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ABSTRACT

In this paper we consider an approach of manufacturing of double-base heterotransistors to decrease their
dimensions. Framework the approach it should be manufactured a heterostructure with specific configura-
tion. Farther it is necessary to dope certain areas of the heterostructure by diffusion or by ion implantation.
After finishing of the doping process the dopant and/or radiation defects should be annealed. We consider
an approach of optimization of dopant and/or radiation defects for manufacturing more compact double-
base heterotransistors.
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1. INTRODUCTION

Development of the solid state electronic devices leads to necessity to decrease dimensions of
elements of integrated circuits, to increase their performance and reliability. One way to increase
performance of the solid state electronic devices is searching materials with higher charge carriers
mobility [1-3]. Another way to increase the performance is development of new or optimization
of existing technological processes [4-7]. To increase reliability of the solid state electronic de-
vices are could be also used development of new or optimization of existing technological
processes [4-7]. One way to decrease dimensions of elements of integrated circuits is using laser
or microwave types of annealing [8-10]. Using these types of annealing leads to generation inho-
mogenous distribution of temperature. The inhomogeneity with account Arrhenius law leads to
inhomogeneity of dopant and radiation defects diffusion coefficients and another parameters. The
inhomogeneity of parameters gives us possibility to decrease dimensions of elements of inte-
grated circuits. Properties of materials could be also changed by using radiation processing
[11,12].

In this paper we consider a heterostructure, which consist of a substrate and epitaxial layer (see
Figs. 1). The epitaxial layer includes into itself several sections, which manufactured by using
another materials (see Figs. 1). The sections should be doped by diffusion or by ion implantation
to generation required type of conductivity (n or p). We assume, that another area of epitaxial
layer has reverse type of conductivity (p or n). We also assume, that substrate is insulator. Farther
we consider annealing dopant and /or radiation defects. Increasing of annealing time leads to in-
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creasing of diffusion length into nearest materials. Decreasing of annealing time did not lead to
full doping of sections of the epitaxial layer. Main aim of the present paper is choosing compro-
mise value of annealing time.
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Fig. 1a. Heterostructure which consist of a substrate and a multisectional epitaxial layer. Side view
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Fig.1b. Heterostructure which consist of a substrate and a multisectional epitaxial layer. Top view

2.METHOD OF SOLUTION

To achieve our aim we determine spatio-temporal distributions of concentrations of dopant and
radiation defects. We determine the required distribution of concentrations of dopant by solution
of the following boundary problem

o'?C(x,y,z,t)_ J {DcaC(x,y,z,t)}_ d {DcaC(x,y,z,t)}_ d {Dcac(x,y,z,t)](l)

dt dx J x Jy Jy Jz Jz
oC(x,y,z.1) ~0 8C(x,y,z,t)| 0 oC (x,y,z.1) —0 0C(x,y,2.1) 0
ax x=0 , ax x=L, ’ a y y=0 , a y x=L, ’
M =0, M =0, C(x,,2.0)=f (x,y.2). )
2 z=0 2 x=L,

14



International Journal of Applied Control, Electrical and Electronics Engineering (IJACEEE) Vol 3, No.4, November 2015

Here C(x,y,z,t) is the spatio-temporal distribution of concentration of dopant; 7 is the temperature
of annealing; D is the dopant diffusion coefficient. Value of dopant diffusion coefficient depends
on properties of materials of heterostructure, speed of heating and cooling of heterostructure (with
account Arrhenius law). Dependences of dopant diffusion coefficient on parameters could be ap-
proximated by the following relation [12-14]

Vix,y,z, V2(x, v,z

where D (x,y,z,T) is the spatial (due to presents several layers in heterostructure) and temperature
(due to Arrhenius law) dependences of dopant diffusion coefficient; P (x,y,z,T) is the limit of so-
lubility of dopant; parameter ydepends on properties of materials and could be integer in the fol-
lowing interval ye [1 3] [13]; V(x,y,z,t) is the spatio-temporal distribution of concentration of rad-
iation vacancies; V' is the equilibrium distribution of concentration of vacancies. Concentrational
dependence of dopant diffusion coefficient has been described in details in [13]. It should be
noted, that using diffusion type of doping did not generation radiation defects. In this situation
¢i= &=0. We determine spatio-temporal distributions of concentrations of radiation defects by
solving the following boundary problem [12,14]

al(x,y,z,t)zi D,(x,y,z,T)aI(x’y’Z’t) +i D,(x,y,z,T)aI(x’y’Z’t) —k”(x,y,z,T)X
ot dx dox dy| dy
ol (x, v, z,t)_

—k,, (6,2, 2T) 1y, 2,0) VX, y,2,1) (@)

X Iz(x,y,z,t)+i D,(x,y,2.T)
dz dz

Wloyzt) 3 Dv(x,y,z,T)—aV(x’y’Z’t) N Dv(x,y,z,T)—aV(x’y’Z’t) —kyy (%, 7,2.T) X
ot dox dx dy| dy '
X Vz(x,y,z,t)Jrai{Dv(x,y,z,T)M}—k,,v(x,y,z,T)I(x,y,z,l) V(x,y.z.1).
Z Z

Boundary and initial conditions for these equations are

dpley.zt) _o dpleyad) o dpbuyzdl _o dpbuyzd)
a X x=0 ’ a X =L ’ a y 4=0 ’ a y - )
0p(x,v,z.1 3p(x.y.z.t
_Jﬁ%?il :o,Jﬁ%fil _0, p ey aOafy (e3:0). -
z=0 =L,

Here p=L,V; I(x,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials;
D(x,y,z,T) are the diffusion coefficients of point radiation defects; terms Vz(x,y,z,t) and Iz(x,y,z,t)
correspond to generation divacancies and diinterstitials; k;(x,y,z,T) is the parameter of recombi-
nation of point radiation defects; k;/(x,y,z,T) and ky(x,y,z,T) are the parameters of generation of
simplest complexes of point radiation defects.
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We determine spatio-temporal distributions of concentrations of divacancies @(x,y,z,t) and diin-
terstitials @y(x,y,z,f) by solving the following boundary problem [12,14]

Jt ox

ox dy

9%, (x,y,2.1) =i[D¢, (x,, z,T)—(;q)’ .y, Z’t)}i{D@ (x, y,z,T)—(;q)’ g2 y’z’[)}

dy

D, (x, v,z
+§{D¢,(x,y,z,T)¥}+k1,l(x,y,Z,T)IZ(x,y,ZJ)—kI(xsysZsT)I(xs)’sZJ) (6)
Z Z
é’q)v(x,y,z,t):i Dq)v(x’y,Z’T)&q)v(x,y,Z,t) +i DQV(x,y,Z’T)&q)V(X,y,Z,Z) "
at dx dx dy dy
+:|:Dd)v(x,y,Z,T)aCDV(;’y’Z’t):|+kV_V(-x’y’Z’T)Vz(x’y’Z’t)_kv(x’y’Z’T)V(x’y’Z’t)’
Z Z
8<I>p(x,y,z,t) _ Bép(x,y,z,t) E)CIDP(x,y,z,t) _ 8CI>p(x,y,z,t) 0
a x x=0 ’ a X x=L ’ a y y=0 , a y y=Ly ’
0D (x,y,z,¢t 0D (x,y,zt
,,(a—zy) - "(azy) =0, B (6,20)=f s (x.1,2), By (13,200 = o (1,2). (7)
z=0 z=L,

Here Dg,(x,y,z,T) are the diffusion coefficients of the above complexes of radiation defects;
ki(x,y,z,T) and ky (x,y,z,T) are the parameters of decay of these complexes.

We determine spatio-temporal distribution of concentrations of dopant and radiation defects by
method of averaging of function corrections [15] with decreasing quantity of iteration steps [16].
Framework the approach we used solutions of Egs. (1), (4), (6) with averaged values of diffusion
coefficients Dy;, Do, Doy, Doar, Doav, zero values of parameters of recombination of radiation de-
fects and parameters of generation and decay of their complexes as initial-order approximations

of required concentrations. The initial-order approximations could be written as

1 2 o
C, (x,y,z,t)= LLL + LLL nZ:anch (X)Cn(y)cn(Z)enc(f),
L(nyeat) =t 2 S e (e, (v)e, (2)e, 1),
1 LXL),LZ LXL),LZ ot nl~n n n nl
Vi(oyzr)=—— 2 S F e (e, (v)e, (e, (1),
1 LXL),LZ LXL),LZ = nV=n n n nv
®, (0 yzt)m et 2 FF, e (x)e,(y)e, (e ().
I1 LXLyLZ LXLyLZ = n<I>1 n n n n<I>1
&, (ryat)= 2 FF . e (x)e,(v)e, (e, (1),
Vi LXL),LZ LXL),LZ = n®y “n n n ndy
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y L,

L/\' L z
wheree, (t)= eXp|:—ﬂ'2n2Dopt(% +L—12+%]] . F,=lc,)fc,0)]c,w)f,(wv,w) dwdvdu,
X . 0 0 0

X

c(y)=cos(mnylLy).

We determine approximations of the second-and higher-orders framework standard iteration pro-
cedure of method of averaging of function corrections [16,17]. Framework this procedure to de-
termine the n-th-order approximation of concentrations of dopant and radiation defects we shall
replace the required functions C(x,y,z,t), I(x,y,z,t), V(x,y,2,t), @(x,y,z,t) and Dy(x,y,z,f) in the right
sides of Egs. (1), (4), (6) on the following sums &, ,+p ,.1(x,y,z,1), when &, are not yet known av-
erage values of the n-th-order approximation of the above concentrations. The replacement leads
to the following relations for the second-order approximations of the required concentrations

2
é’Cz(x,y,z,t) Jd [DL(x’y’Z’T){H_gIV(x,y,z,t)+ \% (x,y,z,t)}o—’ Cl(x,y,z,t)x

Jr dx v Ty Jx
[, +C,(x,y,2,1)] J V(x,y,2.1) V2 (x,y,2.1)
1+ &% T 2D, (x,y,2.T)| 1+¢ —22%
X{ +§ Py(x,y,Z,T) +ay L('x y Z ) +g V* +g2 (V*)Z X

P’(x,y,z,T) dy dz P’(x,y,z,T)

X{l+§[0[2c+C1(x,y,Z,f)]7}& Cl(x,y,z,t)]+i[{l+§[%c+Cl(x,y,z,t)]7}x

Viny.zt),  Vixy, z,t)} J C (x,y, Z,t)] (8)

XDL(x,y,Z,T)|:1+§1 v +6, (V*)z Jz

aIQ(JC,y,Z,t):i D,(x,y,z,T)aI'(x’y’Z’t) +i D,(x,y,z,T)aI'(x’y’Z’t) +
dt dx dx dy dy

Bll(x,y,z,t)

2z

d
_D 799T
+§Z[ (. 7,2.7)

:|_k1,v (x,y,z,T)[az, +I,(x,y,z,t)][a2v +Vl(x,y,z,t)]—

—k,, (x.y.2.T)ley, +1, (v y.2.0)f ©)

éﬁgiﬁﬁzi{mhy%ﬂ

dt dx dy

é’K(x,y,z,t) Jd
dy

+_{muwaﬂﬂﬁﬁﬁﬂ}
dx

)&Vl(x,y,z,t)
dz
_kV.V (x’y’Z’T)[azv +‘/l('x’ y,z,t)]2

AR IR PN R

Er T ox dx

J a0, (x,y,z,t J a0, (x,y,z,t
+ a—y[Dq,, (x,y, Z,T)%} +0_)—Z[Dq,, (x,y, Z,T)%} -

—k,(x,y,z,T)I(x,y,z,t) (10)

+§{DV (x,y,z,T

z :|_k1,v (x’y’Z’T)[ay +1, (X,y,Z,l)][Olzv +Vl(xs y,z,t)]—

}rk,,, (x,y. 2. T)1 (x, y,2.1)+
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W=%{Dw(x,y,z’T)M;y’z’t)}kv,V(x,y,z,T)VZ(x,y,z,t)+
+ 2 Dq,v(x,y,z,T)M + 2 qu(x,y,z,T)M _
é’y ay é’z aZ

—ky (6,3, 2.T)V (x, y,2.1).

Integration of left and right sides of Egs. (8)-(10) on time gives us possibility to obtain relations
for the second-order approximations of the required concentrations in the final form

a | V(x,v,2,7) V3(x,y,2.7)| 2 C/(x,y,2.7)
C,(x,y,z,t)=—| [D,(x,y,2,T) 1+ EAMIAENS !
z(x y,Z ) ax(i (x y,< )|: S Ve S, (V*)z Jx x

74 . 2
X{l+§[azc+cl(x,y,z,r)] }]dz%i(j {1+glV(x,‘/y*,z,T)+g2V (x,y,z,r)} y

P7(x,y,2,T) dylo (V*)2

[a2C+Cl(x,y,z,r)]7}o7 Cl(x,y,z,z')dz_}_ d (I& Cl(x,y,z,r)x

xD, (x, v, z,T){l +&

P’(x,y,z,T) dy dz\o dz
2
xD, (x.y, z,T){Hgl V(x’vy: 7).V (();’ *y)’f’r)} dr]+fc (x.v.2) (8a)
d1(x,y,2.7)

dx

Jd |t
1777[=_D7”T
o) = 10, nve7) -2

d%+£{nmﬁﬁan2£&&ﬁ2d%+
dylo

+ 7 ’ID,(x,y,z,T)MdT [k, (e v, 2., +1,(x, y, 2,7)f d 7 —
(QZ 0 (9Z 0

1

_ikl,v (x, ysZsT)[azl +1, (x, ysZsT)][azv +V (x, Y, Z,T)]dT+ f1 (x, Y, Z) (9a)

&Vl(x’y’z’r)d
ox

)&Vl(x’y’z’r)dz.
dz

dx|o

J |t
VZ(x’y’Z’t)=_|:IDV(x’y’Z’T) ay

r}+i{jDv (x, y,z,T)—aV‘(x’ > Z’T)d7}+
dylo

ol
|:IDV(X’ v,.z,T
0

+a_ :|_jkv,v(x’y’Z»T)[a21+V1(x»ysz’7)]2d7_
Z 0

_Ikl,v (x’ y»Z’T)[ay +1, (x’ ys Z»f)][azv +V1(x’ y’Zsf)]dT"'fv ()C, y,z)

0

|t 0P, (x,v,2,7T
q)IQ(x’y’Z’t):E|:£D¢1(x,y,Z,T)M

df} _jkz (3,271 (x,y,z,7)d T+
X 0

)&CD“()C,y,Z,T)

dy

e ID@(x,y,z,T)—&q)“(x’y’z’r)df +
dz]o Jz

+i|:j‘Dd>I(x3y7ZsT
dy|o

t

+1k,, (62,2 7)1 (x, y,2.7)d T+ fo, (x,y,2) (10a)

0
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8¢Vl(x, Y,2,7)
dx

aq)w(x’y’ZvT)dT +i
dy dz

a t 1
®,,(x,y,2.1)= Eh D,,(x,v,2.T) dr} - {kv (x,v,2.T)V(x,y,z.7)d T+

FD‘W (x, y,z,T)MdT} +
0

J |t
- D s Vs 9T
+3y|:£ q:v(x sz ) ER

t

+ [k, (63, 2TV (%, 3, 2,7)d T+ fo, (v, 9,2).

0

We determine average values of the second-orders approximations of the required functions by
the standard relation [15,16]

L.L,

1 byl
[ 1{lo.(x.y.2.0)=p,(x, y,2.0)ld zd yd xd1t. (11)
000

(€]
o, =—
¥ OLL,L {

Substitution of the relations (8a)-(10a) into the relation (11) gives us possibility to obtain rela-
tions for the required average values &,

1 LlyL,
e = x,y,z)dzd ydx, 12
“TLLL, [ feboya)dzdy (12)
1 { ,
@ = (l+ A1v01 + A1110 + aszwoo) _4Auoo [azv A1v10 - A1120 + A1v11 -
2Auoo

1 LbL 2 4 A 4 A +a. A
- x,y,z)dzdydx|y — ol mo * Fov Aver (13
LXL)'LZ { 0 Ofl( y ) y :|} 2A”00 ( )

2
(B, +A) _4B4(y+B3y Bl]_B3+A.
\ 4 A 4B,

Parameters A,;; and other parameters in the relations (13) are presented in the Appendix. Parame-
ters &,,; and other parameters in the relations (13) could be written as

1 (C] L/\LyLZ
Xy, :AI”O_@LXL).LZ 0(®_l)££{kI(X,ysz,T)I(X,y,z,t)dzdydxdt+

1 L):L"Lz
+ Ll { qu,, (x,y.2)dzd yd x (14)
1 <] LLyL,
azq)v = AVVZO —m{(@-t){ £ ikv(x,y,z,T)V(x, y,Z,[)dZd ydxdt+

1 LibyL,
x,y,z)dzd ydx.
o e dads

The considered substitution gives us possibility to obtain equation for parameter ¢,¢. Solution of
the equation depends on value of parameter ¥ Analysis of spatio- temporal distributions of con-
centrations of dopant and radiation defects has been done by using their second-order approxima-
tions framework method of averaging of function corrections with decreased quantity of iterative

+

19



International Journal of Applied Control, Electrical and Electronics Engineering (IJACEEE) Vol 3, No.4, November 2015

steps. The second-order approximation is usually a sufficient approximation to obtain qualitative
and some quantitative results. Results of analytical modeling have been checked numerically.

3. DISCUSSION

By using the calculated in the previous section relations we analyzed dynamic of redistribution of
dopant with account redistribution of radiation defects. Figs. 2 show typical distributions of con-
centrations of infused and implanted dopants for this case, when dopant diffusion coefficient in
the epitaxial layer is larger, than in the substrate. The figures show, that interface between mate-
rials gives a possibility to increase sharpness of p-n-junction and at the same time to increase ho-
mogeneity of concentration of dopant in doped area.

Epitaxial layer Substrate

0.0

1
1
——
0 L/4 L2 3L/4 L

Fig. 2a. Distributions of concentrations of infused dopant in heterostructure from Fig. 1 in direction, which
is perpendicular to interface between layers of heterostructure. Increasing of number of curves corresponds
to increasing of difference between values of dopant diffusion coefficient in layers of heterostructure. The
curves have been calculated under condition, when dopant diffusion coefficient in doped layer is larger,
than in nearest layer

2.0 4

Epitaxial layer Substrate

0.5

0.0

0 /4 2 3L/4 L
X

Fig. 2b. Spatial distributions of implanted dopant concentration after annealing. Curves 1 and 2 are calcu-
lated distributions of dopant concentration in homogenous structure for two values of annealing time.
Curves 3 and 4 are calculated distributions of dopant concentration in heterostructure for the same values of
annealing time under condition, when dopant diffusion coefficient in doped layer is larger, than in nearest
layer

20



International Journal of Applied Control, Electrical and Electronics Engineering (IJACEEE) Vol 3, No.4, November 2015

It is known, that increasing of annealing time leads to increasing of diffusion length into nearest
materials of heterostructure. Decrease of annealing time does not allow to fully doped section of
the epitaxial layer. We determine compromise annealing time framework recently introduced cri-
terion [17-22]. Framework the criterion we approximate real distribution of concentration of do-

pant by the step-wise function ¥ (x,y,z) (see Figs. 3)

2
=

C(x,0)

&

0 L

x

Fig.3a. Spatial distributions of concentration of implanted dopant in heterostructure from Fig. 1. Curve 1 is
the idealized distribution of dopant. Curves 2-4 are the real distributions of dopant for different values of
annealing time. Increasing of number of curve corresponds to increasing of annealing time

/_l

C(x,0)
N\

X

Fig.3b. Spatial distributions of concentration of infused dopant in heterostructure from Fig. 1. Curve 1 is
the idealized distribution of dopant. Curves 2-4 are the real distributions of dopant for different values of
annealing time. Increasing of number of curve corresponds to increasing of annealing time

1 L Ly
U=s——
LLL I

y L:
[[c(x.y.2.0)-y(xy.2)ldzd yd x. (15)
0

Distributions of concentrations of dopants in Figs. 2 corresponds exactly to compromise annealin

time. It should be noted, that presents of interface between layers of heterostructure gives us pos-

sibility to manufacture more thin heterotransistor.
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4. CONCLUSIONS

In this paper we introduce an approach to manufacture double-base heterotransistor. Several rec-
ommendations for optimization of diffusion and ion types of doping to decrease dimensions of
double-base heterotransistor have been formulated.
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