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Abstract: In this paper we introduce an approach to increase density of bipolar transistors framework a
circuit of a element OR. Framework the approach we consider manufacturing the element OR 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 framework
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: Element OR; increasing integration rate of bipolar heterotransistors; optimization of
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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
heterostructures [3-5,11]. In this case it is possible to use inhomogeneity of heterostructure and
necessary optimization of doping of electronic materials [12,13] 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 bipolar transistors. The approach
gives a possibility to decrease their dimensions with increasing their density framework a circuit of a
element OR [14]. We also consider possibility to decrease mismatch-induced stress to decrease
guantity 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 emitter,
base, collector (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 inverter 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 dopant
in the considered hetero structure. We determine the distribution by solving the second Fick's law in
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the following form [1,20-24]
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Figla. Basic element OR circuit [14]
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Figlb. Heterostructure 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
jZC (x,y,z,t)d z
of dopant; Vs is the symbol of surficial gradient; o is the surficial concentration of
dopant on interface between layers of heterostructure (in this situation we assume, that Z-axis is
perpendicular to interface between layers of heterostructure); ul(x,y,z,t) is the chemical potential due
to the presence of mismatch-induced stress; 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
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distribution of concentration of dopant. Dependences of dopant diffusions coefficients on parameters
could be approximated by the following relations [22-24]

D, - DL(x,y,z,T){l+§ C:(x,y,z t)}rlJrglV (x,y*,z t)+g2V (x,}/,zz,t)—| |
P(x,y,zT)L \Y (V) |
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P (x,y,2,T) ]| v v

Here DL (x,y,z,T) and DLS (x,y,z,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 y depends on
properties of materials and could be integer in the following interval y €[1,3] [22]; 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 [22]. Spatio-temporal distributions of concentration of point radiation defects have been determined
by solving the following system of equations [20,23,24]

0'7|(x,y,z,t):LFDI(X,y’Z’T)a|(x,y,z,t)lLFDI(X’y,Z’T)ﬁ|(x,y,z,t)T+
ot éx{ X ﬁy{ ay
+i}—Dl(x,y,z,T)M—}—klI(x,y,z,T)Iz(x,y,z,t)—klv(x,y,z,T)I(x,y,z,t)V(x,y,z,t)+
Jz| Jz ] ' '
+Qi|rD'svsy(x,y,z,t)Lfl(x,y,w,t)dW1|+Qi|rD'svsu(x,y,z,t)Lfl(x,y,W,t)dw1| (3)
aXLkT 0 J 6y|_kT 0 J
é’v(x|y|zt)=i|—Dv(X’y Z_I_)o”V(x|y|z,t)—|+irDv(X'y'Z’T)&V(x,y|z,t)—|Jr
ot ﬁx{ X o”yt ay
ol ov (x,y,z,t)] 2
+— D, (x,y,2,T)————— |-k, , (x,y, 2T )V (x,y,z,t) -k, , (x,y, 2T ) 1 (x,y,2,t)V (x,y,2,t) +
Jdz| o1z ]
+Qi}— Dy V.u (x,y,z,t)LjZV (x,y,wW ,t)dW—I+ Qi}— Pus V. u (x,y,z,t)LjZV (x,y,W .t)dWW\
ox| kT ) | ey kT ) |
With boundary and initial conditions
2 1(x,y,z,t) o o1(x,y,z,t) o dlxy. ) al(xy.at) 0
I X -0 1 I x x—L_ ’ ﬁy y:O_ , ay y:L_ ,
o1(x,y,z,t) o
Jz o
2 1(x,y,z,t) 0 oV (x,y,z,t) o oV (x,y,z,t) o avixy.zt) o
01 o o x L o x L oy y:o_ '
oV (x,y,z,t) o,
a2y -,
w =O,M =0, l(x\y,z,0)=f(x,y,2), V(x,y,2,0)=f(X,y,2). 4%
z S Jz L,

Here | (x,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials; I* 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
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coefficients of volumetric and surficial diffusions of interstitials and vacancies, respectively; terms
V2(x,y,z,t) and 12(x,y,z,t) correspond to generation of divacancies and diinterstitials, respectively
(see, for example, [24] and appropriate references in this book); kl,V(x,y,z,T), kl,I(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.

Spatio-temporal distributions of divacancies ®V(x,y,z,t) and diinterstitials ®I(x,y,z,t) could be
determined by solving the following system of equations [20,23,24]
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Here D®I(xy,z,T), DOV(xy,z,T), DDIS (x,y,z,T) and D®VS(x,y,z,T) are the coefficients of
volumetric and surficial diffusions of complexes of radiation defects; kl(x,y,z,T) and kV(x,y,z,T) are
the parameters of decay of complexes of radiation defects. Chemical potential ul in Eq.(1) could be
determine by the following relation [20]

m=E(2)Qaoj [ui(x,y,z,t)+u;i(x,y,2,)]/2, (7

ou, . ou, J
where E(z) is the Young modulus, oij is the stress tensor; ? [a i %) s the deformation tensor;

ui, uj are the components ux(x,y,z,t), uy(x,y,z,t) and uz(x,y,z,t) of the displacement vector “ (xy,2.t) ;

Xi, Xj are the coordinate X, y, z. The Eq. (3) could be transform to the following form
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Where o is Poisson coefficient; €0 = (as-aEL)/aEL is the mismatch parameter; as, aEL are lattice
distances of the substrate and the epitaxial layer; K is the modulus of uniform compression; 3 is the
coefficient of thermal expansion; Tr 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 [25]
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x[T(x,y,2,t)-T.]x [T(x,y,2z,t)-T,], p(z) is the density of materials of hetero structure, dij Is the
Kronecker symbol. With account the relation for cij last system of equation could be written as
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Conditions for the system of Eqg. (8) could be written in the form
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We determine spatio-temporal distributions of concentrations of dopant and radiation defects by
solving the Egs.(1), (3) and (5) framework standard method of averaging of function corrections [26].
Previously we transform the Egs.(1), (3) and (5) to the following form with account initial
distributions of the considered concentrations

ocC (x,y,z,t)= 0 !—Dac(x,y,z,t)‘\Jré‘il—Dac(x,y,z,t)‘\Jr 0 |—Dac(><,y,z,t)-}+ f (0 y.2)5(0) + (13)
ot axL ax J ByL ay J az[ oz |
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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 alp. In this situation we obtain equations for the first-
order approximations of the required concentrations in the following form

M: . i‘( D v, (x v,z tﬂ“a QilrzDiV (x,y,z,t)1|+ fc(x,y,z)ﬁ(t) (1b)
ot ox| kT | oy | kT
M:auz ivs (X Y, Zt)—l (x,y,z,t)—}—aflkl,(x,y,z,T)—
ot Ox| kT ] oy| kT | ‘
—a,a,k, (X, y,2,T)+ f(x,y,2)5(t) (3b)
w a,, 0 l—D (xy,z t)-:+a o ! Dy —Ey ,ul(x,y,z,t)—}—a“alvklv(x,y,z,T)—
ot ox| kT ] oy| kT ]
—ank,, (X, y. 2, T)+ f, (x,y,2)5(t)
i D D
Mz“w. Qi}_ w'svsyl(x,y,z,t)—{+a Qi}_ w'svs,ul(x,y,z,t)“ fo, (x,y,2)8(t)+
ot ox| kT ] oy| kT
+k, (X, y, 2, T (x,y, z,t)+ k, , (x,y,2,T) 17(x,y,2,1) (5b)
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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
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We determine average values of the first-order approximations of concentrations of dopant and
radiation defects by the following standard relation [26]

Lyly L,

- ?fffpl(x,y,z,t)dzdydxdt. 9)

o, =—

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

1 Lyby L, ; A
a,. = [0t (x,y,z)dzdydx, _ [a+A) (. ©a8aBroLLLa) a-+A,
LXLyLZ 00 0 ! 4a; a, 4a,
1 e 4y |
a, =——|— [ [f(xyz)dzdydx-a,S, ,-OLLL,|,
SIVOO Lall 000
where
) Lyby L,
i 2
S .= [(@-t)] | jkw(x,y,z,T)Ii(x,y,z,t)Vlj(x,y,z,t)d zdydxdt, a, = SMO(SWDO—S"DOSWOO),
0 0 0 0
2
a3:SIVOOSIIOO+SIV00_SIIOOSWOOI
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Lybyt, Ly by L,

a,=S,0Swo0 ) | I, (x,y,z)dzdydx+2S, [ ] [f(x,y,z)dzdydxx
0 0 0 0 0 0

Lx by L,
2
><Suoo Slvoo®|‘LL 7®LLyLzswooislvooI ) jf,(x,y,z)dzdydx,
0 0 0
[
alzsl\/ﬂoj .[ Jfl(x'y’z)dZdde’
0 0 0
[txtyt, —|2 a’ a , " N , . ;
Swol | [ [T, (x,y,2)dzdydx| » A= [8y+0°=-40-2»B=3d +Pp —aq-3ya +p +q+
{o 00 J af a,
0a 0’a, aa a a’ o‘a’ o'’ a®’ a0
+—=2,q= 4a,-0L L L —2]|-0"—"40a,-0" |- L —"- Srp= 2
6a, 24a a, 8a, a, 8a, 54 a, 3a, 18a,
®°L L L /124
_alas Xy z aAI
R S 1 Lty L,
4y, =y R [11f, (x.y,2)dzdydx
OLL,L, OLL L, LLL ooo
R S 1 Lty L,
@, = —t— [7[f, (x,y,z)dzdydx,
Y eLL,L, eLLlL, LLL ooo

Rplz?((a—t)jj Tk, (x,y,2,T)1}(x,y,z,t)d zd yd xd t -

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 [26]. 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 anp+pn-1(x,y,z, t). The replacement leads to the following
transformation of the appropriate equations

oc,(xy.zt) o ([ e, +C(ay.zt)] 1T vixyzt) viyztloc(xy.zt)
— = — 41+ >|1+g1 - +q, — | %
ot axh P (x,y,z,T) L v (V ) ] 5x
><DL(X v T )}_'_5( I—1+§1V (x,y,z,t) gZVZ(X,YZZ t)—Hl+§[azc +C1(X,y,zyt)]y] acl(x’y'z't)x
ayLL v (V) It P’ (x,y,z,T) J ay
XDL(X,y,Z,T)]+6(I—1+glv(x'y*'z’t)+gzv (x,y,zz,tﬂa(:l(x,y,z,t)%[lJréz[ocZC +C,(x,y,z,t)] W}X
oz VL e LT PluyaT)

xD (x,y,z,T )J‘F fo(x,y,2)5(t)+ Qi4( Ds v o, (x, y,z,t)LjZ[oz2C +C(x,y,W,t)]dw 1} +
T

ox [k 0 J
+Qi{[DS Vou(x,y,z t)T[aZC+C(x,yW t))dw ¢ (1d)
ay[k 0 ]
21,(x y,z,t):i‘FDl(x y.z T)(yll(x'y : tﬂﬁi\ D,(x,y,z T)ah(x y.z t)—l\—[a“ +L(x,y,z,t)] %
at a x| JX ] y ay |
A1,(x,y,z,t)]
xkll(xsz)+—|D|(xsz) L k., oy, 2, T) [, + 1,(x,y, 2, 0)][ay, +V,(x,y,2,1)]
Jz| oz |
o [Dy te ] o (D, e )
J (x,y,z t)j[ozZI LGy w L )]dw b+ @ —3—2v u (x,y,2,t) Jle,, + 1,(x,y, W, t)]dwW |
akaT ] ayLkT 0

(3d)
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75 (x.y.2.t) i|r (x,y,z,T)iavl(x'y'z'tﬂ“L(Dv(x,y,z,T)7§V1(X'y'z’tﬂ|—[aw +V1(x,y,z,t)]2x
ot a x| I X | 2y ay ]
O PR Py S AL L0 B | SN SY) ARSRVACTeRty
' cz| o1 ] ‘
D L ] o [D L ]
v u (x,y.z,t) [[a, +V,(x, y, W, )]dW L+ Q —] =V u (x,y,2,1) [[a,, +V,(x,y,W,0)]dW |
0 X LkT 0 J oy LkT 0 J
7(7@2‘()('%2'{) G (x,y,z,T)iﬁq)”(xyy'z'tﬂ+i‘(Dq_l(x,y,z,T)iﬁqj“(x'y'Z’tﬂ“kl.l(x,y,z,T)Iz(x,y,z,t)+
ot ax| ox | oyl oy |
+i\ D, (x,v,z T)w—}+ i-{*’s’vsy (x,y,z,t)LjZ[aw + @, (x,y,W ,t)]dW ]}+ f, (x,y,2)5(t)+
oz ' Jz ] ax | kT 0 ! ) '
o [D, L ]
+Q—{—'Vsy(x,y,z,t)j[am +cD“(x,y,W,t)]dW k(% y,2,T) H(x,y,2,1) (5d)
oy | kT 0 ! )
70”@”()(’%2’”7 ‘ I_Dwv(x,y,z,T)7&®1V(X’yyz’tﬂ+ 7 :_Dd,v(x,y,z,T)7&®1V(X’yyz’t)-}+k (x,y, 2, TV (x,y,2,t)
[z ax| X |1 ay| a2y |
7 I—D (x,y,z,T)w—LQﬁ{[DmvS VU (x,y,z,t)sz[amv +@,(x,y,W ,t)]dW ]}+ fu, (x,y,z)o(t)+
é’ZL J1 | ox | kT 0 )
o [D, : ]
10—V u(x,y, 2,0 [[a,, + 0,y W, O]dW Lk, (x,y,2,T)1(x,y,2,t).
oy | kT 0 : ]

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

¢ f an : ]
Cz(x,y,z,t)— 0 2 [ thcl(x,y,z,r)] H1+glv(x'yjz’r)+g2v (x,z/,zz,r) [iCl(x,y,z,r)><
e e T vy | e
xDL(x,y,z,T)dr+i}DL(x,y,z,T);—l+glv(X'y:Z'T)+g2V (x. yzz T)H [, + Cilxy 2.1 ]}x
oy o | \Y; (V) In P’ (x,y,z,T) ]
. 6C1(x,y,z,r)dr+ fc(X,y,Z)+i}I—l+g1V(X'y:zvr)+gzv (x,y,zz,r)—HlJré[ozZC +C,(x,y,z,7)] W}X
oy 92| v (A P (x.y,2.T) |
x D, (x,y,2,T )Mdr +91]D—V u(x,y,2z, r)j[azc Cc,(x,y,W,z)]dwW dz +
0z OXokT
o 'D s
+Q—[—V, ,u(x,y,z,z)j[azc+C1(x,y,W,r)]dWdz (18)
OyokT 0
AR a1 (x,y,z,7) ZER a1 (x,y,z,7) ot
I,(x,y,z,t)=—[D (x,y,2,T )————=dr+—[D,(x,y,z2,T)—————d ¢+ —|D,(x,y,2,T ) x
J Xo X dYo ay 2
xwd T - }kI‘V(X,y,Z,T)[HZI + 1L (x,y,z,7)][a,, +V,(x,y,2,7)]d 7 —}[aZI + 1, (xy,z,0)] x
Z 0 0

Ly

[ o t'D
j fla, + 1,y W, z)]dW dz + Q —]—" [, + 1,(x,y,W ,7)] x
0

ot D
x Kk, (x,y,2,T)drc+Q— [V u (x,y,2,7)
' k

dXo OYyokT o
x V. u (X,y,Z,r)der (36)
J oV, (x,y,z, 72 oV (x,y,z, 2 oV (X,
R PR T M CAA LTS TL150 P A TN NIV A A LS 1111 PR LA N L LI
J Xo X Yo ay J17o Jz

x D,(x,y,z,T)dz —jklvv(x,y,z,T)[oz2I +1,(x,y,2,2)][e,, +V,(x,y,2,7)]d 7~ [ [a,, +V1(x,y,z,r)]2 x

0

a t
xk,,(x,y,2,T)de+Q—[V u(x,y,2,7)
' OXo

D, ‘2
'If fla,, +V,(x,y,W,z)]dW dz+ f, (x,y,z)+
0
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ot D Ly
+Q— [V u (x,y,2,0)— Jla,, +V,(x,y,W )] dW d ¢
0Yo KT o

oo Y, 2, 2 [ZK ) Y.z,
20, 6y.27) T)err—chD (x,y,z,T)i“(x y.2.7)
o x oyo ! ay

ﬁ t
@, (x,y,2,t)= &—ijl(x,y,z,T) de+ f, (x,y,2)+
X o

Za od, (xy,z, ot D,
+—[D, (x,y,z,T)Mdr+Q—jVSy (v, 2, 0)— (e, + @, (x,y.W,z)]dW dr+
dzo 1 ) kT :

f=) L
o tD, :

t
j—'svsy (x,y,z,r)j[ozwI +tl>l|(x,y,W ,r)]dW dr+jklvl(x,y,z,T)Iz(x,y,z,r)d T+
0Yo kT 0 0

+ Q

t
+ [k, (x,y,2,T)1(x,y,2,7)d 7 (5e)
0
T L e P T LR LIk

2
@, (x,y,z2,t)= —
J X I X Jd Yo ay

o — ~

Dq,v(X,y,Z,T) dz+ f, (x,y,z)+

ot oD (x,v,z, 0t D
+—[D, (x,y,z,T)MerrQ—[VSy (x,y,z,7)
dzo f 1 X o kT

@y S

Ll
ey, + @, (x,y W 2)]dW dz+
0

LZ

t
V,u (x,y,z,r)j[ozmv + @ (X, y,W ,r)]dW drz+ [k, , (x,y, 2TV (x,y,z,7)d 7+
0 0

Dw\,s

6[
+Q—
Yo kT

t

+ [k, (x,y,2,TWV (x,y,z,7)d 7 -
0

Average values of the second-order approximations of required approximations by using the
following standard relation [26]

txby L,

a,, = 7}) i1 Jle,(x,y,z,t)- p,(x,y,z,t)]d zd yd xd t- (10)

Substitution of the relations (1e), (3e), (5e) into relation (10) gives us possibility to obtain relations for
required average values a 2p

2

— — — 2
=0, o =0, arey =0, . \/(ba FE) i [F . ®aF +O°LLLb ) b +E
2V

4b, b, 4b,
2
o Cv_azvswoo_azv(ZSW01+S|v10+®LxLyLz)_vaoz_S|v11
21 T !
SIV01+aZVS|VUD
Where
1 2 1 2
b, = SnvoSvve ~ w 002100/
@LXLyLZ ®LxLyL1
S, .S S S
b3:— 100~ w 00 (28W01+S|\/10+®LXL\/L1)+ v oo w00
®L)(LyLZ @LXLyLz
25 +S +OLLL, s s
X(SIV01+ZSH10+S|V01+®LXLYLZ)+S§/DU = — ’ - I;/O: :Iiv;lz
E‘)LXLyLZ (€] LXLyLZ
S S
b = —too woo( +s i C )_
w 02 V11 v
@L)(LyLZ
—(s,,,-25,,+0L,L L)Z+M(®LL L,+2S,,+S )+S'V7°°(s +25, 425, +OLL x
v 10 w o1 x =y e Xy 1110 v o1 v o1 It 10 v 01 X"y
®LxLyL1 @LXLyLZ
C, ~Syuo—S cs: S, wS
XLz)(ZSW01+GLXLyLz-FSI\llU)_SIf/OO s — Sy 2|2|V2002_ SI\/lO SR
G)L){LyLZ ® L){LyLZ @LXLyLZ
S|v11Jrvaoz+Cv
b, = x
@LXLyLZ
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2

S S S S
IV 01 IV 10 IV 01 IV 00
x SII00<28W01+ S|\/10 +®LxLyLZ)+ (®L L L +ZSIIID SI\/OI)(ZSW 01+ SI\/10 +®LLyLz)_ - x
oL,L L, oL,L,L, oL,
1
x L L (3SIV01+28||10+®LxLyLz)(c 7SW027SIV11)+ZCISIVOOSIV01
b2
S 2 S
b — 11 00 ( +S ) _ IV 01
eLLL, U " eLLL,
x(OL,L,L,+25,, +5,,)(C, -5 s 2,85, - S, n(OLL L, +25, +5 )mr
+ 10 v o1 v~ Pwo |v11)+ 1°wvor T Pwor + 10 v 01
oLL,L,
a, o als S S S 2
C|: 1%y vt 1 ®no  Zw2 w22 v 11 ICV=a1|a1vslv00+a1vswoo_vaoz_slvn'
eL,L, L, eLL L, eLLL, oeLL.L,
F_0a,
= +
6a,
2 3 3.3 2
Ar? Ar? e, b.b o°b e)
\/ +s —r—\/ 8’ e By +0° L 402, ¢ ~| 4b,-@ L L L |- —%-b —x
a, aA 24 b; b, 54 b; 8b;
b? o'b} 4bb,-®L L Lbb @b
40b,-0" = |- LUl —, s’ — et
. 8b, 12 b; 18b,

Farther we determine solutions of Egs.(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 ai. The substitution leads to the following result

p(z)azuu(xrzyvzvt) - _K (Z)ﬂ (Z)aT (X' y,z,t) , p(z)azu1y(xvz)’vzvt)= K (Z)ﬁ(z)aT (x,y,z,t),
ot 0 X ot oy
p(z)éz ulz(x,zy,z,t): K (2)p (Z)aT (x,y,2,t) .
ot 0z

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

u,(x,y,z,t)=u,, + K (z ) p2) @ jjT(x y,z,7)dzd 9 - K (z )M 0 };T(x y,z,7)dzd 9,
(Z)6Xoo ()5X00

u,(x,y,z,t)=u,, +K(z )ﬂ(z)i};T(x y,z,7)drd 9 - K (z )ﬂ(z)i}o}T(x y,z,7)dzrd 9,
p(z)ayoo p(z)ayoo

u,(x,y,z,t)=u,, + K (z )ﬂ(z) 0 }?T(x,y,z,r)drds—K(z)&ijjT(x y,z,7)drd 9.
(2)8200 p(Z)aZoo

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) [26]. The replacement leads to the following result

p(z)w {(K( " 5E (z) T}azu“(x,zy,z,t)+<fK (0)- E(z) 15 Uly(xvyyzvt)7 K (2)5 (2) =
at’ l 61+ 0 (2)]) o x l 3+ o (2)]] oxady
aT (x,y,z,t) E(z) [o%u, (x,y,z.t) o, (xy,z,t)] [ E(z) 1é%u,(x,y z1t)
x + y—2 [+ 4K (z2)+ L
2 x 21+ 0 (2)]] oy’ o1’ 1 3[1+ o (2)]) oxdz
o’u, (x,y,z t) E(z) [o'u,(xy.z.t) a%u (x,y.z,t)] o’u, (x,y.2,t)[ 5E(z2) )
p(z) - = | - + x | + - +K(z2)b+
at 2[1+ 0 (2)]] d x oxoy | oy (12 [1+0(2)] ]
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b E(z) Fau (x,y,z,t) ou,(x,y, z,t)]1 ( E(z) ]62u1y(x,y,z,t) oT (x,y,2z,t)
+ [t + 4K (z)- 3 - K (z) x

o1 [1+o‘()]L o1 oy 11 6[1+ 0 (2)]] dyoz oy

pl)s K (o)l r2t)
oXxXoy
o%u,,(x,y,z,t) E(z) razu1 (x,y,z,t) a%u,(x,y,z,t) &°u,(x,y,2,1) 6ZU1y(va12yt)—|
p(2) z = | ! + z + £ + | +
ot’ 21+0(2)]] ox’ oy’ X012 oyoz |

b [ou, (x,y,2,t) auly(x,y,z,t) ou (x,y,z,tﬂ} E(z) ol au (x,y,2.1)
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dz L dx ay dz 1] el+o(z)]oz| dz
au, (x,y,z,t) 8U1y(ny,Z,t) au,(x,y,z,1)]1 K (2)4( )0T(va,2,t)
- - - - K (z 7)—
0 X ay 0z J oz

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

1 5E (z) Waz to 1 p° o

p(z)L 6[1+ o (2 )]j(?x {({U (x,y,z,7)dzd ¢+ ()6x6y££uly(x y.z,z)dzrd g x
)

E(z) [ 8% 1o ot

(x,y,z,7)dzd 9 + jju (x,y,z,7)d d9~|+
2p(Z)[l+o‘( )]L@y oo ) 0200 T J

— ]FJr
31+ 0o (2)])

jljulz(x,y,z,r)drdg{[K(Z)Jril—JK(z)JrL(z)W 0 jju (x,y,z,7)dzd & x
p(z)axaz00 l 3h+o(2)]] | 6[1+0(z)]]ax" oo

1 E(z) F o = T o e
x - 1yxyzr)drd8+ Hu (xyz,r)drd 8 |- —[[T(x,y,z,z)drd g x
p(Z) [1+O' 6y 00 92" 0o | 9xoo0

Bz) 1 | E(z) 1 o = p(z) o =¢
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E z
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[ 8% e ot T K(z)
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L@X 00 OX0Yoo | p(Z)
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X
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oz l+o’(Z)Lazoo 0Yoo |

[ E(z2) 11 a7 e E(z) [ 8% =
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OXDY oo J p(Z)oo (Z)axayoo
E(

2

0

2

_ o jju (x,y,z,7)d dS{L(Z)—K(Z)]}— t 2 2) ri}}u (x,y,z,7)dzd 9 +
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+iT;u (xyzr)drdS—I ! {[K(z)— E(2) 1} 0 })}uly(xyzr)drd9+u
0Y oo J p(Z)L 6[1+O'( )]JﬁyaZGU
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8 = o = 1 1 z) & “°
_7jjuly(x,y,z,r)drd‘9——Hulz(x,y,z,r)drdg\ —K(z)'B( ) o [T (x,y,z,z)dzd 9 +u,,
0Y oo 0Zoo ] 6p(Z) p(Z)@Zco

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
gualitative 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. 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 the epitaxial layer is larger, than in the substrate. The figures show, that inhomogeneity
of heterostructure gives us possibility to increase compactness of transistors. At the same time one can
find increasing homogeneity of dopant distribution in doped part of epitaxial layer. In-creasing of
compactness of transistors gives us possibility to increase their density.

The second effect leads to decreasing local heating of materials during functioning of transistors or
decreasing of their dimensions for fixed maximal value of local overheat. 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 [15,25-32]. 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 q

1.0 4

C(x.®)

0.5 4

Epitaxial layer Substrate

0.0 . T . . : . .
0 Li4 L2 3L/4 L

Fig2. 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

Epitaxial layer Substrate

0.0 )

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

Fig3. 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 @ =
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0.0048(Lx2+Ly2+Lz2)/D0. Curves 2 and 4 corresponds to annealing time & = 0.0057(Lx2+Ly2+Lz2)/DO0.
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

1 Lxly L,

U= IIf[C(X,y,Z,@)fl//(X,y,Z)]dZdde, (15)

L L

Xy 2

where v (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.

2
a

C(x,09)

~

0 L

X

Fig4. 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

N\

X

Fig5. 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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Fig6. Dimensionless optimal annealing time of infused dopant as a function of several parameters. Curve 1
describes the dependence of the 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 describes the dependence of the annealing
time on value of parameter ¢ for a/L=1/2 and & = y = 0. Curve 3 describes the dependence of the annealing
time on value of parameter £ for a/L=1/2 and ¢ = y = 0. Curve 4 describes the dependence of the annealing
time on value of parameter yfor a/L=1/2and ¢ =& =0
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Fig7. Dimensionless optimal annealing time of implanted dopant as a function of several parameters. Curve 1
describes the dependence of the 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 describes the dependence of the annealing
time on value of parameter ¢ for a/L=1/2 and & = y = 0. Curve 3 describes the dependence of the annealing
time on value of parameter £ for a/L=1/2 and ¢ = y = 0. Curve 4 describes the dependence of the annealing
time on value of parameter yfor a/L=1/2and ¢ =& =0
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Fig8. Normalized dependences of component uz of displacement vector on coordinate z for nonporous (curve 1)
and porous (curve 2) epitaxial layers
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Fig9. Normalized distributions of charge carrier mobility in the considered heterostructure. Curve 1
corresponds to the heterostructure, which has been considered in Fig. 1. Curve 2 correspond to a homogenous
material with averaged parameters of heterostructure from Fig. 1

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 [29]. 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. 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. Fig. 8 shows
distributions of component of displacement vector, which is perpendicular to interface between layers
of heterostructure.

4, CONCLUSION

In this paper we model redistribution of infused and implanted dopants with account relaxation
mismatch-induced stress during manufacturing bipolar heterotransistors framework a circuit of
element OR. We 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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