsand dopant during annealing
and with account stress between layers of heterostructure. We present some typical
distributions of dopant concentrations on Figs. 2 and 3 for both types of doping.
These figures corresponds to larger value of dopant diffusion coefficient in the
epitaxial layer in comparison with dopant diffusion coefficient in the substrate. Figs.
2 and 3 show, that inhomogeneity of heterostructure leads to increasing gradient of
concentration of dopant near interface between layers. At the same time homogeneity
of distribution of dopant increased. Increasing of the considered gradient leads to
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decreasing of switching time of the considered transistors. Another effect leads to
decreasing of local overheat of materials of heterostructures during functioning of
transistors. It should be noted, that optimization of annealing of dopant and/or
radiation defects should be done during manufacture of considered field-effect
transistors. To describe the optimization we consider two limiting cases. One of
them corresponds to small annealing time. In this situation dopant has not enough
time to achieve nearest interface between layers of heterostructure. In this case
inhomogeneity of heterostructure and modification of distribution of concentration
of dopant can not be used. The second limiting case is large annealing time. In this
situation concentration of dopant istoo homogenous. So, we consider optimization
of annealing time by choosing of it's compromise value framework approach, which
was recently introduces in Refs. [15, 25-32]. To use the criterion we used
approximation of dopant concentration distribution by step-wise function. The
approximation is presented on Figs. 4 and 5 for diffusion and ion types of doping,
respectively. After introduction of the approximation one shall minimize the mean-
squared error

[11lc(ey.20)-v(xy.2ldzayax, (19

1.0 H

C(x.0)

Epitaxial layer Substrate

[}
|
! T 0 f T : 1
0 L/4 L2 3L/4 L
X
Figure 2: I nfused dopant distributionsin perpendicular direction to inter face between layers
of heterostructure. Difference between values of dopant diffusion coefficient
increases with increasing of number of curves
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Figure 3: Implanted dopant distributionsin perpendicular direction to inter face between layers
of heterostructure. Difference between values of dopant diffusion coefficient increases with
increasing of number of curves. Curves 1 and 3 were calculated for annealing time Q =
0.0048(L 2+L *+L ?)/D,. Curves 2 and 4 were calculated for annealingtime Q =
0.0057(LX2+Ly +L 2)/D,. Curves1 and 2were calculated for homogenous sample.

Curves 3and 4 were calculated for considered on Fig. 1 heterostructure

C(x,0)

~—

0 L.

Figure 4: Distributions of concentration of infused dopant in space. Curve 1 describes step-wise
approximation function. Curves 2-4 describe distributions of concentration of infused
dopant in space. I ncreasing of number of curve corresponds to increasing of annealing time
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SN\

0 L
X

Figure 5: Distributions of concentration of implanted dopant in space. Curve 1 describes step-
wise approximation function. Curves 2-4 describe distributions of concentration of infused
dopant in space. I ncreasing of number of curve corresponds to increasing of annealing time

We present some dependences of compromise annealing time on several
parameters. These dependenceswere presented on Figs. 6 for diffusion type of doping
and on Figs. 7 for ion type of doping. It is known, that radiation defects, generated
during ion implantation, should be annealed. The annealing leads to spreading of
distribution of concentration of dopant. If dopant achievesrequired interfaces between
materials of heterostructure during radiation defects annealing, than we have ideal
case. If dopant has no enough time for this achievements during the annealing, than
additional annealing of dopant required. Accounting of such regime of annealing
leads to decreasing of value of optimal annealing time of dopant for ion type of
doping in comparison with diffusion one.

Now we will analyze changing of concentration of dopant distribution under
influence of mechanical stress relaxation in the considered heterostructure (see Fig.
1). If £<0, than compression dopant concentration distribution could befind. Contrary
(at £,>0) one can find vise versa effect. The described changing of dopant
concentration distribution could be partially compensated by using laser or microwave
annealing [29]. Both types of annealing leads to acceleration of dopant diffusion
and other processes, which are existing during technological process. Analysis of
changing of concentration of dopant distribution shows, that mechanical stress in
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Figure 6: Dependences of optimal annealing time after dimensioning for diffusion type of
doping. Curve 1 describes optimal annealing time after dimensioning as a function of ratio &/L
at £= y=0for averaged dopant diffusion coefficient. Curve 2 describes optimal annealing time

after dimensioning as a function of parameter eat £= y= 0for a/L=1/2. Curve 3 describes

optimal annealing time after dimensioning as a function of parameter £at e= y=0for
a/L=1/2. Curve 4 describes optimal annealing time after dimensioning asa
function of parameter yat £= &= 0for a/L=1/2.

0.12

S
0.08 4
o S
3
[ J
@
3
0.04
1
0.00 T T T T T T T T T 1
0.0 0.1 0.2 0.3 04 05
alL, g ey

Figure 7: Dependences of optimal annealing time after dimensioning for ion type of doping.
Curve 1 describes optimal annealing time after dimensioning as a function of ratio a/L at
&= y=0for averaged dopant diffusion coefficient. Curve 2 describes optimal annealing time
after dimensioning as a function of parameter gat £= y=0for a/£=1/2. Curve 3 describes
optimal annealing time after dimensioning as a function of parameter £at e= y=0for
a/L=1/2. Curve 4 describes optimal annealing time after dimensioning asa
function of parameter yat £= &= 0for &/L=1/2
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heterostructure is a reason of changing of recently considered optimal values of
annealing time. It should be noted, that using mechanical stress gives a possibility to
increase elements density framework integrated circuits. At the same time the stress
is areason of generation discrepancy dislocations. Fig. 8 illustrates dependence of
perpendicular to interface between epitaxial layer and substrate displacement vector
component u, onthe analogous coordinate. Thefigure shows, that porosity of materials
of heterostructure leads to decreasing of miss-match induced stress.
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0.0 T ]
0.0 a
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Figure 8: Coordinate dependences of component ¢ after dimensioning for the case, when buffer
layer is nonporous and porous, respectively (curve 1 and 2, respectively)

CONCLUSION

We introduce an analytical approach to model manufacturing of an enhanced swing
differential Colpitts oscillator to optimize this process for increasing of density of
field-effect heterotransistors framework the considered circuit with decreasing of
their dimensions. The approach gives a possibility to take into account spatial and at
the same time temporal variations of parameters of technological process. At the
sametime the approach gives a possibility to take into account nonlinearity of physical
processes. The approach givesapossibility to formulate recommendationsto optimize
technological processes of manufacturing of the considered integrated circuit.
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