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On optimization of manufacturing of a relaxation
oscillator with injection-locking based on
heterostructures to increase density of their elements.
Influence of mismatch-induced stress and porosity of
materials on technological process

EL Pankratov

Abstract

In this paper we introduce an approach to increase density of field-effect transistors in the framework
of a relaxation oscillator with injection-locking. In the framework of the approach we consider
manufacturing the relaxation oscillator with injection-locking 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 in the framework of an
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.

Keywords: relaxation oscillator with injection-locking; optimization of manufacturing; analytical approach for
modelling

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 6, To increase the performance of these
devices it is attracted an interest determination of materials with higher values of charge
carriers mobility 1%, One way to decrease dimensions of elements of integrated circuits is
manufacturing them in thin film heterostructures 5 4, In this case it is possible to use
inhomogeneity of heterostructure and necessary optimization of doping of electronic
materials 12 and development of epitaxial technology to improve these materials (including
analysis of mismatch induced stress) 1*1%1, 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 in the
framework of a relaxation oscillator with injection-locking. 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 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.
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Fig la: Structure of the considered oscillator [19]
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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 by solving the second Fick's law in the following form [t 20-23],
aclxyzit) E ac(xy.zt) i gC (xy.z.t) E gC (xy.z.t)
at _a,r[D B }+6'y[D 8y ]+ﬁ‘z[D Bz }+

8 D L,
+0 - ﬁ Vepty (x,v,2,t) fn Clx, y,W,t)dW} +

8 [Ds L
+QE[EFS“1(xr3’rZrt)fo Clx,y, W, t)dw]+ 0

g [DC_S- ﬁngt'x.y.z.t)} g [Des ﬁagi'x,_v.z.t)} g [Dcs ﬁ'ngt'x\yz.tj]

gztx LVET gx =ty LT ay gz VLT dz

With boundary and initial conditions

dCixyz.r) acixy.z.r) dc{xy.z.r)

_— =0,—- =0 — =0, C (x,y,2,0)=fc (X,y,2),
B x=0 dx x=L, dy ¥=0

dc{xy.z.r) -0, aCixy.z.r) -0, acixy.z.r) -0
dy x=Ly dz z=0 dz x=L_

Here C(x, y, z, 1) is the spatio-temporal distribution of concentration of dopant; Q is the atomic volume of dopant; Vs is the
symbol of surficial gradient; fUL”C(x,y,z, t)dz is the surficial concentration of dopant on interface between layers of
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heterostructure (in this situation we assume, that Z-axis is perpendicular to interface between layers of heterostructure); za(x, v,
z, 1) and (X, v, 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 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 [24-261,

c¥(xy.z.c) Vixy.zt) Ve (x,yzr)
DC = DL(X,:‘;J‘,Z, T) [1 +6—P]’t'x\yz.1“”l] [ + ¢y o + ¢ e :||
CYixyzi) Vixyzi) Vi(ayzt)
D;=Dg(x,v,2T) [1 + & —F},c_x\vleJ [1 +q - + ¢ Y } (2)

Here D. (x,y,z,T) and Dys (x,y,2,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  depends on properties of materials and could be integer in the following interval yelt3 24V
(x, ¥, z, 1) 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 4. Spatio-temporal

distributions of concentration of point radiation defects have been determined by solving the following system of equations 2%
23, 25, 26]

ari, \.zrl

- [D; (x .z, T) aII:.J..J-.Z r|:|

[D!(x V., Z, T)M} +

+ [D;(x V.2, T)EH.J.,}.ZII]

k!,! (x.! }}.! Z, T)IZ (x,}’, z, t) - k! V (x.! }}.! Z, T} *
x 1(x, v,z t)V(x, v,z,t) + ﬂ% % Voulx, v, z,t) _I'UL: I(x, v, W, t)dW} +

—|—Q_ [D{.S‘ V_;,u[x,y,z, t) IULEI(X, y,W, t)dW] [::i_; 3#3(.).;:.ztli| +

8 ﬁﬂngt'x.y.z.t)} a ﬁﬂ'ugi'x\v.z.t)] (3)
av LVET ay gz LvET dz
avixyze) [D.,,-(x vz, T} ﬁ".ftJ.c»z r|:| [DV(X V.2, T) ﬂ'VtJ.oz II] +
gt ~ B dy
E'V(.J.,}.z £ 2
DV (x 1} Z, T) - o 'Ic',f,',f (x.! }}.! Z, T)V (x, j}: Z, t) - k!,v(xJ j}: Z, T) X
L
X I(x,y,z,)V(x, y,z,t) + ﬂa [ﬁ Vep(x, v, z,t) IUEV(X, y,W,t)dW] +
8 [Dys :| [Dr..rs Buo(xy.z, rl]
+0 5 Lt Veulx,y, z, t)_f V(x, y,W,t)dw ol e
i [Dﬂﬂugt'x.y.z.t)} i %ﬂ'ugi'x\v.z.t)]
av LVET ay gz LvET dz
with boundary and initial conditions
GIix,y.zt) -0, 8Iix,y.zr) -0, alix,v.zt) — 0,
dx =0 dx x=L, gy =0
Ix,y.2r) -0, 8lix,yv.zt) -0, I{x,y.zL) -0
a-"‘ .VzLy dz z=0 dz z=L,
avix,y.zc) —p, gV ixy.z.t) _ OlﬁVt'J:.y.z.t:l -0, (4)
da x=0 da x=L, ay ¥=0
gV ixy.z.t) -0 avix,y.zc) —o, avixy.zt) 01 (x,y,z,O):
ay y=L oz z=0 oz z=I,_
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=fi(x, v, 2, VX V.2 0)=f(XYy,2), V(x;+ Vt,v; + Vit zy + Ve t) =V | 1+ 2w

- |
.I.'T\|J:f+_vf+zf

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, ¥, z, T), Dvs(X, Y, z, T) are the coefficients of volumetric and surficial
diffusions of interstitials and vacancies, respectively; terms V3(x, y, z, t) and I%(x, y, z, t) correspond to generation of
divacancies and diinterstitials, respectively (see, for example, 28 and appropriate references in this book); ki v(x, ¥, z, T), ki (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; o = a2, a is the interatomic distance; # is the specific surface energy. To account porosity of buffer

layers we assume, that porous are approximately cylindrical with average values r = ,/x{ + y# and z; before annealing 23],
With time small pores decomposing on vacancies. The vacancies absorbing by larger pores 271, With time large pores became
larger due to absorbing the vacancies and became more spherical 7. Distribution of concentration of vacancies in
heterostructure, existing due to porosity, could be determined by summing on all pores, i.e.

" . = . 5 . _°
V(x,y,z,t) = Yo X o Xh=o Volx +ia,y + jB,z+ kx,t), R = Jx* + y* + 2%

Here ¢, 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 divacancies @y (X, y, z, t) and diinterstitials @& (x, y, z, t)
could be determined by solving the following system of equations 25 28],

a‘i’l (x.! V.Z, t)

d
0= e

e (x,v,z,t) d
SIS T A

d(x, v,z t
(2, )]+

d
+5- I:D@I(x:jjrzr T)

d& (x V,z,t)
dz ] _[

LZ
it Vory (2, v, 2, t)f & (x,y, W, t)dW] +
0

d [D L
—I—ﬂ—[ #15 Fsgl(x,y,z,t)f & (x,y, W,t)dW] + k(3,2 TP (x,y,2,t) +
0

dv | kT
i Dg,s dp; (x V.2, t) 9 |Dgy59n; (x Y.z t) 0 [Dg,s 01y (x,y,2,t) n
dx | VkT av VkT az VkT
+k(x, v, 2, T (x, y,2,t) ®)
sy, (x,y,z,t) @ by (x,y,2,t) by (x,y,2,t)
— = E[D%[x,y,z, T)i Dﬁ,[x ¥,z T)T +

d
o [D% (x,7,2,T)

b, (x,v,2,t D -
M] —[ #vs FS#’]. (xrj}rz; t) f ¢V (x,j}; W’ t)dW +
4]

D
+ﬂ@ [ ;T"S Ve, (v, 2, t)J & (x,y, W, t)dW]‘i‘kvv(x y,2, T)VZ(J: y,28) +
d [Dgy,sdus (x ¥, 2, t) 9 [Dags 0tis [x ¥, 2, t) qugs Ap,(x,y,2,t) .
ax | VkT 6‘1f VkT VkT 0z
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+I{V(xryrzr T)V(x: V. 2 t)

With boundary and initial conditions

deglx,y.zr) -0 GIix,y.zt) -0 GIix,y.zt) 0
dx x=0 , dx =L, ' dy =0 '
GIix,y.zt) 0 d&laxy.zt) -0 I{x,y.zL) 0
dy Y=Ly , gz z=0 ’ dz z=Lg ’
dplxryzt) 0 Vix,y.zt) -0 avVix,yz.r) -0 (6)
dx =0 ' dx x=L, ’ dy =0 l
gV ixy.z.t) 0 avVix,y.zr) -0 ddyplxyat) 0
dy V=L , dz z=0 l dz z=Lg ,

D (%, Y, 2,00=far (X, Y, 2), Dv (X, Y, Z, 0)=fav (X, Y, 2).

Here Dai(X, ¥, Z, T), Dav(X, ¥, z, T), Dais (X, ¥, Z, T) and Davs(X, ¥, 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 parameters of decay of complexes of
radiation defects. Chemical potential 4 in Eq.(1) could be determine by the following relation [2°,

/,lle(Z)QO'ij [Uij(X, Yy, Z, t)+Uji(X, Y, Z, t)]/z’ (7)

1

Where E(z) is the Young modulus, oy is the stress tensor; u; ——(

ﬁui B ;
ii = 3\ 8x.

+—3) is the deformation tensor; u;, uj are the
B.J:j Ei'J:E-

components Ux(X, ¥, Z, t), Uy(X, ¥, z, t) and u,(x, y, z, t) of the displacement vector #(x, y, z, t); X;, X; are the coordinate X, y, z.
The Eqg. (3) could be transform to the following form

du(x, v,z t) du;(xy.z )] (1[ou(xv.zt) du;(xyzt)
u(x,y,z,t) = [ — Ei A - : My A _
0x; 0x; 2 dx; 9x;

a(z);; [ﬂuki;\'-.vzr)
1-2a(z) dxy

—e0bi; + — 32|~ K(DBDIT(x.y,2 ) — T)8, |2 E(2),

Where o is Poisson coefficient; & = (as-aeL)/aeL is the mismatch parameter; as, ag are lattice distances of the substrate and the
epitaxial layer; K is the modulus of uniform compression; g is the coefficient of thermal expansion; T, is the equilibrium
temperature, which coincide (for our case) with room temperature. Components of displacement vector could be obtained by
solution of the following equations 24,

( )azux(x,y,z,t) _ 00y, (x,y,2,t) d0,,(x,y,2t) 00,.(xy21)
piz at? N dx + dy + dz

5‘211}. (xy.zt) do,(xy zt) N 9oy, (x, v, 2,t) N Aoy, (x,y,2,t)

Z
P at? dx dy dz
FPuglxyzi) _ Oogxyzt) | dag,lxyzt) | Bogglayzi)
p(2) et - B + 8y + gz
E(z) Buglxyzr) | Gujlayet) & dugplxyzr) Bug(xy.z.r)
G;; = - K(2)8;; x x 220 y —
Where gy, = 20— Ul | DUR0ed SOt ]y k(z)5, x x 020 pAREII(x.y.58) ~ T )

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
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2u,(x,y,2,t) BE(z) )o%u,(x,y,zt) E(z)
p(a)° at? {K( e J[z)]} %2 +{K(Z) I —I—J(z)]} X

a2u, (x,v, 2, t E(z 22w, (x, v, zt) Fu.ix vzt E(z
(Y )+ (2) (%) )+ z(‘h ) +k@ 1 E@ () y
axay 2[1 4+ a(2)] dy? 3[1 +a(2)]

%u,(x,v,zt) aT(x, v,z t)

THEV2E _ k@pe T

( )ﬂzuy(x,y,z,t) _ E@  [*uy(xyzt) u(xyzt)] aT(xy.zt)

Pz dt? T 2[1 4 o(2)] dx? + dxdy B ay %
E(z) du,lxyzt)  duglxyzr) 8 u (xyz.L)
X K(z)ﬁ[z) ™ dz {2[l+a'tz|] . dz + ay ]} + l)ﬁ‘_vg X (8)
5E(z) E(z) 0%u,(x,y,z,t) 9%u,(x,y,2,1)
{12[1 +0o(z)] + K[z)} + {K[z) "~ 6[1+0(2)] dyodz +K(2) dxdy
( )ﬂzuz(x,y,z, t)  E(2 [Pulxyzt) d%ulxyzt) 0%u(xyzt)
Pz dt2 T 2[1+0(2)] dx2 + ay? dxdz

é‘zuy[x,y,z,t) K[ ) du, (x vzt) du,, (x, vzt) du, (x vzt)
dyvadz dy

14 E(z) 66‘uz[x,3f,z,t) du,(x,y,zt) du,(xy.zt) du,(xyzt)
60z |1+ 0(2) dz B dx B ay B B

OT (xy.2.t)
—K(2)pz) ——.
Conditions for the system of Eq. (8) could be written in the form

U0y .zt) ULy y.2L) Bu(x028) . ﬁ'f:'(J:.L}.z.t)

— —n ) _ 0 -0
da 0; dx 0; dy ! dy !

A1 (xy.0.0) fulxy.LorL)
- =0 — 2 = 0; u(x,y,2,0) = iy, i(x,y,z,9) = Uy,
z z

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 2. Previously we transform the Egs.(1), (3) and (5) to the
following form with account initial distributions of the considered concentrations

aclxyzit) E ac(xy.zt) i gC (xy.z.t) a E'C(.J.,}.z £)
dr  ax [D : } + By [D ; ] [D } +(1a)

+ d | Dgs aﬁz(x Y.z t) Des aﬁz(x V.2 t) Dcs Ops(x,y,2,t) +
d = x|VkT = y|VkT =z |VET
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8 [Dgs us(x,v,2,t) d [Ds Lz
3 :,Z[I;,H N4 ﬁ%n(x,y,z,t)fn Clx, y,W,0)dW |+

d [Ds L
+Qé‘_y [ﬁ P'Sn(x,y,z,t)fn c(x,y, W, t)dW]

al(x,y,z,t) @

al(x,y,zt) i
at a[D*(xJ’ZT) ox ]_[

9I(x,y,zt)

d d
+E[D;(X,}f,Z,T)M] _[

Vot (2,3, 2,) f I(ey, W, r)dw]

d
+0—

Die
3y [kT Vepty (x, v, 2, t)J 1(x, v, W, t)dW] ki (x,y,z, T (x,v,2,t) —

_kIJV (x.! y.! Z, T}I(x,jf,z, t)V(x! jf,z, t) + fi’ (xijfrz)d‘(t) (3&)

aV(x,v,zt)

a avix,y, zt)
at - EI:DV(XJJ'F:Z: T} —]

a aV(x, v,z,t)
+ 3y [Dv(x,y, z,T) T] +

d [Dys L,
+ﬂa[ﬁr"§ﬁ1(x,y,z,t)ﬂ V(x}ijjt)dw +

a aV N pt
_l_E I:Dv(x’ J}! Z, T) M]

d L
+'Qa_y .If';f Fs.ulﬁxpjtht)f f(%,_‘}f, W,t)dW] — kIJ [x,y,z, T}[z (x,y,z,t) _
[i]

—kpy (6 y,2, T (x, y,2, 0V (x, y,2,t) + fiy (x,y,2) 6(t)

d& (x,y,z,t) @

d(x,v,z, t)
2= g e R

M] [Dﬁ(x y.an

LE
: ona ey, [ 2oy, w,t)dw]+
Z 0

3 %, t
+om [an; (x,y,2,T) M] — [ =

a [D L
+ﬂa—y [% Pigﬂlﬁx,y,z,t)f & (x, v, W,t)dW] + Kk (x, v,z T)(x, y,z,t) +
0

0 [Dg,s 012 (x J" z, t) 0 |Dgys0pts (x J" z t) 0 [Dg,s 01y (x,y,2,t) n
dx |VkT ay VkT +3z VkT
+kp, (v, 2, T (2, y,2,8) + fe,(x, ¥,2)6(t) (5a)
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o, (x, y,z,t)_ﬁ{% (xy,2.7)0 P X y,Z,t)} % {Dq)v(x, y,2,1) 7 D% y,Z,t)}r

ot - Ox X 2y oy

LE
dz Vsﬂlﬁxr.‘i’rzrt)f &y (x,y, W,t)dW] +
4]

+E[D¢V(x,};,z,j*)w] _[D‘PVS

Lg
—I—Q—[ #15 P:;;Al(x,y,z,t)f & (x,y, W,t)dW]+ kp(x, v, 2, T (x, y.2,t) +
0

0 [Dgys @ﬁz(x V.2, t) 0 |Dgys @ﬂz(x V. Z, t) quvs Ops(x,y,2,t) N
dx | VkT av VEkT VikT dz

+kV,V(x:j}:Z: T)VZ(X! }}.! Z, t) + f@v (x.! }}.! Z}&(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 i, In this situation we obtain equations for the first-order approximations of the required
concentrations in the following form

ac,(x,v,zt) d
T TR T Vsﬁlﬁx V.2, t)] + ﬂlcﬂa [ T = Vopy (%72, t)]
D¢s du (x V.2, t) D¢s duy(x,y,2,t)
ey 900 5 2 [P HEIZO) 2o Ienn0)
8 [Des dpz(xyzi)
gz E dz ] (1b)
a1, (x,v,z,t) d D5
lT (T_“Z..Qa IfT P:;.U.(x V. Z t):l + n’lfﬂa [ -II:T P-S.Iu‘(x V. 2 t)]
0 | Dys 0uy [x Y.z t) Dys pip [x .z, t) Dys 0uy(x,y,z,t) "
dx |VkT av VikT az VkT
+i(x,y,2)8(t) — afk;; (x,,2,T) — ayayyky(x,y,2,T) (3b)
vy (x, v, z,t) Dy
sz qll"z‘ﬂa IfT FI-S.Iu‘].(x yv.z, t):l +ﬂ'lvﬂa [ -II:T P-S-u’l(x y.z t)]
0 | Dys 0uy [x Y.z t) Dys duip [x .z, t) Dys 0uy(x,y,2,t) "
dx |VkT av VikT az VkT

+fr (v, 2)8(t) — afykyy(x, .2 T) — ayayky (x,9,2,T)

9y (x,y,z,t)

n (x,y.2, t)] + “m;z-‘?a [ T P'S_ul[x V.2, t)]

(rmjzﬂa
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0 [Dg,s 012 (x J" z, t) 0 |Dgys0pts (x J" z t) 0 [Dg,s 01y (x,y,2,t) n

dx |VkT ay VkT +3z VkT
+f¢1 (x.! j}JZ){S(t) + k!’ (ij}:Z: T)I(x! y.! Z, t) + k!,! (ij}:Z: T)IZ (ij}:Z: t) (5b)
Ay (x,y,2,1) 0 [Deys 0 [Days
T = al‘f‘r,,r a -II:T P-S-u’j.(x J’ Z, t)] + cr”._vzﬂ a.:} IfT FI-S.Iu‘l(x J Z, t):l

0 |Dgys Ouy [x J’ Z t) 9 [Dgys dptz (x J" z, t) D¢;:s Auy(x,y,2, t)

dx | VkT ay VEkT VEkT dz

+Hey (%, 3,2)8(8) + ky (2.3, 2. TV (% 3.2, 0) + kyy (0,3, 2. T)V2(x, 3. 2,1).

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

a [t z V(x,y,2z1) Vi(x,y,21)
Cy(x,y.z,t)= alCQEL Dg (xy,2, T)ﬁ[l"‘f}l v +¢z TRE

X Vopy(x,v,2,1) 1+L¢1}rcdr +a EIED (x,v,2,T) 1+L‘{:+

sii(x 3,2, PY(x,y,2,T) oy, PY(x,y,2,T)

z V(x,y,2z1) Vi(x,y,21) a Dcs

X Q%ﬂl(xryrzr r)ﬁ[1+§1 Ve Gz (V:—c)z —f foT

a r r r a D a a D a
% P'»z(x Y.z T)dr—l— f cs Nz(x .z T) dr+ J cs ,u,zﬁx V.2, I’) T+

dx cvl, VkT dy VKT dz

+fe(xy, 2) (1c)

J’l[x,y,z,t)—cr“zﬂaj;] ﬁlfggl[x,y,z,r) r—i—cr“zﬂa—yj;] ﬁlﬁggl[x,y,z,r) T+

8 [F Dy dus(x,y.zt) d (f Dy dus(xy,z1t) P Dys Buy(x, v, 2, t)
dr 3y dr T+

Tox ), Thr T ox o VKT 8y a_ o VKT 0z

+fi(x,y,2) — ai fnt kp(x, v,z T)dr — auawf; kpy(x,v,2T)dt (3c)

V(x,v,zt) = alVZﬂEL T Vepty (x, v, 2, T)dT + alpzﬂa—yfo T Vouty (v, 2z, T)dT +

d ["Dycd A d [ Dycd LV, E E Dy @ t
f vs O (x,y, 2 )dr a_yj vs O (X y, 2 )d n f Vs Nz(l’}’z) .-

ax J, vk~ ox o, VKT ay "oz, vk oz
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r r
+firlx, v, 2) — afvf kyy(x, v,z T)dt — afl;afl.,,f kyy(x, v,z T)dr
0 0

t
Dgs 0 ["Dgs
Py (x,y,2,t) = ay4,20 — 5 ), kT{ Vorty(x, v, 2, r)dr+ﬂa ; H{ Vept1(x, v, 2, T)dT X
tDg ;53 ( ) tDg;s6 ( )
X Q19,2 + fo, (x,v.2) +— j‘ v‘:T Holxy2.7) J~ ._,:T palryza) o (50)

d frDﬁs a#z(x;j"yz; T)

[
+E . FRT iz dr—i—Lff;(x,y,z,T)!(x,y,z, )dr +

r
+ f ky(x,y,2 T (x,y,2 1)dT
0

L L

le'r,,rS d le'r,,rS
5x ), kT Vepty (x, v, 2, r)dr—i—ﬂa AT

P (0y,2,t) = 14,20 5 Vepty (x, v, 2z, T)dT X

+

d ‘ le'l;.rS aﬂz (x:J’:Z: 1‘,') d -D@VS a_ﬂ-z [x V. Z, 1‘,')
X @147 + fo (6.3.2) +EL VkT ax de 63:[ VkT dy

d IID¢VS Op2(x,y.2,7)

r
+E VKT e dr+£k.,,(x,y,z, TWV(x,y z 1)dt +

+ fnt kyyv(x v,z TV (x, v,z 1)dT.

We determine average values of the first-order approximations of concentrations of dopant and radiation defects by the
following standard relation 2],

“1p = EleL L Jqt:u fn fn fg p1(x, ¥,z t)dzdydxdt. ©)

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

1 plgply pl _ Jtagra)® azB+0°LylyLsa
a’lc—LxL_yszn !o}fn fe(x,y,2)dzdydx, ay; —J s 4(B+ 1)

day ay

g +4
—:—%, Ty = % a_uf f f *filxy z)dzdydx — ey Sppo — GLxLyLz}
where S, ,;; = fo'g (B—1) f;x fUL"'" f:” koo (3,2, DIi(x,y,2, OV (x,y, 2 t)dzdydxdt, ay = Sy X

Ly pLy rLg
% (Sfr00 — Str00Svvoo)s @3 = SirooStoo + Sroo — StrooSvvoe @z = fg fg 7 fg fvlx,y, z)dzdydx X
X Siyo0Sfoo + Swoo@L3LE L2 + 25vv005xmof f f filx,y, 2)dzdydx — OLLL2 L2 S0 —
o Yo Yo

Ly Ly oL Ly Ly oL
—Sfiro0 fg J-g) .[g fi(x,y,2)dzdydx, ay = Spyoo fg J-g) fg fi(x,y,z)dzdydx, ag = Syygq X
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Ly Ly rLg z z s ———
% o= fy? o™ fix . 2) dzdyd] ’A=J85f+822_§—482—i,8=i_2+ Na¥+pi—q-
- VaiF+ri+qq=

2
(4ao—0L,L,1,%%) — 62 22 (100, — 072) —

ay 2aj fay

2% a;
2
Zday

2 2 4.2
a“a a¥a; dagay—eal, L, La,a; aa
— — = — 04 " xyrElva
E LE'L?FLE gl'p 192 e 3 :ri i | z,
Sday - Bay 12ay 18a,

= ; ,
AR QLxLyLz+QLxLyLz+LxLyLZ o oy fe,(x,y, 2)dzd)
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J-ULx J-UL;.- J-ULz fr‘av (x, v,z)dzdydx,

L. Ly rLg :
where R ,; = j[f'(e —t) [,* [ ) R Gy 2, DI (x, v, 2, t)dzdy dxdt.

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 %81, 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 anptpo 01 (X, Y, Z, t). The replacement leads to the following transformation of the
appropriate equations

aC,(x,v,z,t) _ d

at dx

[ayc + Ci(x,y.2, 1)) Vix,y.zt)  Vixyzt)
1 + f P],.'(x, }j, Z, T} 1 + ql VH (;2 (VH)Z

dCy(x, v,z t a Vix, v, z,t Vi(x,v,z )] 8C, (x, v,z t
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ax 3_1? Ve Gz V)2 ay

0z

[aze +Ci(xy, 2z, 0)]Y d V(x,y, zt) Vi(x,v,zt)
x Dy(x.y.2.T) {1 +¢ PY(x,v,z,T) T\ [Pt Ve t6 (V)2

x Dy (x,y,2T)

ac,(x,v,z,t) {1 ; [asc + Co(x, v, 2, 0)]"

dz PY(x,v,2,T) }) + fr(x, v, 2)8(t) +

+

@ [Dcs Ouy(x,y.2,t) n @ [ Dcs Ouy(x,y,2,t) n @ [Dcs Oux(x.y,z,t) +
d = x|VkT dx VKT dy = z|VkT 9z

=y

8 (D e
+J?_{_SP:§-H'1 (x,jf,z, t)[ [ﬂzc + C(x’y’ W’ t)]dW}+
0

ox | kT

+ﬂi[ﬁ Votty (%,7,2,8) [“[aze + Cx,y, W t)]dw} (1d)
a}_ LT S.ul p}p » o 2C :j: ]

dl(x,y,zt) @ al (x,y, 2 t) d aly(x,y z.t)
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d Le
X [ay; + 1 (xy,z )] [ay + Vi (x,y,2,t)] +QE{P}H(X, y,z,t)f lety; + 1,(x, y, W, £)]dW x
[i]

d (Dys d (fou,(xy,zt)
xﬁ}—i_ﬂ@j {kT Veulx, v, z, t)[ lag; + I (x. v, W, t)]dW}+EL — 3 X

Dyg d g pt Dpg Gpalxyzi) d ot Dyg dualay.zt)
—aT +— = dr+— | —=————dr 3d
VET dy <0 VLT ay gz <0 VLT dz ( )

V(x,y.zt) @
ot T ox

uASEDIN

v, (x v 2
dy

[Dv(x ¥.zT) [Dv(x ».zT)
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dz
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+oz [DV[XJJ’,Z, T) %]

d L
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0
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— X
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X — — | =

7T T ay ), VT ay 9z vkt 8z
8¢y, (x,v,z,t) @ &y, (x,v,2t) d,(x,v,z,t)
e e [Py an PO 2 b, (e TR

d (D Le
+0— Em { ,:;{5 Vep(x,y,z,t) J [afz,ﬂ + & (x, v, W, t)]dW} + k(% 3,2, T (%, y,2,) +
0

d (D Ly
+17— aj { ;';15 F"_g.lu‘(x; V. Z, t)J [ﬂ'z,i,j + qblf (x, V. W, t)]dW} + I{I (x, V. Z, T)I(x’y’z’ t) +
0

0 |Dgys 0y (x J" Z, t) 0 |Dgys 002 (x J" z, t) 0 [Dgs 01y (x,y,2,t) n

Ox | VkT ay VkT *az VkT

a dd,(xyar)
+2 s, (3,2, ) LI 4 £, (v, y,2)8(2) (5d)
¥y (x,y.2,t) 8 ddyy (x,3,2,t) d¢,y(x,y,2,t)
e R L O

d (D Lz
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d (D, Le
+.ﬂ aj { ;';:S FS-u(x:jf;Z; t) f [azé'f + ‘i’l‘f (x,jf’ W, t)]dW} + kV (x’ J_.?’ Z, T)V(x’j}’z’ t) +
0

a [D-#'VS au, (x, J’ Z t)]

Dgys Ot (x J" z, t) D¢;:s Auy(x,y,2, t)
dx | VKT

dy [ VEkT VEkT 0z

a dd .z
+2 s, (13,2 1) 2L £ (x,y,2)8(2).

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

a (f [azc + Ci(x,y.2,0)]Y V(x,y.z1) Vi(x,y,z1)
Colx,v,zt) = EI {1 +¢ P(xy,27T) +6 v €2 R
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j s + €., law dr-+ 52 265
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gty LVET dv dez WWeT dz
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Dy, s O15(x, 3,2, T)
— dt
VkT dx

r a T
X Voulx, v, z, r)dr+f ky v (x v,z TIVE(x,y, 2, r)dr+5f +
0 0

d J‘ID@VS a”z(x!}}!z:r) dr—|—£ftD¢vS a”z(x!}}!zpr)
0 9z J,

ayl, vkt dy VkT Az dt + fs,(x.y.2) +

+ _l'nr ky(x, v,z T)V(x, v,z 1)dT.

Average values of the second-order approximations of required approximations by using the following standard relation 2,

1
o =
2P T BLL,L,

[ 37 [y lpa (v vz, 0) — py (v, 2, D)]dzdydxdt.  (10)

Substitution of the relations (1e), (3e), (5e) into relation (10) gives us possibility to obtain relations for required average values
a2p
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4p3
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2
_ 2 _ ] az _ @4
Cy = ay@Sivon + XivSyvoo — Svvoz — S, B = JBJ’ +6e = 40 a0 F= oo +
a%pd et
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sapd Ogpl

E:l o*ns dbyby—oL L, Lb by ab
_ 4}'—
X (4952 a2 ) 121212 S =2 e
by an 1263 188,

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 «;. The substitution leads to the following
result

8P uy (xyziL) _ 0T (x,y.2.t) ﬁzul}.t'.r\yz.tj _
p(a) T2t _ _g(5)p(5) TO22D, (g Tusleirzt)
8%y (.20 AT (xy.2.r) 8% uy (xy.zr) aT(xy.z.r)
iy al S iy b A S
p(2) TEE0 _ _e(3)p(z) TEXED, p(z) Tz 005D _ _g(5)p(z) TO2ED,

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

Uy (x,y, 2 t) = uy, —l—K(z)ﬁ( 2) @ f f T(x,y, z 1)dtdd —

Blz) @
—K(z )Pi; — fo fn T(x,y,z 1)dtd®,

Bz 0

ul}'(xry!zf t) HU‘» + K(Z) P( ) a’i’

t 0
fJT(x,y,z,r)drdﬁ—
0

Blz) @
—K(z )pi_;afﬂ fn T(x,y,z 1)dtd®,

B(z)d
p(z) 8z

U (%, v,2,t) =u,, + K(z2) —

r 8
ffT[x,y,z,r)drdﬁ—
0

Blz) @ #
—K(z )piZI — fn [, T(x, y,2,T)dzd®.

Approximations of the second and higher orders of components of displacement vector could be determined by using standard
replacement of the required components on the following sums ai+ui(x,y,z,t) 28]. The replacement leads to the following result

p(z)auméatc;zr) {() 5E(2) }azuu(x,:v,z,r)+ { (O }a%(x,y,z,r)+
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a2 V. E,
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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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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 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 distribution of concentration of dopant. If annealing time
is large, distribution of concentration of dopant is too homogenous. We optimize annealing time framework recently
introduces approach [2%%71, 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.

1.0 -

('(x.0)

n
1

Substrate

0.0

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 diffusion coefficient in substrate

2.0

1.5

Epitaxial layer Substrate

0.5

0.0

T T T |
0 L/4 L){Z 3L/4 L

Fig 3: Distributions of concentration of implanted dopant in heterostructure from Fig. 1 in direction, which is perpendicular to interface
between epitaxial layer substrate. Curves 1 and 3 corresponds to annealing time ® = 0.0048(Lx?+Ly?+L:?)/Do. Curves 2 and 4 corresponds to
annealing time ® = 0.0057(Lx?+Ly?+Lz?)/Do. Curves 1 and 2 corresponds to homogenous sample. Curves 3 and 4 corresponds to
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heterostructure under condition, when value of dopant diffusion coefficient in epitaxial layer is larger, than value of dopant diffusion
coefficient in substrate

Yo

C(x,0)

&4\

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

1

U —
Lolyls

JE 1% ey, 2.0) — (x,y, D]dzdydx (15)

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, 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.

4
1
A

C(x,0)

X

Fig 5: Spatial distributions of dopant in heterostructure after ion implantation. Curve 1 is idealized distribution of dopant.
Curves 2-4 are real distributions of dopant for different values of annealing time. Increasing 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 6= £=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 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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Fig 8: Normalized dependences of component u; of displacement vector on coordinate z for nonporous (curve 1) and porous (curve 2)
epitaxial layers

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 F7.
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 concentration of vacancies in porous materials and component of displacement vector, which is
perpendicular to interface between layers of heterostructure.

0.4 —

0.0

0.0 Z a

Fig 9: Normalized dependences of vacancy concentrations on coordinate z in unstressed (curve 1) and stressed (curve 2)
epitaxial layers

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 relaxation oscillator with injection-locking. We
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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 nonlinearity of considered processes.
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