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Currently, several critical issues in solid-state electronics, such as improving the performance,
reliability and density of integrated circuits elements like diodes, field-effect transistors, and
bipolar transistors are being intensively addressed. One effective approach to reduce the
dimensions of integrated circuits elements is to manufacture them in thin film heterostructures with
an optimal manufacturing regime. In this paper, we explore methods to increase the density of
field-effect heterotransistors and heterodiodes in the framework of a double boost DC-DC
converter. We consider manufacturing this converter in a heterostructure with a specific
configuration, where several required areas of the heterostructure should be doped by diffusion or
ion implantation. Subsequently, the dopant and radiation defects should be annealed using an
optimized scheme. Based on this approach, we provide recommendations for determining the
optimal annealing time to achieve the best compromise between increasing density of integrated
circuits elements and minimizing local overheating during their operation. We also propose a
method to reduce the mismatch-induced stress in the heterostructure. We present an analytical
approach to analyze mass and heat transport in heterostructures during the manufacturing of
integrated circuits, accounting for mismatch-induced stress. This approach allows for the
consideration of spatial and temporal variations in the parameters of technological processes, as

well as their nonlinearity.

I. INTRODUCTION

At present, several significant problems in solid-state
electronics, such as increasing the performance, reliability
and density of integrated circuit elements (diodes, field-effect
and bipolar transistors), are intensively addressed [1-6]. To
increase the performance of these devices, there is a growing
interest in identifying materials with higher values of charge
carrier mobility [7]-[10]. One method to reduce the
dimensions of integrated circuit elements is by manufacturing
them in thin film heterostructures [3]-[5][11]. This approach
allows for the use of heterostructure inhomogeneity,
optimization of doping in electronic materials [12], and the
development of epitaxial technology to improve these
materials, including analyzing mismatch-induced stress [13]-
[15]. Alternative approaches to increase the dimensions of
integrated circuits include laser and microwave annealing
[16]-[18].

In this paper, we introduce an approach to optimize the
manufacture of field-effect p-channel MOSFETs and
heterodiodes. This approach aims to reduce their dimensions
while increasing their density in a double boost DC-DC

converter framework. We also explore methods to minimize
mismatch-induced stress to reduce the number of defects
generated by this stress. We examine a heterostructure
consisting of a substrate, an epitaxial layer and a buffer layer
between them (see Figure 1). The epitaxial layer comprises
several sections made from different materials, which are
doped by diffusion or ion implantation to achieve the required
types of conductivity (p or n). These areas form the sources,
drains and gates (see Figure 1). After doping, it is necessary
to anneal the dopant and/or radiation defects.

The main aim of this paper is to analyze the redistribution
of dopant and radiation defects to determine conditions that
allow for the reduction in size of the considered filter
elements while simultaneously increasing their density.
Additionally, we explore the possibility of reducing
mismatch-induced stress in the heterostructure. Based on our
analysis, we obtain dependencies of optimal annealing time
on several parameters. The optimal annealing time aims to
achieve a maximal compromise between increasing the
integration rate of the double boost DC-DC converter by
reducing element dimension and minimizing local
overheating during operation of converter elements by
improving the homogeneity of dopant distribution in the
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required area. We also propose an approach to reduce
mismatch-induced stress in the heterostructure by using a
porous buffer layer. An analytical approach to analyze mass
and heat transport in heterostructures during manufacturing
of integrated circuits with account mismatch-induced stress is
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also presented. The approach accounts for spatial and
temporal variations in the parameters of technological

processes as well as their nonlinearity.

n

n

@

Epitaxial layer

Bufter layer

Substrate

(b)

Figure 1. (a) Structure of considered double boost DC-DC converter [1]. (b) Heterostructure with substrate epitaxial layers and buffer layers (side view).

1. METHOD OF SOLUTION

To achieve the aim of this study, calculation and analysis
on the spatio-temporal distribution of the concentration of the
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with boundary and initial conditions as in Equation (2)
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dopant in the heterostructure under consideration. This
distribution is determined by solving the second Fick's law,
as shown in Equation (1) [1][19]-[23].
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Here C(x,y,z,t) represents the spatio-temporal distribution of
the dopant concentration; Q2 denotes the atomic volume of the
dopant; Vs is the symbol for the surficial gradient; + is the
surficial concentration of the dopant at the interface between
the layers of the heterostructure (assuming that the Z-axis is
perpendicular to the interface between the layers of
heterostructure); u(xy,z,t) and o(xy,z,t) represent the
chemical potential due to the presence of mismatch-induced
stress and material porosity, respectively; D and Ds are the
coefficients of volumetric and surficial diffusion. The values
of dopant diffusions coefficients depend on the properties of
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the heterostructure materials, the rate of heating and cooling
during annealing, and the spatio-temporal distribution of the
dopant concentration. The dependence of the dopant

DS = DSL(x,y,Z, T) 1+ fsm

Here Do (x,y,z,T) and Dis (x,y,z,T) represent the spatial
(accounting for all layers of heterostruicture) and temperature
(due to Arrhenius law) dependences of the dopant diffusion
coefficients, respectively; T is the annealing temperature and
P (x,y,z,T) is the solubility limit of the dopant. The parameter
y depends on the properties of the materials and can be an
integer in the interval y €[1][3][24]. V (x,y,z,t) denotes the
spatio-temporal distribution of the concentration of radiation
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diffusion coefficients on these parameters can be
approximated by Equation (3) [24]-[26].

V23(x,y,2,t)
v ©

Ve z

vacancies, while V" represents the equilibrium distribution of
vacancies. The concentration dependence of the dopant
diffusion coefficient has been described in detail in [23]. The
spatio-temporal distributions of the concentration of point
radiation defects have been determined by solving Equation

(4) [1]-[23][25][26]
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with boundary and initial conditions as in Equation (5)
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Here, | (x,y,z,t) represents the spatio-temporal distribution
of concentration of radiation interstitials, while I denotes the
equilibrium distribution of interstitials. The coefficient of
volumetric and surficial diffusions of interstitials and
vacancies are given by Di(x,y,z,T), Dv(xy,z,T), Dis(xy, z,T),
Dvs(x,y,z,T), respectively. The terms V2(x,y,z,t) and 12(x,y,z,t)
correspond to the generation of divacancies and

D—Vsy(x v,2, t)f V(x,y, W, t)dW] +—[

Dys 0uy(x,y, 2, t)]

Dvs a#z(x y,2,t)
VkT dax
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diinterstitials, respectively (see, for example, [26] and the
appropriate references in this book). The parameters
kiv(x,y,z,T), ki(x,y,z,T) and kyv(x,y,z,T) describe the
recombination of point radiation defects and the generation
of their complexes. Here, k is the Boltzmann constant; o =
a%, where a is the interatomic distance, and ¢ is the specific
surface energy. To account for the porosity of buffer layers,
we assume that the pores are approximately cylindrical with

average values r = \/x2? + y? and z; before annealing [23].
Over time, small pores decompose into vacancies, which are
then absorbed by larger pores [27]. As time progresses, the
larger pores grow by absorbing the vacancies and became
more spherical [27]. The distribution of the concentration of
vacancies in the heterostructure, which exists due to porosity,
can be determined by summing over all pores, for example
l m n

V(x,y,zt) = Z

i=0 j=0 k=0
R=,x2+y2+2?%

Vo(x +ia,y + jB,z + ky, t)
(6)

Here o, f and y are the average distances between the
centers of pores in the directions x, y and z, respectively, and
I, m and n are the quantities of pores the inappropriate
directions. The spatio-temporal distributions of divacancies
@y (x,y,z,t) and diinterstitials @& (x,y,z,t) can be determined
by solving Equations (7a) and (7b) [25][26]
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Here, Daf(x,y,z2,T), Daon(xy,z,T), Das (x,y,2z,T) and
Days(x,,z,T) are the coefficients of volumetric and surficial
diffusions of radiation defects complexes. The parameters
ki(x,y,z,T) and ky(x,y,z,T) describe the decay of the radiation
defects complexes.

The chemical potential g4 in Equation (1) can be
determined using the relation in Equation (9) [19],

w = E(2)Qay; [uij(x' ¥zt tu;(x,y,2, t)]/Z ©)

where E(z) is the Young’s modulus, gj; is the stress tensor,
(aul + 0u].) is the deformation tensor. Here, u;
L
and u; are the components uy(X,y,z,t), uy(X,y,z,t), and u,(x,y,z,t)
of the displacement vector u(x, y, z, t), and xi and X; are the
coordinate x, y, z. Equation (4) can be transformed to the
Equation (10), where o is the Poisson coefficient, & = (as-
aeL)/agL is the mismatch parameter, as and ag_ are the lattice
distances of the substrate and the epitaxial layer, K is the
modulus of uniform compression, g is the coefficient of
thermal expansion, and T, is the equilibrium temperature,
which coincides with room temperature in our case. The

and w;; =

components of the displacement vector can be obtained by
solving Equations (11a), (11b) and (11c) respectively [20],
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where p (2) is the density of the heterostructure materials, and
gij is the Kronecker delta symbol. Taking into account the
relation for ojj, the last system of equation can be written as
Equation (12).
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The conditions for the system of Equation (12) can be written ~ We determined the spatio-temporal distributions of dopant
as shown in Equation (13). concentration and radiation defects by solving Equations (1),
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Next, we replaced the concentrations of dopant and  approximations of the required concentrations, as shown in
radiation defects on the right-hand sides of Equations (14a), Equations (15a), (15b) and (15c¢).
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0 [Dg,s0u(x,y,2,t) Dq,vsauz(x y,z,t)

bl BLACh AR ,¥,2)6(t) + ky(x,y,2,T)V(x,y,2,t

ST | e T | * e D60 k(2 DV (2.0
+kyy(,y,2, TV (x,y,2,t)

approximations in their final form, as given in Equations

Integrating both sides of Equations (15a), (15b) and (15c)
(16a), (16b) and (16c¢).

over time enabled us to derive the relations for above

€y 0) =y ftD 0y, 2T)— [1+ Veorzn  ViGy.2T)
x,¥,zZ,t) =a = XV, 2,1 ) = ¢ : ¢ -
1 15y i SL kT 1 % 2 ] W2 t
z V(x,y,271) Vi (x,y,21) D, ouy(x,y,2,7)
><!2I75;11(x,y,z,‘r)—[1+c1 e +¢, Wz d‘r+fc(x,y,z)+a?xf0 V—;;szdt (16a)
4 Dcs O, (x,y, 2, T) dr + a f Des. O, (x,y,2, T)
2vl), VkT dy dez), VKT dz
Dis 0pr (%, Y, 2, t)
Li(x,yz2t)= al,zﬂa-’; ﬁVsyl(x,y,z,r)dr+ al,zﬂ@fo ﬁVsyl(x,y,z r)dr+—f VI?[‘ 2 —
8 (*Dis Oy (x,y,2,t) 0 [* Dis 0pz(x%,y,2,t)
O | bs Yoy, 50 0 O [ Pis Ok 0, 50 - 1
ayfo TiT 3y dr + Bzfo TiT oz dt + fi(x,y,2) aufo ki (x,y,2 T)dr (16b)
t

_auawf kiy(x,y,z T)dt
0
Dys 0p,(x,y, 2, t)

Vi(x,y,2z,t) = a;pz0 — F f Vsul(x y,z,7)dt + awzﬂa f Vsul(x y,2,7)dt + —J. TkT F

0 DVS Ou, (%, y,2,1) Dys allz(x y,2,t) t

=g B — ,z) — a? V2T

ayf VKT ay T 6ZJ- VKT 9z dr + fy(x,y,2) awfo kyy(x,y,2,T)dz
t

- al,aﬂ,f kv (x,y,2 T)dr
0

D<1>,s 0[12(96 Y, Z, T)

il tD¢IS ad th’:S
@y, (xy,2,t) = 051@,Zﬂa kT ——Vsuy (x,y, 2, 7)dt +Qa kT Vstir (%, 9,2, T)AT X Q10,2 + fo,(%, ¥, 2) +—f T P

3 (tDg 50y (x,, *Dg,s 0, (%, Y, 2, ‘
f m;SMdT_l_azf L’SMC{T+I k;(x,y,2, T)I(x,y,z, T)dt
0

ayly VKT @ VKT @
y 4 z (16¢)
t
+f ky (x,y,2, T)I*(x,y,2,7)dt
0
d (tD a (tD
D1y(x,7,2,t) = a14,20 — VS gy (6, v, 2, AT + 0 — 2vS g (%, 9,2, T)dT X @y, 2 + fr, (%, Y, 2)
v ox ), kT ax ), kT Vi ey
0 J’ ‘l?qnvs@uz(x.y,z,r) e 9 J’ ‘Qwvs Ou,(x,y,2,7) dot a f Do,s0p,(x,y, 2, r)
ox J, VkT d0x dy J, VkT dy 0z ), VkT 0z
t t
+f kV(x,y,z,T)V(x,y,z,T)dT+f kyy(x,y,2,TYV2(x,y,z 1)dt
0 0
We determined the average values of the first-order 1 ° by (e
g Ayp =mj— f f f pl(x,y,z,t)dzdydxdt (]7)
0 0

approximations of the concentrations of dopant and radiation
defects by following the standard relation, as shown in Substituting the relations from Equations (16a), (16b) and
(16c) into Equation (17) allowed us to obtain the required

Equation (17) [28]
average values, as shown in Equation (18a).
1 Ly Ly Lz
Qe =—— fe(x,y,2)dzdydx

A WA
a; + A)? Oa;B + 0%L,L,L,a a; +A

a1,=(32)—(+ JB+67LL, 1>_3 (150

4a; a, 4a,
0 [Lx rly rlz
Ay =—— [—f f f fi(x,y,z)dzdydx — ay;S;100 — @LxLyLZ]
Swoolau o Jo o
where
) Ly Ly Ly ) )
Sppij = f Che t)f f f ky, (v, 2, DI(x,y,2, OV (x,y, 2, t)dzdydxdt
0 o Jo Jo (18b)

_ 2
ay = Sproo XX (Slvgo — St00Syvoo)
a3 = Swo0Si00 + Sivoo — SiooSvvoo
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Ly rLy Lz R
a4z = f f f fo(x,y, 2)dzdydx X SpyooSfroo + SvooOLEL3 LG + 251/1/00511001- f f fi(x,y, 2)dzdydx — OLAL2 L2 S,y
o Jo Jo I s o L
_Slzvoof f f fi(x,y, z2)dzdydx
o Jo Jo
Le rLy (L
a = SIVOOf f fi(x,y, z2)dzdydx
o Jo Jo

Ly Ly Lz 2
f f f,(x,y,z)dzdydx]

az
A= 8y+@2 -0
Oa
=2+ JaZ+p7 - ——,/ P +p3+q

@y = Syyoo XX

03a, a1 3 , Ao ,4\ 0% . 0%}
q_@(z}a0 OL,LyL, 4) @8a 40a, — Qa—4—54a4—LLL 5
, 4000, —OL LyL,aia; Oa,
p=0 12a2 -
a; 18a,
Ry Sirz0 bx by (le
g, = OLL,L, + OL.L,L, +LxLyLZJ; J; A fo,(x,y, 2)dzdydx
Ry, Syvao 1 J'Lx J'Ly fLZ
. = + + (x,,z)dzdydx
w = oLl TenLL, T Lo )y ) ), (e Bdedy
where function corrections [28]. Within this procedure, to
determine the n-th order approximations of the
f © concentrations, we replaced the required concentrations in
— (18¢) Equations (16a), (16b), (16¢) with the sum a0 41 (x,0.2,0).
-t f f k,(x,y,z, DI (x, y, z, t)dzdydxdt This replacement leads to the transformation of the
corresponding equations, as shown in Equations (19a), (19b)
. . L and (19c¢).
We determined the second and higher orders approximation (19)
of the concentrations of dopant and radiation defects using
the standard iterative procedure of the method of averaging
aC,(x,y,z,t) 0 [aye + Ci(x,y,2,0)]" V(x,y,2,t) V2(x,y,zt) aC,(x,y,2,t)
o\ T T Py ST ez | X by aD——F7
a Viyzt)  Vixyz )]0 (xy 21 [azc + Ci(xy,2, 0]
3_<[1 +¢ v [ L 3y X Dy (x,y,2,T){1+ fW
a V(x,y,zt) V2(x,y,2,t) aC,(x,y,2,t) [aze + C(x,y,2,0)]"
+ 7 ([1 +¢ v C2 (B xD,(x,y,2,T) 3z 1+¢ Prx,y,2T) (192)
9 [Dcs 0uy(x,3,2,t) 9 [Dcs Oua(x,y,2,¢) 0 |Dcs 6u2(x,y,z t)
ey, 2)8(0) +3 x|7hT " ox N 97 2|VkT
d 5}
+0— P {kT Vspi (x,y, 2, t) [azc +C(x,y,W, t)]dW} +0— 6 {kT Vsp (%, y,2,t) [azc +C(x,y,W, t)]dW}
0l,(x,y,2z,t) 0 ol (x,y,2,t) ol (x,y,2,t) all(x,y,z, t)
" D,(x,y.z.T)i = Dz(x y,2,T) ———= +E Dy, 2T —3 ——
=k (x,y,2,T)[ay, + 11(x y,z O —kpy(x,y,2,T) X [ay; + L (x,y, 2, O)][ayy, + V1(x y,z )]
i} Lz Dig 0 (D (19b)
+ 02 Vs, y,2,8) | oy + L(xy, W, O)ldW Xﬁ} + ﬂ@ ﬁVsu(x,y.z O [ e + LGoy,w, Olaw
+ij Oy (x,y,z, t)>< Dis d‘[+if Dis 0 (%, 2, t)dT+ f D5 0uz(x,y.z t)
ox ox VKT ay J, VkT dy 0z VkT 0z
Vv, (x,y,z, t) Vi (x,y,z, t) V,(x,y,2,t) v, (x,y,2,t)
ot Dv(x v,z,T) F ay Dy(x,y,2,T) + e Dy(x,y,2,T) o2
—kyy Ly, z, Dy + V(6 y, 2,012 = kiy(x,y,2,T) X [ay + 1,0y, 2,01 [ay + Vi(x,y, 2, 0)]
a Lz
+0 E{Vs,u(x, y.20) | lasy +Vi(ey, W, 0)ldw ﬁ}
d (Dys 0 (f0u,(x,v,z,t) Dyg
+!)a—{ﬁl75u(x y.2, c)f ez + Vi(x,y, W, t)]dW} axfo BB D
i] Dys u,(x,y,2,0) P f Dys 0 (%,y,2, t)
ay ), Vikr dy az ), VkT 9z
(19¢)
0®,,(x,y,2z,t) 0 0®D,,(x,y,2,t) 0d,,(x,v,2,t)
— " Dg,(x,y, ,T)T +@ Doy, (x,y,2, T)i
a2 [Posy, N @ w,)]dw i +k I
+ 9% | kT su(x,y,2,t) [azml +&,(xy, rt)] + ki (x,y,2, T (x,y,2,t)

9 (Do 2
+!2a o Veu(x,y, 2, t)f [0, + Py (x, 7, W, t)]dW +k,(x,y,2,T)I(x,y,2,t) +o-
a DLI)IS a#z(x Y, 2, t)] a(pll(nyJZJ t)]

0z

6y VkT

Dg,s a#z(x Y,2,t)
VkT

Do,s 0uz (%, y,2,t)
R e P Ly

aZ +f¢'1(xlyvz)6(t)
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a(DZV(x'y'Z' t) 6¢1V(x,y,z, t)

0 0 00,y (x,y,2,t)
at —E[Dq,v(x,y,Z,T)T] +@[D¢V(x,y,z,T)7

Dy

d (D L
+0— e { T Vsu(x,y, z, t)f (220, + 1y (x, 7, W, t)]dW} +kyy(x,y,2T)V2(x,y,2,t)

0 (Dgys
+0— Vsu(x,y, 2, t)f [amv + o, (x,y, W, t)]dW +ky(x,y,2,T)V(x,y,2,t)

dy | kT
0 |Dg,s a#z(x Y,z t) 0 |Dg,s a#z(x Y,z t) chvs a#z(x Y,2,t)
ax | VkT + oy [Tkt VKT
0 0Py (x,y,2,t)
+ E[DW(X'%Z' T)T + fq)v(x: y,2)8(t)

Integrating both sides of Equations (19a), (19b) and (19¢) concentrations in their final form, as shown in Equations
allows us to obtain the relations for the required (20a), (20b) and (20c).

0y 20 _9 ¢ 1+§[a2c+(31(x,y,z,r)]y 1 1V(x,y,z,r)+ Vi(x,y,z1) ¢, (x,y,2,7) e
0x Jo

PY(x,y,2,T) v Sz )2 0x

V(x,y, z1) VZ(x,y,2z,1)] 0Ci(x,y,271) 1 [aye + Ci(x,y,2,0)]"
Vv Sz =2 dy ¢ PY(x,y,2,T)

2 [(fregeyan, o VCaD 0y 20 | et Gy 20l
! v 62 V)2 0z PY(x,y,2,T)

X Dy (x,y,2,T)

a t
+@L D, (x,y,2,T) [1 +¢

] X D, (x,y,2,T)

d (tDs Lz (20a)
4oty 2) 0 [ BTty n 0 [T + G0y W, 0lW de
0 0

a (¢ D¢ (Lz a D.c 0 X, ,Z, t
+ 2 [(Tney 20 x 00 [ lane + Cutey W law a4 0| D Qa0
ay Jo kT J, 0ex

VKT

a DCS Byz(x,y,z, t) 9 DCS a,uz(x,y,z t)
2y |VkT dy a2 z|VkT

ol (x,y,2,1)

ol g al )
ax 71(xy“)d +—f Dy(x,y, ,T)il(xy“)

a t
Iz(x,y,z,t)zaf D,(x,v,z,T) dt +—J- D,(x,y,2,T)
0
t t
_f kI,I(X'Y»Z»T)[‘XZI + 11(":3’:2:'[)]2‘17_[ kl,V(xrylZl Dlay + L(x,y,z,D]layy + Vi(x,y,z,1)]dr
0 0

a (* Dis (*=
+—f Vu(x,y,z,r)x!)—f [ag; + I, (x,y, W, T)]dW dt
ax), 'S kT ), AT (20b)

a [t Lz D d [Dy 9 x, ,Z,t
+ @f Vsu(x,y, z, T) [y + L (x,y, W, T)] X 2 k—f;deT + [ is O (.. 2, )]
0

0 x|VkT

Dy Opy(x,y,2,0)
6 e z|VkT 0z

0 [Dgs 6uz(x,y.z t)
6:’y[VkT iy, 2)
v, (x,y,2,1)

& 0V1(x X2 T)d +_f W (xy.z T)

a t
Vy(x,y,2,t) =$f Dy(x,y,2,T) dt +—f Dy(x,v,2,T) Dy(x,y,2,T) 9
0

t
- f kyy (v, 2, Dy + Vi(x,y, 2, 7)]%dt — f kv (,y,z,T)ay + Ly, z,D][ayy + Vi(x, y,z,7)]dt
0

a t
do [ Tutnyz0 x P f [aa + V, Gy, W, D1dW dr
0 (20c)

a [t Lz 0 [Dygou (xy,zt)
+@f0 Vsu(x,y,2,7) | [a2V+V1(x,y,W,‘r)]X!)k—';‘,gde‘r+a:> VI:;' 2 ]

a %6#2 (x,y,2,t) a % o, (x,y,2,t)
y|VkT dy z|VkT 0z

]+fV(xryrZ)
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a t
@u(03,2,0) = 5 [ Dayy2,T)
0

09,,(x,v,2,7)

Kl t
+ Efo Dy, (x,y,2,T) Ep

0Py, (x,y,2,7) a ftaibl,(x,y,z,r)
TR e | 2B
oy Jo 0

Heterodiodes Density

y X Dy, (x,y,2,T)dt

a [t Dy,s Lz
dr + ﬂ—f Vsu(x,y,2,7) X —f [azq,l + &y, (x,y, W,‘L’)]dW dt
dax J, kT J,

0 tD Ly t
+ ﬂ—f (D'SJ- [am + &y, (x,y, W,‘r)]dW X Vou(x,y,z,7)dt + J- k(6 y,2, TI?(x,y,z,T)dT
0y Jy kT J ! 0o
a tDCDIS a#z(nyJZJT) a th’)Sa#Z(nylle) a th’,S a#z(x:y;Z:T)
ax )y VkT dx dr+@ o VKT ay Tt o VKT 0z 4t + fo, (6,7:2)

t
+f k,(x,y,2z, T)I(x,y,z,7)dt
0

The average values of the second-order approximations of
the required concentrations can be determined using the
standard relation shown in Equation (21) [28].

ol [ )L
U2p = [p2(x,y,2,1)
¥ QLXLyLzo o Jo Yo 2

— p1(x,y, 2, 0)]dzdydxdt

@n

Substituting the relations from Equations (20a), (20b) and
(20c) into Equation (21) allows us to obtain the required
average values a2, as shown in Equations (22).

(b3+E)? 0azF+62LyLyL,b b3+E
(lzczo, O gl :O, (02X % :0, Ay = \]ZT —4 (F + %) b z—m,
, 22)
@ = Cy — a3y Syvoo — azv(zsvvm + S0+ @LxLyLz) = Syvoz — Sw11
. Swo1 + %2vSiveo
where
1 2 2
b, = mslvoosvvoo - msvvoosuoo
xHytHz x=yHz
Si100Svvoo SivooSvvoo Stro0
by = —m(ZSWM + Siy10 +OL LyL,) + OLLL (Swor + 2Si10 + Swor + OL LyL,) + OLLL (2Syvo1 + Sw10 +OLyLyL,)
xtytz xtytz xX=y*Hz
_ Sfr00Sw10
CETEVENE]
_ SuooSvvoo 2, Swo1Svvoo
b, = m(svvoz + Sy +Cy) — (51V1o = 2Syyo1 + OL, Ly XL,)* + m(eLxLyLz + 2840 + SIVOl)
xtytz x=y*Hz
Sivoo Sfro0
+ m(SIVol + 251110 + 251v01 + OLxLy XLZ)(ZSVV()l + QLxLyLz + SlVlO) - m(cv - SVVOZ - SlVll)
xHytHz xX=y*Hz
C;S? A
Pivoo 2w o o
02ZI312 OL,LyL,
Siv11 + Svvoz + Gy Sivor
by = Sij00 T(stvm + S0 + OLxLyLz) + OLLL (@LxLyx L, + 2510 + SIVOI)(ZSVVol + Siy10 + QLLyLz)
xHytz x=y*Hz
- M - M (3801 + 251110 +@LxLyLz)(Cv = Syvoz = Swv11) + 2CSivo0Swor
OL,L,L, OLL,L,
Sit00 Swor 1
by = OLLL (Srvo0 + Syvoz)? — L1 X ) (@LxLyLz + 2840 + SIVOl)(CV — Syvoz — Swva1) + 2C1Sf01 (22a)
xtytz xX=y*Hz
CV - SVVOZ B SIV11 1
= Swo1 TOLLL X ) (@LxLyLz + 2840 + SIVOl)(CV — Syvoz — Swva1) + 2C1Sf01
xbyliz
CV - SVVOZ B SIV11
= Swo1 TOLLL X 51V01(9LxLyLz + 2840 + SIVOl)
) xbyliz
C = a0y 111100 _ Si12051120 _ Si1
"7 OLL,L,"" " OLL,L, OLL,L, OL,L,L,

_ 2
Cy = a3,y Siyoo + iy Syvoo — Svvoz — Sivia

a2 a
E= [8y+62——40-2
aj a,
Oa
F=—6az+i/\/r2+s3—r—3\j r2+sd+r
4
03b, bby\  03b3 2 b? 0*h?
=—2(4b. —OL.L L -2 -2 _p —xx|4 —922) 21212
" 24bf(b° @”Zb4> 5453~ Dogp? 6b, =675, )~ LalyLa g

,4boby — OL,L,L,b,b; @b,
12b? 18b,

S =

Next, we determined the solutions of Equations (12a),
(12b) and (12c¢), i.e. components of displacement vector. To
determine the first-order approximations of these
components using the method of averaging function
corrections, we replaced the required functions on the right
sides of the equations with their not yet known average
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values ¢;. The substitution leads to the following result
shown in Equation (23).

Integrating both sides of these relations over time ¢ results
in Equations (24).
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9%y, (%, y,2,t AT(x,y,2,t Uy (%,7,2,6)
oy TN () TN 2D ¢ o
x = +K(z)@1f f T(x,y,z t)dtdd
0%uy,,(x,y,2,t) 0%uy,,(x,y,2,t) Yoy p@aoyly )y T
p(2) > =p(2) >
" " 23) k() ED 2 fmfﬁr( Ydrd
——K(z)—— X,V,2,7)dT
= KB Ty zt) p@ayly Jy
dy
20, (0, 2,0) AT (x,,2,0) s, 2,0
0°uy,(x,y,2, 'V Z,
p2)——5——=-K@Bp@) —— — _ B(z)a rtr°
at2 0z = Uy, + K(Z)mgfo fo T(x,y,z t)drdd
o 9
(67, 2,8) - K(z)@if f T(x,y,z t)dtdd
B B(z) a [t (? dedo p(2) 0z )y J
= Ugy +K(Z)ﬁa_’; J; T(x,y,z,1)dt
—_K(2) p@) o f - f ﬁT(x_ y,2,70)drdd Approximations of t.he second and higher orders of . the
p@)dx )y Jo (24) components of the displacement vector can be determined
using the standard method of replacing the required
components with the sums a+ui(x,y,zf) [28]. This
replacement leads to the result shown in Equation (25).
0%up (%, y,2,t) 5E(z) ) 0%*uy,(x,y,2t) E(2) 0%y, (x,y,2,t)  0%uy,(x,y,2,t)
PAO—"%z = {K @+ 35m+ a(z)]} w2 T {K @ =33 a(z)]} xdy axay
E(2) 0%uyy (%, y,2,t)  0%uy,(xy,zt)] 0T(x,yzt)
20 +0@)] 3y? e T ax  K@E@
E(z) )0%u(xyz0)
* {K(Z) AT a(z)]} 9x0z
0%uy,(x,y,2,t)  E(2) 0%*uy, (x,y,2,t)  0%up,(xy,zt)] 0T(x,y zt)
@) ot? T 2[1+0(2)] 0x? 0x0y - dy x K@)
0 E(2) uy, (x,y,2,t)  Ouy,(x,y,2,t) 0%uy, (x,y,2,t) 5E(z)
+ &{2[1 Fo@)] z T &y } % XZhitew@  K®

(25)

E(z) )0%uy,(x,y,2t) 0%uy,(x,y,2,t)
+ {K(Z) B 6[1+ O’(Z)]} 0yoz +K@) 0x0y
( )azuzz(x.y, zt)  E@  [Pw,(xyzt) Pu,(yzt)  Pu(yzt) 0%uy(yzt)
Pz at? T 2[1+0(2)] 0x? ay? 0x0z dyoz

a 0, (x,y,2,t)  0uyy(x,y,z,t) Ou,(xy,zt)

taz {K @) x T ey T a2
E(2) o[ ou,(xyzt) ou,lxyzt) 0u,(xyzt)

6[1+0(2)] 0z 0z 0x dy

aulz(xﬂ y; Z, t) aulx(xryl Z, t) auly(x'yrzr t) aulz(xry' Z, t) E(Z) aT(x! y,Z, t)
- - - - ~ K@) =

0z dx ay 0z 1+ 0(2) 0z

Integrating both sides of the above relations over time ¢
leads to the results shown in Equation (26).

In this paper, we determined the concentrations of the
dopant, the concentrations of radiation defects, and the
components of the displacement vector using the second-
order approximation within the framework of the method of
averaging function corrections. This approximation is

22

typically sufficiently for qualitative analysis and allows for
obtaining some quantitative results. All results obtained
results were verified by comparison with numerical
simulations.
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5E(z)

{K R ey

1
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uZx(xyZ ) p(Z

E(z)

}0x f f ulx(xyzr)d‘rdﬂ+ 1 {K(z)

Zp(z)[ f f Uy (%, y, 2, T)dTdd +6 ZJ- f u,(x,y,2, ‘r)d‘rdﬁ] 700
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Heterodiodes Density

E(2)
3[1+ a(z)]} 0xdy
1

J f Uy (x,y, 2, 7)dtd?

B(z) @
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I1l. DISCUSSION

In this section we analyzed the dynamics of dopant
redistributions and radiation defects during annealing,
influenced by mismatch-induced stress and changes in
porosity. Figures 2 and 3 present the typical distributions of
concentration of dopant in heterostructures for diffusion and
ion doping, respectively. These distributions were calculated
under the condition where the value of dopant diffusion
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coefficient in doped area is larger than in the nearest areas.
The figures show that the inhomogeneity of the
heterostructure allows for an increase in the compactness of
dopants concentrations while simultaneously enhancing the
homogeneity of dopant distribution within the doped part of
the epitaxial layer. However, when manufacturing bipolar
transistor using this approach, it is necessary to optimize the
annealing of dopant and/or radiation defects. This
optimization is necessary for the following reasons: if the
annealing time is too short, the dopant will not reach the
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interfaces between the materials of the heterostructure,
resulting in no modifications to the distribution of the
concentration of dopant. Conversely, if the annealing time is
too long, the distribution of the concentration of dopant
becomes too homogenous. We optimize the annealing time
using a recently introduced approach. According to this
criterion, we approximate the real distribution of the
concentration of dopant with a stepwise function (see Figure
4 and 5). We then determine the optimal annealing time by
minimizing the following mean-squared error,

! fo fLnyz[C(x, v,2,0) —P(x,y,z)]dzdydx 27)

LxL}'LZ 0 0 0

where  (x,y,z) represents the approximation function. The
dependencies of the optimal annealing time on various
parameters are presented in Figures 6 and 7 for diffusion and
ion doping, respectively. It is important to note that radiation
defects must be annealed after ion implantation. During this
annealing, the distribution of the concentration of dopant can
spread. Ideally, the dopant distribution reaches the
appropriate interfaces between the heterostructure materials
during the annealing of radiation defects. If the dopant does
not achieve these interfaces, additional annealing is required.
In this case, the optimal additional annealing time for the
implanted dopant is shorter than the annealing time for the
infused dopant.

159 A
1.0
T
0.5 4
Epitaxial layer Substrate
| [}
f
0.0 : , . 4 : .
0 L/4 L2

X

Figure 2. Distributions of the infused dopant concentration in the
heterostructure from Figure 1 are shown in a direction perpendicular to the
interface between the epitaxial layer substrates. An increasing number of
curves correspond to a greater difference between the values of dopant
diffusion coefficient in the layers of the heterostructure, with the value of
dopant diffusion coefficient in epitaxial layer being larger than value of
dopant diffusion coefficient in substrate.
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Figure 3. Distributions of the implanted dopant concentration in
heterostructure from Figure 1 in a direction perpendicular to the interface
between the epitaxial layer substrates. Curves 1 and 3 correspond to an
annealing time ® = 0.0048(L,?+L,*L,%)/Do. Curves 2 and 4 correspond to
an annealing time @ = 0.0057(L,>+L,?+L,?)/D,. Curves 1 and 2 represent a
homogenous sample. Curves 3 and 4 correspond to heterostructure where
value of dopant diffusion coefficient in epitaxial layer is larger, than the
value of dopant diffusion coefficient in the substrate.
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Figure 4. Spatial distributions of dopant in the heterostructure after
dopant infusion. Curve 1 is the idealized distribution of dopant. Curves 2-4
are the real distributions of dopant for different values of annealing time. As
the number of curves increases, the annealing time increases.
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Figure 5. Spatial distributions of dopant in the heterostructure after ion
implantation. Curve 1 is the idealized distribution of dopant. Curves 2-4 are
the real distributions of dopant for varying values of annealing time. An
increasing number of curves corresponds to a longer annealing time.
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Figure 6. Dependence of dimensionless optimal annealing time for
diffusion doping, obtained by minimizing the 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 values of the
dopant diffusion coefficient in all parts of heterostructure. Curve 2 is the
dependence of dimensionless optimal annealing time on the value of
parameter & for a/L=1/2 and £ = y = 0. Curve 3 is the dependence of
dimensionless optimal annealing time on the value of parameter & for
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a/L=1/2 and £= y= 0. Curve 4 is the dependence of dimensionless optimal
annealing time on the value of parameter y for a/L=1/2and ¢= £=0
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Figure 7. Dependences of dimensionless optimal annealing time for
doping by ion implantation, obtained by minimizing the 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 values of the
dopant diffusion coefficient in all parts of the heterostructure. Curve 2 is the
dependence of dimensionless optimal annealing time on the value of
parameter & for a/L=1/2 and £ = y = 0. Curve 3 is the dependence of
dimensionless optimal annealing time on the value of parameter & for
a/L=1/2 and £= y= 0. Curve 4 is the dependence of dimensionless optimal
annealing time on the value of parameter y for a/L=1/2 and = £=0.

Next, we analyzed the influence of mechanical stress
relaxation on the distribution of dopant in the doped areas of
the heterostructure. Under the condition £<0, compression
of the dopant concentration distribution can be observed near
the interface between the materials of the heterostructure.
Conversely, fort £>0, spreading of the dopant concentration
distribution occurs in this area. This change in dopant
concentration can be at least partially compensated for by
using laser annealing. Laser annealing allows for the
acceleration of dopant diffusion and other processes in the
annealed area due to the inhomogeneous temperature
distribution and the Arrhenius law. Accounting for the
relaxation of mismatch-induced stress in the heterostructure
can lead to changes in the optimal annealing time.
Additionally, modifying the porosity can decrease the
mechanical stress. On the one hand, mismatch-induced stress
can be used to increase the density of elements in integrated
circuits. On the other hand, it can lead to a generation of
dislocations due to discrepancies. Figures 8 and 9 show the
distributions of vacancy concentration in porous materials
and the component of the displacement vector perpendicular
to the interface between layers of the heterostructure,
respectively.
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Figure 8. Normalized dependencies of the component u, of the
displacement vector on the coordinate z for nonporous (curve 1) and porous
(curve 2) epitaxial layers.
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Figure 9. Normalized dependencies of vacancy concentrations on
coordinate z in unstressed (curve 1) and stressed (curve 2) epitaxial layers.
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Figure 10. Spatial distributions of dopant in the system epitaxial layer -
substrate at the same value of annealing time. Solid lines are the analytical
calculation, while dashed lines are the numerical results. Curves 1-10
correspond to the normalized amplitude of variation of the dopant diffusion
coefficient D=Do[1+&g(x,T)], where Dy is the average value of the dopant
diffusion coefficient, 0<e<1, |g(x,T)|<1: &=0; &=0,1; ...; &=0,9; £&=0,999.
Curves 11 and 12 correspond to experimental data from Ref. [28] (at
£=0,62) and Ref. [29] (at £=0,84)

IV. CONCLUSION

In this paper we model the redistribution of infused and
implanted dopants, considering the relaxation mismatch-
induced stress during the manufacturing of field-effect
heterotransistors and heterodiodes within the framework of a
double  boost DC-DC converter. We  provide
recommendations for optimizing annealing to reduce the
dimensions of transistors and to increase their density. We
also offer suggestions to reduce mismatch-induced stress. An
analytical approach to model diffusion and ion doping that
considers the concurrent changing of parameters over space
and time has been introduced. This approach allows us to
consider the nonlinearity of the processes involved.
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