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Abstract: In this paper we introduce an approach to increase density of field-effect transistors and diodes framework a
high-voltage current driver. Framework the approach we consider manufacturing the driver in hetero structure with specific
configuration. Several required areas of the hetero structure should be doped by diffusion or ion implantation. After that do
pant and radiation defects should by annealed framework optimized scheme. We also consider an approach to decrease
value of mismatch-induced stress in the considered hetero structure. We introduce an analytical approach to analyze mass
and heat transport in hetero structures during manufacturing of integrated circuits with account mismatch-induced stress.

Keywords: High-voltage current driver; Optimization of manufacturing; Increasing of density of their elements; Influence

of miss-match induced stress on technological process; Influence of porosity of materials on technological process.

1 Introduction

In the present time several actual problems of the solid
state electronics (such as increasing of performance,
reliability and density of elements of integrated circuits:
diodes, field-effect and bipolar transistors) are intensively
solving [1-6]. To increase the performance of these
devices it is attracted an interest determination of
materials with higher values of charge carriers mobility
[7-10]. One way to decrease dimensions of elements of
integrated circuits is manufacturing them in thin film
hetero structures [3-5,11]. In this case it is possible to use
in  homogeneity of hetero structure and necessary
optimization of doping of electronic materials [12] and
development of epitaxial technology to improve these
materials (including analysis of mismatch induced stress)
[14-16]. An alternative approaches to increase dimensions
of integrated circuits are using of laser and microwave
types of annealing [17-19].

Framework the paper we introduce an approach to
manufacture field-effect transistors and diodes. The
approach gives a possibility to decrease their dimensions
with increasing their density framework a high-voltage
current driver [20]. 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 hetero structure, which consist of a substrate and
an epitaxial layer (see Fig. 1). We also consider a porous
buffer layer between the substrate and the epitaxial layer.
The epitaxial layer includes into itself several sections,
which were manufactured by using other 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 do pant 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 floating point
multiplier and at the same time to increase their density. At
the same time we consider a possibility to decrease
mismatch-induced stress.

2 Method of Solution
To solve our aim we determine and analyzed spatio-
temporal distribution of concentration of do pant in the
considered hetero structure. We determine the distribution
by solving the second Fick's law in the following form
[1,21-24]
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Fig. 1a: Structure of the high-voltage current driver [20]
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Fig. 1b: Hetero structure with a substrate, epitaxial layers and buffer layer (view from side)
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Here C(x,y,z,t) is the spatio-temporal distribution of
concentration of dopant; Q is the atomic volume of
dopant;Vs is the symbol of surficial gradient;

L,
[C(x,y,z,t)dz
0

is the surficial concentration of dopant on interface
between layers of hetero structure (in this situation we
assume, that Z-axis is perpendicular to interface between
layers of hetero structure); pl(x,y,z,t) and p2(x,y,zt) 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 hetero structure, 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 [25-27]

cyzt) ]l Vieyzt)  VAxyzt
Gonad ], Vi, Viayad
Py(xsz)_ Vv (\/)Z |

(% y,2,t) { V(xyzt)  V(x y,z,t)_
P"(x,y,2,T)] v
(2

Here DL (x,y,z,T) and DLS (x,y,z,T) are the spatial (due to
accounting all layers of hetero struicture) and temperature
(due to Arrhenius law) dependences of dopant diffusion
coefficients; T is the temperature of annealing; P (X,y,z,T)
is the limit of solubility of dopant; parameter y depends on
properties of materials and could be integer in the following
interval y €[1,3] [25]; V (x,y,z,t) is the spatio-temporal
distribution of concentration of radiation vacancies; V* is
the equilibrium distribution of vacancies. Concentrational
dependence of dopant diffusion coefficient has been
described in details in [25]. Spatio-temporal distributions of
concentration of point radiation defects have been
determined by solving the following system of equations

[21-24,26,27].
&l(x’y’z't):a{Dl(x,y,z,T)al(X'y‘z’t)}rﬁi{Dl(x,y,z,T)m();';I'Z’t)}r

D, =D fx. y,zn{w

D, =Dy, y,m[u:s

ot oX ox
+ﬁ{D, (x, y,z,T)m(X’y’z't)}kI (2 T) Py, zt) -k, (6 y,2,T)
01 01 ' ‘
0| D,
x1(x,y,2,t)V (x,y, zt)+Qa {kT Vo (%, zt (X, y,W,t dw}
0

+Q 8){:?1'? Vo (xy,2 t)jl(x YW, t)dw}r—{

6{ Dis auz(xyy,z,t)}@{ Dy 8yz(x,y,z,t)}

+

s 6y2xyzt)
VKT

+ — —
oy|V KT oy 0z|V kT 0z
@)

N(xyzt) 2 N(xyzt)| @ N (xy,z.t)
0 ﬁX{Dv(X y.Z, )ﬁX}ﬁy{Dv(x,y,z,T)ﬁy}

)ﬁV (x,y,2,t)

0
+—1D,(x,y,2,T
ﬁz{ (Y FL:

:|_kv,v(x’ y,Z,T)VZ(X, y,z,t)—kw(x, y|Z1T)X
x1(x,y, 2,V (x,y,2 t)+Q {E‘? Vo (, y,z,t)LfV (x, y,W,t)dW}

01Dy Dys am(xy.2t)
+Qay{kT Vo (x, y,zt)J (xth)dW} ~ {VkTax}

+i D\/S aﬂz(xvyyzvt) +i DVS aﬂz(xuyvzvt)
oy|V KT oy 0z|V kT 0z

With boundary and initial conditions
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Here I (x,y,z,t) is the spatio-temporal distribution of

concentration of radiation interstitials; 1" is the equilibrium
distribution of interstitials; Di(x,y,z,T), Dv(x,y,z,T), Dis(X.y,
z,T), Dvs(x,y,z,T) are the coefficients of volumetric and
surficial ~ diffusions of interstitials and vacancies,
respectively; terms V2(x,y,z,t) and 1%(x,y,z,t) correspond to
generation of divacancies and diinterstitials, respectively
(see, for example, [27] and appropriate references in this
book); kiv(x,y,z,T), kii(x,y,z,T) and kvv(xy,zT) are the
parameters of recombination of point radiation defects and
generation of their complexes; k is the Boltzmann constant;

o = ad ais the interatomic distance; A is the specific
surface energy. To account porosity of buffer layers we
assume, that porous are approximately cylindrical with

average values I' = 4/ X12 + yl2 and z; before annealing

[24]. With time small pores decomposing on vacancies. The
vacancies absorbing by larger pores [28]. With time large
pores became larger due to absorbing the vacancies and
became more spherical [28]. Distribution of concentration
of vacancies in hetero structure, existing due to porosity,
could be determined by summing on all pores, i.e.

V(x,y,z,t)= ZZ ZV (x+ia,y+jB,2+kg,t)
i=0j=0k=0

, R=x*+y?+72°

Here a, f and 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 followinn svstem of eauations 176 271
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Davs(X,y,z,T) are the coefficients of volumetric and surficial u. =— ou; + J
diffusions of complexes of radiation defects; ki(x,y,z,T) and o210 X; 0 X
kv(>_<,y:z,T) are the parameters of decay of complexes of
radiation defects. is the deformation tensor; uj, uj; are the components

%Tfon\x?:é E;i?;ﬁl[gi]m Eq.(1) could be determine by the u(x,y,z,t})}, uy(x,y,z,t) and ux(x,y,z,t) of the displacement
vector U (X, Y, Z,t); Xi, Xj are the coordinate X, y, z. The

=E@)Qay [Ui(%.y,2,0)+u5i(x,y,z,0)1/2, 7 Eg. (3) could be transform to the following form.

Where E(z) is the Young modulus, gjj is the stress tensor;
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oX. OX,

2 OX,

2 (x, y,z,t)zlaui(X, y,z,t)+ ou;(x, y,z,t)] 1{8ui(x, y,z,t)+ ou;(x, y,z,t)]_

|

- goé‘ij +

1-20(z) O X,

where o is Poisson coefficient; & = (as-ae)/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 [22]

2
) (Z)a ux(x,zy, 2t) 00, (x Y, Z’t)+ d0,,(x,Y, Z’t)+ 00,(xy,2,t)
ot 0X oy 0z
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O X,
, p (2) is the density of materials of hetero structure, &; Is
the Kronecker symbol. With account the relation for oy last
system of equation could be written as
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Conditions for the system of Eq. (8) could be written in
the form

o (o, y.zt) _g;
oX

6[51(LX, y,z,t) :0;
oX

o Lh)(X,O,Z,t)ZO;
oy

o (x, y,O,t)_O.
oz B

615’(x,y,LZ,t)_0.
0z -

(x,y,z,0)=0,; H(x,y,z,00)=1,.

We  determine  spatio-temporal distributions  of
concentrations of dopant and radiation defects by solving
the Eqgs.(1), (3) and (5) framework standard method of
averaging of function corrections [29]. Previously we
transform the Egs.(1), (3) and (5) to the following form
with account initial distributions of the considered
concentrations
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Farther we replace concentrations of dopant and radiation obtain equations for the first-order approximations of the
defects in right sides of Eqgs. (1a), (3a) and (5a) on their not required concentrations in the following form
yet known average values aap. In this situation we

oC,(x,y,z,t) o | . Dg o|_.D
=, Q—|z2—2=2V X ¥,Z2,t) |+, Q—|2—=V X, ¥,Z,t)|+
ot A c ox| S kT s:ul( y ) Aic oy| kT SlLll( y )
D D
Gy 2SO [V E;é’ﬂz(of’y’z’t)} [ cs 0 #4(%.Y, “)}
X 2y|V kT oy
4 2| Bes & (% y.2,1) (1b)
2z|V KT oz
o1,(x,y,2,t) _ O | D 9] ,Dss
= _al,zQa [kTV (X,y,2,t) +al'Qay 2T Veu (X, y,2,t) |+

+ a[Ds 5ﬂz(xy2t)} ay[ D s aﬂz(Xth):| az[ D s aﬂz(Xth):|

oOxX|V KT O X V kT oy V kT oz
( y,z) ( ) all | |(X Y,z T) allalvkl,v (X’ y’Z’T) (3b)
oV,(x,y,z,t 1, 0
(é’ty ) aleQaX[DVS V14X, y,z,t)}+a1\,96y_ E\_’If V14X, y,z,t)}+

+i Dy s aﬂz(x y Z, t) Dy s 5/,12(X Y. Z, t) | Dys a/uz(x Y, 2, t)
OX|V KT ay V kT oy 62 VKT oz

+ fV (X’y’z)é() aleVV( y z T) allalkaV(X y z T)
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aq)ll (X1 y’Z1t)
ot

o[D o[ D
=y, 295_ kqjll's Ve (X, y,z,t)}+am,lz£28y[ kqjll's Vg (X, y,z,t)}+

L 0 [ Pas 0p,(xy,2,)] 2 [ Days 045(x,y,2,t)], 0 [ Days dus,(x,y.2)|
OX|V KT O X ) ay V kT oy 52 V kT 0z

+ fo, (X Y, 2)0()+K, (X, ¥, 2, T)I(X Y, 2,t)+ K, , (X, ¥, 2 T)I*(x,y,2,t)  (5b)

oDy, (x,y,2,t) 0 | Days O | Days
Nﬁt :aszan[ k'I\: Ve (X, y,2,t) +a1®VzQa—y k_IV_ Ve (X, y,2,t) |+

[ Duays 0s5(x.y.2.0], & [Days 01,(x.y.21)], & [ Days dss(xy.2.0)]
OX|V KT oX 6y V kT oy 62 V kT oz

+ fo, (X, y,2)5M)+k, (X, Y, Z TV (X, Y, 2,t)+ kK, (X, ¥, Z, TIVZ(X,y, Z,1).

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

for above approximation in the final form
ot z V(x,y,z, VZa(x,y,z,
Cl(x’ Y, Z1t): 0{1095!; DSL(X! Y, Z’T)ﬁ|:1+g1(v—y*r)+gz ((V—},/)zr):| x

E.af. o ! .y
szlul(X, Y, Z,T)|:l+ Wytcz’_r)}d T}'Falc a_y'(')‘ DSL(X’ Y, Z,T)|:1+ Wyj;cz’_r)} +

z V(x,V,z, Vaix,y,z,
x OV (X, y’Z’T)H[lJrgl(\/y*T)+g2 ((\/y)ZT):I axOv kT
Xé’,uz(x,y,z,r)dT+ } s o”uz(x Y, Z, r)d } s o”,uz(x y’Z’T)dr+
O X yoV oy zoV oz
+fo (X, 2) (10)

L(x Yy, 2z,1)= al,zQ—j 'SVS,ul(x Y, Z, r)dr+al,zQ—j 'SVS,ul(x,y,z,r)dr+

t D t D
f Dis Bﬂz(xyy’zlt)dr_‘_ijils aﬂz(xyyl't)dr_‘_ij’ils Gyz(X,y,Z,t)dT+
6XOV kT oX oyoV kT oy 0zoV kT 0z
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t t
+ (X’ Y, Z)_alzl Ik|,| (X’ Y, Z’T)d T_allalv,fkl,v (X7 Y, Z’T) dz (3¢)
0 0

V,(x,y,2z,t)= aleQaa jkD_'If V(X Y, 2, r)dr+a1\,zQ—j Dis Vs,ul(x y,z,7)d 7+

ij‘ Dy s aﬂz(xiyiz1t)dz_+ij' Dys GuZ(X,y,z,t)d +ij‘ Dy s 8/12(X,y,2,'[)d

— — T — T+
oxoV kT OX oyoV KT oy 0zoV KT 0z

t t
+f, (%, Z)—(Zﬁ,{k\,y\, (x,y,2,T)d Z-_051|051v£k|,v (x,y,2,T)dz

0 t Dy s

KT

D, (X, Y, 2,t) =y 20 Vg (X, y,z,r)dz-+Qa8 t kqjl's

Ve (X, y,2,7)d rx

D D
Xty 2+ T (X, y,2)+ 6} mis O 4y(%¥,2,7) r+a} CI’Sa’UZ(XyZT)dH(SC)

oxoV kT O X oyoV kT oy
0 t Dy s 0u1,(x,Y,2,7)
+— ’ dr+ [k (x,y,z,T)I(XvV,z7)d
Py tvinee oz ¢ f (Y 2T (xy.z,7)d 7+

+j‘k|’|(X, y,Z,T)IZ(X, y,Z,T)dT
0

0 t Dgs 0 tDgys
D (X YV, z,t)= z2Q— >V X,Y,2,7)dz+Q Y
1v( y ) U, 8XEE KT s/vﬁ( y 2-) 2 oxs KT

Ve (x,y,z,7)dzrx

D
<oy 2+ fy, (X, y,z)+ } ays 045X, y’Z’T)dT_,_ 0 j- s 0 45(%, Y2, T)d7:+
Xo

V kT d X dyoV kT ay
0 t Days dp1,(x,y,2,7) t
A P dz+[k,(X,y,2Z,T V(X Vy,z,7)d 7 +
o2 kT oz ‘ {v( y.2zTV (xy.z,7)dz
t
+ .fkv,v (X! Y, Z,T)V 2(X, Y, Z,T)d T.
0
i . 1 oLLyL,
We determine average values of the first-order _ jfffp (X V.2 t)d 2d yd wdt
approximations of concentrations of dopant and radiation p OLLL 0000 I\ S &
defects by the following standard relation [29] Xy 2

©)
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. . i ey- . . LyLz
relation (9) gives us possibility to obtain required average I J‘
0o

Substitution of the relations (1c), (3c) and (5c¢) into
values in the following form [

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

o !—,xl_

1 LxLyLz
Oy = f.(x,y,z)dzd yd x 2 a
e LXLyLZ£££ c(xy.2)dzdy A:\/8y+®z:g_4®az,
4 4
(a, + A [ ®a3B+®2LXLyLZa1J ®a, \/
a TV 4B+ _ B= + Q2+ p°—q-—
: 4a§ a, 68
a,+ A
“4a, BEVN oy
4a,
Lok ©’a, 2,3, 2 &2
- P 4 LLL 4
Gy SIV00|:a1| E‘;ggfl(xyz)dZdde a, Sy ®LxLyLz:| q= 24a (ao OL.L,L, 4) ch 8a§( ®a,-0 aAJ
Where
LxLyLZ i . _ﬁ_l_z L2 L2 ®4a12 )
SﬂPIJ .[(@_t)g£J[;kp,p(x,y,Z,T)|1(Xyyyz,t)vll(xyy,Z,t)dZddedt 54ai Xy —z 8a§
, 8, =5, X b= © 4a,3, —OL, L L,aa;, @a,,
12a; 18a,

x (5,2\,00 - Snoovaoo)’

Lyt

R S Lsz
o, = @Lll_lL +®|_”|_20|_ LLL ijq,l(X,y,Z)dzdydx
a3 SIVOOSIIOO +SIVOO SIIOOSVVOO' Xy -z Xy -z x=ylz 000
i Ry Sw Lyt
) B fo, (x,y,2)dzd yd
= g g E|). fV (X| y| Z)d Zd yd X X altbv ®LXLyLz +®|—XLYL X yLZ ggjol oy (X y Z) zd ydx
where

] LxLyLz .
L R, =[©-t)][[k (X y,zT)l(x,y,z,t)dzd yd xdt
><S|voos|vooJFSNO()@I-ZI-Z L +28VVOOSIIOOIijI (X Y, Z)d zd yd x-0LL; Lzsvvoo - 0 000
000 We determine approximations of the second and higher
orders of concentrations of dopant and radiation defects
framework standard iterative procedure of method of
2 Lyl averaging of function corrections [29]. Framework this
—Syel T (X, Y, Z)d zdydx, procedure to determine approximations of the n-th order
000 of concentrations of dopant and radiation defects we
replace the required concentrations in the Egs. (1c), (3c),
(5¢c) on the following sum anptp n1 (Xy,z,t). The
f, (X, Y, Z)d zdydx, replacement leads to the following transformation of the
appropriate equations

Xy 2 Xy 2

Ly
]
0
Ay =S,y X

0C,(x.y.2.t) _ ax[{l 4 el +Cix, y,z,t)]?}[lmv(x, y.2.8) , _ Vi(xy.z, t>}

ot P”(x,y,2,T) VA 2 ( )
XDL(X’y’Z’T)aCl(gZ,Z’t))_'—aay( |:1_|_g1V(X,y*72,t)+g2V ((i(;%;Z,t):|aC1(2,;/,Z,t)x
<D (x,y, z,T){1+.§ [z +Cy(xy. 2, OF }J+§Z[|:1+ gl\M+g Z(XVZt)}

P"(x,y,2,T) \& 2 YAl
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'4
aCl(X’ Y, Z’t){1+ £ [azc +C1(X: Yy, Z’t)] }J+ fo (X, Y, Z)5(t)+

<D (xy.2.T) oz P (x,y,2,T)
% Des 2 ﬂz(x y’Z’t) Des 2 ,uZ(X Y, Z, t) Des 2 ﬂz(x Y, Z t)
o”x V kT I X o”y V kT oy o”z V kT oz
+Q§{E; Vsl y.2.0)flene +C o yW, t)]dw}
(1d)

o D
+Qay{k'ls' V(X Y, z, t)j[azc +C(x,y,W, t)]dW}

ol (xy,zt) _ 2 D, (x y’Z’_l_)o”ll(x,y,z,t) e D, (x y,z,T)ml(X’y’z’t) .
ot O X OX oy oy

+ 210y PHYED iy Ty 410 2.0F ki ey, T) -

X [all + Il(X’ y’ Z’t)][alv +V1(X’ y’ Z’t)]+Qaax{vSﬂ (X’ y’ Z’t)T[aZI + Il(X’ y'W’t)] dW X

) }8'“2()(' Y, z,t))<

D o b
xk_'F}+Qay{k_'F Vsﬂ(Xth)j[am“Lll(Xth)] }+&o O X

D, ot Dis au,(xy,7, t) dr+ < o j‘ Dis 04,(x .2, t)d (3d)

X — dzr+ |
V kT oyoV kT oy o0zoV kT oz

ON,(x,y,2,t) _ O D, (x. y,z,T)é’Vl(X' y,z,t) L Dv(x,y,z,T)avl(X’y’Z’t) .
ot O X OX oy oy

5v1(;, ;/ z,t)} —kyy (X, ¥, 2,T)[ey, +V,(x, v, 2,0)F =K, (X, y,2,T) x

o
+0”z[DV (x,y,2,T)

X [all + |1(X’ Y, Z’t)][alv +V1(X’ Y, Z1t)]+ Q%{Vsﬂ (X’ Y, Z!t)lﬂazv +V1(X1 y,W,t)] dW x

D o |Db 0 Lou,(XY,z,t
Xk_\¢}+g_{k\'/|§ Veu (X, y,2 t)j[azv +V,(x, y,W,t)] d }+5£ '“2(6;’ ).

D.
DvsdT+5} Vs Gyz(xyzt) drs+ 2 jDVS 6#2(Xy2t)d
VKT aysVkT oy 070V kKT 0z

D, (x,y,2,t) & o®,(x,y,z,t)| & oD, (x,Y,12,1)
= — D y Y ,T 7 D 1 )y 1T
1 x| Do (¥, 2 T) =20 5y 0, (%, ¥,2,T) oy +

D Z
Qaax{ o Vs (x, Y. 2.0 [t + Py (% y,W,t)]dW}+k,',(x,y,z,T)I2(x, y,z,t)+
0
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D z
+Qi{ @S VSIU (X, y’z’t)lj[[azq)l +(I)1| (X, y,W,t)] dW}+k| (X1 y1Z’T)I (X’ y,Z,t)+
0

oy | kT

+ = 0 [D¢>S a/uz(x Y, Z, t)}+ [DQS aﬂz(x1 yl,t)}_'_ 0 [Dd)S a/uz(x Y, Z, t)}
oy 0z

ox|V kT oX V kT oy V kT oz

Kl oD, (x,y,2,t) (5d)
PSS R

O Dy (%,Y,2,) _ [D (x.y.2 T)é’dbl\,(x Y, Z, t)} [D (x.y.2 T)o”dDN(x, y,z,t)}+
ot X X oy oy

D ;
+Qaax{ qulv's Vsu (%, y,z,t)Lj[amv +@,, (X, y,W,t)]dW}ijV,V(x, Y, 2, TIV3(X,y,2z,t)+
0

D 74
+Qaay{ qu\lis Vs (XY, Z't)Lj [achv + @, (X, y’W1t)] dW}"’ Ky (X' Y, Z'T)V (X’ Y Z’t)+
0

1 2 [ Pus 2u,(x,y.2.0)| & [P ds(,y.2)], 8 [ Purs dus(x.y.20)]
OX|V KT O X ay V KT oy 82 VKT 0z

o odb,, (X,Y,zt
+E{D®V(x,y,z,T) 1v(52y )}+quV (x,y,2)5(t)-

Integration of the left and the right sides of Eqgs. (1d), (3d) and (5d) gives us possibility to obtain relations for
the required concentrations in the final form

C(xyzt)_j{ [azc+C(Xy2T)]}|:1+g1V(X,y,Z,T)+g \/2(><yZT)}><

P"(x,y,2,T) YA 2 (V*)2

oC.(x,v,z, ot V(X,v,z, V2(x,y,z,
><DL(x,y,z,T)1(6))(/T)dr+ay£DL(x,y,z,T){1+g1 (Vy* T)+g2 ((Vzl)z T)}x

L 9Ci(x, y'Z’T){1+§[a2c +C,(x, y,z,t)]y}Jrai}l:leglV (x,Vy*, z,r)+g2V2(x, y,z,r)} S
Zo

oy P’(x,y,2,T) vy

4
x D_(x,y, z,T)aCl(); ;/ Z’T){1+§ [acht&l(;’ Z'I%)T)] }d 7+ fo (X, y,2)+
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6 P D L 6 t
+Qa-([ k_ls_ VS# (Xy Y, Z,T)_c[[azc +C1(X, qu,T)] dW d T+87y-c[vs/,l (X' Y, Z,T) PN

Ds Z | Decs & X,Y,z,t
XQk'IS' Jo.[azc+C1(X-y’WaT)]deZ'+aX|:VEfl_ ’uZ(aXy )j|+
L 2| Bes 2 u(xy.2,t)], [ Des & pr(xy,2,1) (le)
2y|V KT ay 2z|V KT oz
ot 21,(x,vy,z, ot 21,(x,vy,z,
Iz(x,y,z,t)=5£D,(x,y,z,T) 1(0,73(/ T)dr+0,7y£D,(x,y,z,T) 1(53// T)dr+

X,
iz

L R D e LT R AR LA NGRS P
0 0

t ot
_.([kl,v (X’ Y, ZvT) [a2l + Il(xl Y, Z’T)][azv +V1(X’ Y, Z’T)] d T"'a.([vsﬂ (X’ Y, Z’T)X

> QﬁLf[az, +1L,(x,y,W,7)ldwd r+iivs,u (x, ¥, z,r)Lf[az, +1,(x,y,W,7)] x
KT o OYo 0

voPs qwdrs 2 { Dis é’uz(x,y,z,t)}+ o { D5 auz(x,y,z,t)}+

OX|V KT O X 2y|V kT oy
D
PG T 2 %,y 2.1) +f,(x,y,2) (3e)
27|V KT oz
ot oV, (X,Y, z, ot oV, (X,Y, z,
V,(x, y,z,t)=5£D\,(x,y,z,T) 1(0,’3(/ T)dr+0,,y£DV(x,y,z,T) 1(5;/ T)dr+

AV, (x,
o

210,y 2 M)A E D g Gy, 2 T) Wy, z o o
0 0

t ot
_.([kl,v (X: Y, Z’T) [a2| + |1(X, Y.z, z-)][a‘zv +V1(X1 Y.z, T)] d T"'agvsﬂ (X’ Y, Z’T) x

L, ot L,
X Q% g[azv +V,(x,y,W,z)] dw d T+8_y£v5ﬂ (x,y, Z'T).g[azv +V, (X, y,W,7)] x

D, D,
kT AX|V KT X Y|V KT oy
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2 | Dus 8 p(xy,2,1)
| T f 1 Y
+§z{VkT o1 +hy2)
0”(1)1,(x,y,z,r)dT+ o to”dbl,(x,y,z,r)x

o X ayg oy

At
D, (X1 Y, Z!t)zﬁg Dcp, (X’ Y, Z,T)

2D, (x,y,
oz

xDgy (X,y,2,T)d r+£}D® (x,y,2,T) Z’T)d r+Qi}VS,u (X,y,2,7) x
1 0”720 ! aXO

D
kd)s j[a'zq) + D, (X, y,W, T)]der+Q—f f[ 2, +d,, (X, y,W,r)]dW X
0

dr+

D
x Vs (%, y,2, r)dr+Ik. (% y. 2 T)12(x Y, 2, z‘)dz'+aa (})V L 5%‘2();)3(/12’T)

aiDsayz(xyZz—) T+8} s@yz(xer)dT+f (% y.2)+
6yoV kT oy 0zoV kT oz
t
+ [k, (x,y,2,T)I(x,y,z,7)d (5€)
0

é’@lv(x,y,z,z-)dr+ o t0’7CI)1\,(x,y,z,z-)><

7 é’yg acy

é7 t
@, (X,Y, z,t)=5£ Dy, (x,y,2,T)

x D, (%, y,2,T)d r+%iD®v (x,y, z,T)a(Dl\’(Of’Zy’ Z’T)d r+9%ivsﬂ (X,Y,2,7) %

Dy, s
kT g[achv +(D1V(X! ylwyr)]dw x

D, <L O ¢
kqil\is g[aﬂbv —l—q)lV(X,y,W,T)]deT‘FQayJ(;

0 j’ DCDVS a/uz(x Y, Z, T)d2'+

2
XVS,U (X Y, Z, T)dT+IkVV(X Y, Z, T)V (X Y, Z, T)dr+8X0V kT O X

L (X y,z)+

j‘ D v S a/'lz(x y’Z ’l') T+ij. D‘DvS a/“lz(x y’Z T)dl'+f
yoV kT oy 0zoV kT oz

+.t|‘kv(x’ y,z,T)V (X,y,Z,T)dr.
0
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Average values of the second-order approximations of 2
required approximations by using the following standard ” (b3 + ZE) 4| F+ ©a,F +6? LXLVLZb b3 +E )
relation [29] 4D, b, 4b,
1 (~)LXLyLz[ ]d dvd xd
= Y, Z,t)— Y, Z,t t
% oL.L,L, 2[{“) poxy 2= pxy,2,1)]dzd ydx o =Cv _azzvswoo_azv(zswo1+slv10+®LxLyLz)_va02_Slvn
(10) ’ Swor T %S
where
Substitution of the relations (1e), (3e), (5e) into relation
(10) gives us possibility to obtain relations for required b, = 1 S|2\/oo Voo — 1 S\fVOOS“OO
average values a2z OL,L,/L, OL, L,/ L,
:0' :0' :O,
TS e e by = ZIEO ivaoo (stvm + S +
S S S2
+ ®LxL Lz)+ M(Slvm + 28||1o + S|vo1 + ®Lx|— Lz)+ %(zswm + S|v10 +
Y oL, Ly L, Y oL, Ly L,

sz S S s
+ ®L>< Ly Lz )_ @Igllig L;Vig ’ bz (;EO vaLoo (vaoz + S|v11 + Cv )_ (S|v1o - stv01 + ®Lx I—y x
X"y —z

S, .S S
x L, )2 +W(G)LXHLZ +2S,,,0 + SIV01)+("DL):VLO:LZ(SIV01 +28,,30 +2Sy o +OL, L, x

Xy =z

2
SIVOO

OL,L L,

C:ISIZVOO _ 28IV10
@222 OL,L,L,

xL, )(zswm +OL, Ly L, + SIVlO) (Cv Swoz — |v11)+

Sy +9S + S
*SwooSwar by = Siioo IV11®LX\I/_VyO|2_Z S (stvm + Sy +OL, I—y L, )+ﬁ(®l—x Ly x

S..,,S2 S
X Lz + 28||1o + SIVOl)(28W01 + S|v10 +OLL Lz)_ AO—IVOL ne0 (35|v01 + 28||1o +
Y eLLL, oLL.L,

S S
+®LxLyLZ )(Cv _vaoz _S|v11)+ ZCISIVOOSIV01’ bo =¢(S|voo +va02)2 — X

eL,L,L, L.L,L,
1( C, —Syve —S
x—(OL,L,L, +25,,, +S|V01)(Cv —Swoz — IV11)+2C S|v01 Swo 02 AL %
© ’ eL,L,L,
< (@L L,L, +2S,,, +S,V01) C, - %% g alISIIOO _ Su25u20  Swu

eLL,L, V% ®LLL eLL,L, ©OL.L.L,

C, =,y S\yoo + Ay Swvoo — Swvee — Sivar E=_[8y+®? a3 402, E = ©a, +
az a, 6a,

— x
2407 b, 54b; °8b?

Ve s —r Vs 4, F_ ©%, [4b0_®|_x|_y|_z b1b3j_®3b23 b ©
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Farther we determine solutions of Eqgs.(8), i.e. components
of displacement vector. To determine the first-order
approximations of the considered components framework
method of averaging of function corrections we replace
the required functions in the right sides of the equations
by their not yet known average values «;. The substitution
leads to the following result

o’ u,(x,y,z,t) oT (x,y,z,1)
p(2) 2l = K (2) p(2)

2 uly(x, Y, Z,t) _
ot?

p(2)C

oT (x,y,2,t)
=K — MV I1IT 7,
@5
o%uy,(x,y,z,t) oT (x,v,2,t)
z ——K g\ at)
PRy (@)p(2) 22
Integration of the left and the right sides of the above
relations on time t lead to the following result

u, (X, y,2,t)=u,, +K(z )ﬂE;aHT(x y,z,7)dzd $—

B(z) o %2
—K(z)p(z)aigT(x,y,z,r)drd&
uly(x,y,z,t)=u0y+K(z)’ﬁ(§)£Ii T(xy,z,7)drd 9~

N—
o

_ B(z) o =2 Vde
K(Z)p(z)a MT(x,y,z, )dzd 9

kPR
uly(x,y,z,t)_u0y+K(z)p Z)ayggT(x,y,z, )dzd 9

[EN

K (z )/3 (z) @
p(z)oy
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) [29]. The replacement
leads to the following result
o el o) e fepad), [ E@ ],
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Integration of the left and right sides of the above relations
on time t leads to the followina result.

Uy (X, Y, 2,t)= K (z)+
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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.

3 Discussion

In this section we analyzed dynamics of redistributions of
dopant and radiation defects during annealing and under
influence of mismatch-induced stress and modification of
porosity. Typical distributions of concentrations of dopant
in heterostructures are presented on Figs. 2 and 3 for
diffusion and ion types of doping, respectively. The-se
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 inho- mogeneity 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
[30-38]. 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.

1.5 7

Epitaxial layer Substrate

0 ],IM 3L/4 II
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.

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
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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.

2.0
1
1.5 4
)
< 1.0 7
o
Epitaxial layer Substrate
0.5 4
0.0

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

2
=

C(x,0)

&4\

Fig. 4: Spatial distributions of dopant in hetero structure
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.

2
4
1
5
O
|
0 L

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

" -_23/
0.4 .
VR
o 03 N
_i °
= ]
3
® 02
| 1
0.1
0.0 T 1 T 1 L
0.0 0.1 0.2 0.3 0.4 05

alL, & ey

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 hetero structure. 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
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value of parameter yfor a/L=1/2 and ¢=£=0

0.12 -

0.08 1 4

e
| S
0.04 —\<3 1

0.00

®eDb,L”

T T
0.0 0.1 0.2 0.3 0.4 0.5
alL, & ey

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 hetero structure. 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 ¢ = = 0. Curve 4 is
the dependence of dimensionless optimal annealing time on
value of parameter yfor a/L=1/2and e= £=0

1.0 H

0.8

0.6

04 4

0.2

0.0 T |}
0.0 a
Z

Fig. 8: Normalized dependences of component u, of
displacement vector on coordinate z for nonporous (curve
1) and porous (curve 2) epitaxial layers.
1 L
L LyL

Lgyg[c(xy)’,Z,@)—t//(x, y,z)]dzd ydx

, (15)

Ly

U= ]

Farther we analyzed influence of relaxation of mechanical
stress on distribution of dopant in doped areas of hetero
structure. Under following condition &< 0 one can find
compression of distribution of concentration of dopant near
interface between materials of hetero structure. 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 [38]. This
type of annealing gives us possibility to accelerate diffusion
of dopant and other processes in annealed area due to in
homogenous distribution of temperature and Arrhenius law.
Accounting relaxation of mismatch-induced stress in hetero
structure 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 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
] 1
V(z) 024
] 2
0.0 T
0.0 a

z

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

4 Conclusion

In this paper we model redistribution of infused and
implanted dopants with account relaxation mismatch-
induced stress during manufacturing field-effect hetero
transistors framework a high-voltage current driver. 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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