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ABSTRACT

The paper describes an approach for increasing of density of field-effect heterotransistors in a sense-
amplifier based flip-flop. To illustrate the approach, we consider manufacturing of an amplifier of
power in a heterostructure with specific configuration. One shall dope some specific areas of the
heterostructure by diffusion or ion implantation. After that, it should be done optimized annealing
of radiation defects and/or dopant. We introduce an approach for decreasing of stress between
layers of heterostructure. Furthermore, it has been considered an analytical approach for prognosis
of heat and mass transport in heterostructures, which can be take into account mismatch-induced
stress.

Key words: Broadband power amplifier, increasing of element integration rate, optimization of
manufacturing

INTRODUCTION

Now some electrical problems (to increase performance of solid-state electronic devices, to increase
their reliability, and to increase density of integrated circuits elements: Transistors and diodes) are
solving.!'* Increasing of performance could be obtained using materials, which have mobility of charge
carriers with higher values.l'" Increasing of density of elements of integrated circuits could be obtained
by optimized manufacturing of their elements in heterostructures with thin epitaxial layers.*>!""131 [n
this situation, dimensions of elements of integrated circuits will be decreased. Another approach to
decrease these dimensions is using microwave annealing and laser annealing of radiation defects and/
or dopants.l'*!8! In this paper, our aim is to formulate an approach to decrease dimensions of field-effect
heterotransistors framework a broadband amplifier of power [Figure 1] framework a heterostructure
with specific configuration (epitaxial layer/porous buffer layer/substrate and sections in the epitaxial
layer, and manufactured using another materials).

Method of solution

Now let us analyze distribution of concentration of dopant in space and time in heterostructure from
Figure 1. To determine the concentration, we solve the following second Fick’s law.!-2-2*]

9C(x,,z,t) i{DaC(x,y,z,t)}_ 0 {DGC(x,y,Z,t)}_ 0 {DaC(x,y,z,t)}_
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Figure 1: (a) Scheme of the amplifier, which considered in this paper.l'? (b) Considered heterostructure, which includes into
itself epitaxial layers, buffer layer, and substrate

Q—a —DV/,L t]C WtdW+
Slxyoz xy,
Jx kT g

3 [ D, K
Q@ k_TVS'ul(x v, z, t){C(x,y,W,t)dW +

(1)

d | Des 0 ,uz(x,y,z,t) + d | Des 0 ,uz(x,y,z,t) + d | Des 0 ;uz(xayazot)
dx|VkT d x o y|VkT dy dz|VkT dz

Conditions (initial and boundary) for this equation are following (these boundary conditions correspond
to absents of dopant flow through external boundary of heterostructure; and the initial condition
corresponds to distribution of dopant before starting of annealing).
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ac(xayazﬂt) aC('x’y’Z’t) aC(x,y,Z,t)

IS8 _g, /222 2o, T2 20, Cxyz 0)=f(x.y.2),
ox . dx . dy =0 Gy Oty

0C(ryzt)l  _ o 9C(eyz)| _, 9CGerzy) o (1)
a y x=L, ’ a z z=0 ’ a z x=L,

Function C(x,y,z,f) describes distribution of concentration of dopant in space and time; parameter
L

mean volume of atom of dopant; symbol V_mean surficial gradient operator; function J. C (X, Y.z, )d z

describes dopant surficial concentration on interface between layers of heterostructure (we consider:
Z-axis is perpendicular to interface between heterostructure’s layers); functions p (x,y,z,f) and p,(x,y,z,f)
describe distributions of chemical potentials in space and their dependences on temperature: p (x,y,z,f)
accounting mismatch-induced stress in layers of heterostructure, p (x,y,z,f) accounting porosity of
material, functions D(x,y,z,T) and D((x,y,z,T) describe distributions of coefficients of volumetric
and surficial diffusions in space and their dependences on temperature. We used recently described
approximations of dopant diffusions coefficients.**26!

c’ (x, ¥V, Z,t) V(x, v, z,t) V? (x, v, z,t)
DC:DL(x’y’Z’T)|:1+£m:| 1+g1 V* +G, (V*)2 ,
c’ (x,y,z,t) V(x,y,z,t) v? (x,y,z,t)
D =Dy, (X,y,z,T){Hésm} Ot (V*)z ()

Functions D (x,y,z,T) and D, (x,y,z,T) describe dependences of dopant diffusion coefficients on
coordinate and temperature; parameter 7 describes temperature of annealing; function P(x,y,z,T)
describes dependence of solubility of dopant on coordinate and temperature; value of parameter y will
be changed with changing of properties of materials and will be integer usually in the following interval
ye;32 function V(x,y,z,t) describes distribution of radiation vacancies concentration in space and time
with equilibrium distribution J*. Distributions of point radiation defects concentration in space and time
have been determined solutions of the following system of equations. 22325261

8](x,y,z,t): 0 Dl(x,y,z,T)al(x’y’Z’t) N 0 D,(x,y,z,T)aI(x’y’Z’t) N
dt d x dx dy dy
ai{Dl (x,y,z,T)M}—k” (x,y,Z,T) I? (x,y,z,t)—kl’,, (x,y,Z,T) X
z z

LZ
I(x,y,z,t)V(x,y,Z,t)+Qi{&vsu (x,y,z,t)J.I(x,y,W,t)dW}+

ox| kT g
0 +i
0x

Q_
dy

LZ
[&Vs,u (x,y,z,t)J.I(x,y,W,t)dW}

D[S a.uz (xayazat) +
kT )

VkT 0x
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0 {DIS ou, (x,y,z,t)}_ 0 [DIS ou, (x,y,z,t)}

WwIkT oy | kT 0z Q)
—8V(x,y,z,t):i DV(x,y,Z,T)—aV(x’y’Z’t) +i DV(X,y,Z,T)—aV(x’y’Z’t) +

ot dx dx dy dy
i[DV (x,y,Z,T)M}—kw(x,y,z,T) Vz(x,y,z,t)—k”(x,y,z,T)><
dz dz : :
I(x,y,z,t)V(x,y,z,t)+£2i DVSV u (x,y,z,t)]iV(x,y,W,t)dW +

ox| kT ° .
Qi Dis g u(x,y,z I)TV(x v, t)dW +i Dys ot (x.y.2.1) +
oy| kT ° e R ox | VkT ox

i Dys a,uz(x,y,z,t) +i Dy 0o u, (X,y,z,t)
dy | VkT dy oz | VkT 0z
Initial and boundary conditions for Eq. (3) could be written as
a [(x)y)z)t) ~0 8 I(X,y,Z,f) ~0 a I(X,y,ZJ) =0

0 x o - 0 x . ' dy o '
(9 ](xayazat) =0 8 ](x,y,Z,t) ~0 a I(xayazat) -0

dy v1, ’ dz i - 0z ., '
oV (x,y,z,t) o V(x,y,z,t) dV(x,y,z,t)
— 7 =0, —— =0,——————F =0, 4

0x o dx L dy o (4)
9 V s Vs ,t (9 V s Vs 7t
Wlerz) g Vlrat) o OVrz) g

y y-1, 0z i dz L

2lw
(x3.2), Vx.y,z,0)=f (xy,z), V(x +V,t,y +V t,z, +V t,t)=V_ | 1+
Sy Veeyz 0 p2), V(5 + V60 +V,02 4V 01) P

Function [(x,y,z,t) describes distribution of concentration of radiation interstitials (equilibrium
dlstrlbutlon I*) in space and tlme; functlons‘Dl()‘c,y,z,‘T), DV(x,y,;,T), DIS(x,y,z,T'), and l‘)VS(x,y‘,z‘,T)
describe dependences of volumetric and surficial diffusions coefficients of vacancies and interstitials
on coordinates and temperature; terms /*(x,y,z,f) and V*(x,y,z,t) describe generation di-interstitials
and divacancies (e.g., Vinetskiy and Kholodar’® and appropriate references in this book); functions
k[’V x,y,z,T), k‘” ‘x,y,z,T), and kV’V x,,z,T) Flescrlbe aqalogous dependences of parameters of recombination
of point radiation defects and generation of their simplest complexes; parameter k corresponds to
Boltzmann constant; parameter o is equal to @, where a describes interatomic distance; parameter ¢
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describes specific surface energy. To take into account the porosity of buffer layers we assume, that

porous are approximately cylindrical with average values 7 =/x +y and z, before annealing.”*! With
time small pores will decompose on vacancies. These vacancies will be absorbed by larger pores.©*”
With the time volume of large pores decreasing due to absorbing these vacancies and became more
spherical .’ Distribution of concentration of vacancies in heterostructure, existing due to porosity, could
be determined by summing on all pores, i.e.,

I m
V(x,y,z,t)=22 v, (x+ioc,y+jﬁ,z+k)(,t)’ R=\x*+y*+2°

Parameters a, B, and  describe average distances between centers of pores in directions x, y, and z,
respectively, parameters /, m, and n are the quantities of pores in appropriate directions.

Distributions of di-interstitials @ (x,y,z,f) and divacancies ® (x,y,z,f) in space and time have been
calculated as solutions of the system of equations, which were presented below.!>%¢]

0 d),(x,y,z,t):i (9(I),(x,y,z,t) +i D, (x,y’Z,T)c?(I),(x,y,z,t) N
dt dx dx dy|

{Dq,[ (x,y,z,T)

0 dD, (x,y,z,t 0 | Do, I
E[D‘DI (x,y,z,T)%}'Qa{ I:)TS Vi, (x,y,z,t).([d), (x,y,W,t)dW}+

d

Q_
dy

D L
|: kq;[vs vS'ul (x,y,z,t)J.CI)I (xoyaW,t)dW:|+k1,1 ()C,)/,Z,T)I2 (x,y,z,t)+
0

i Dy, B,uz(x,y,z,t) +i Dy auz(x,y,z,t) +i Dy auz(x,y,z,t) N
ox| VkT ox Oy|VkT dy 0z| VkT 0z

k, (x, v, z,T)I(x,y, z,t) (5)

Jd o, (x,y,z,t) _d

=—/|D T

oD, (x,y,z,t %
%}'_{D% (x,y,Z,T)

20, (x,y,z,t) N
dy

dy

0 a0, (x,y,z,t 0 | Dy, I
Z[D‘DV (x,y,z,T)%}'Qal: I:)TS " (x,y,z,t).([d)y (x,y,W,t)dW:|+

D L
|: kq);_'S VS:LLI (xayazat)J.q)V (-xayaW,t)dW:|+kV’V (X,y’Z,T)VZ (x,y,Z,t)-l-
0

0
dy

i DCDVS a:uz(xay’zat) +i DCDVS aﬂz(xay,Z,f) +i DCDVS a‘uz(x,y,Z,l) +
ox|VkT dx oy|VkT dy 0z| VkT dz

k, (x,y,z,T)V(x,y,z,t).
Initial and boundary conditions for above equations takes the form

Jd o, (x,y,z,t)| ~0 0 I(x,y,z,t) o 1% I(x,y,z,i)

dx ‘ B dx - (9]

x=0

ZO;

»)y=()

x=L,

AJMS/Jan-Mar-2020/Vol 4/Issue 1 19



Pankratov: On optimization of manufacturing of a sense-amplifier based flip-flop

J (I)I (x,y,z,t)| 0. % (I)I (X,y,Z,t) -0, J (I)I (x,y,z,l‘)| =0,

a y ‘y:Ly a z z=0 8 z z=L,
J o, (x,y,z,t) 0o Jd o, (x,y,z,t) o J o, (x,y,z,t)| o

J x » Jx . Iy | (6)
Jd D, (x,y,z,t) ~0 Jd D, (x,y,z,t)| ~0 J o, (x,],g,t) -0

a y y=L, , a z z=0 ’ a < =L, ’

D,(x,3,2,0)=¢4,(x.,2), P (x,,2,0)=0y (x.3,2).

Functions D (x.y,z,T), D, (x.y,2,T), D, (x,y,z,T), and D (x,y,z,T) describe dependences of surficial
and volumetric diffusions of complexes of radiation defects on coordinate ant temperature; functions
k(x,y,z,T) and k (x,y,z,T) describe analogous dependences of parameters of decay of the above complexes.

We determined chemical potential i, by the following relation.*
u,=E(z) Ws, [ uij(x, y,Zt) +uji(x, y,z,1)]/2. (7

Function E(z) describes spatial dependences of Young modulus; value S; describes tensor of stress; value
1 aui au/’ . . . .
u; = 5 g + g describes tensor of deformation; values u, and u, describe the displacement vector
J i '
u (x, v, z,t) components u (x,y,z,7), uy(x,y,z,t), and u_(x,y,2,0); x, X, are the coordinate x, y, z. The Eq. (3)
could be transform to the following form '

aui(xayazat) auj (x9y9Z9t) 1 aui(X,y,Zat) au/‘ (-xayazot)
sV 9t = ~ . -
(v ,2.0) { dx, * ox, 2 ox, ¥ ox,

J i

o(z)6, | du, (x,y,z,t Q

€0, + 1_(20)_ (;)[ k (an ) _380}—K(z)ﬁ (Z)[T(x,y,z,t)—TO] 5:/}3[?(2)

Value o describes value of coefficient of Poisson; value ¢, = (a-a,,)/a,, describes value of mismatch
parameter, where parameters @, a,, describes value of lattice distances in the considered substrate and
the epitaxial layer, respectively; parameter K describes value of the uniform compression modulus;
parameter 3 describes value of thermal expansion coefficient; parameter 7 describes value of equilibrium
temperature, which we consider as room temperature. We consider components of displacement vector

as solutions of the following equations.!!

azux X, V, ,t aGm X, V, ,t ao-x x’yazat anz X, Y, at
o (z) (zyz): (yz)+ y( )+ (x.p.2.1)
ot 0x dy dz

o u,(x,y,2,1) _ 90, (x,y,2,1) N 00, (x,y,2,1) .\ 00 . (x,,2,1)

p e 5, dx dy 3z

2

a b b 9
, (Z)a u, (x,zy,z,t) _ do._, (x,y,z,t)+ o, (x,y,z t)+ do_. (x,y,z,t).
ot dx dy 0z
i a i\ A Ve 4 5

Here 0, = E(z) I (x,,2,1) + “ (2.2 t)—lauk (x.y.2,1) +K(z)8, %

’ 2|:1+0'(z):| dx; dx, 3 dx, ’
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0 t
%— B(z)K (z)[ T (x,y,2,t)~T, ], where function p(z) describes the density of materials of
k

heterostructure and parameter, Sij describes symbol of Kronecker. Accounting of the relation for s, in the
last system of the equation leads to the following relation ‘

o(2) 0 u, (x,,2,t) _ {K (=) 5E(z) } u, (x,,z,1) N {K (<) E(z) }x

97’ To[lro(n)][ o 3[1+0(z2)]

82uy (x,y,z,t) N E(z) |:82uy (x, ¥, z,t) s 0’u, (x,y,z,t)}{K (z) E(z) }(

0x9y 2[1+0(z)] 9y’ 0z +3[1+a(z)]
0’u, (x, v, z,t) _ BT(x,y,z,t)
0x0z K(z)ﬁ(z) dx

( ) 9* u, (x,y,z,t) E(z) azuy (x,y, Z,t) . 0’u, (x,y,z,t) 8T(x, v, Z,t) o
z = _
p or’ 2[1+0'(z)] 0x’ 0x0dy 0y

0 E(Z) du, (x,y,2,1) Ou, (x, ,z,t) azuy (x,,2,1)
K(Z)ﬁ(zﬂﬁ{z[ua(z)]{ 0z a; }}+ 0y ®)

{ 5E(z) ] s K(z)} N {K (2) E(z) } 82uy (x,,2,1) LK () 82uy (x,,2,1)

12[1+0 (z) 6[1+o(z)]|  9yo: Ix0y

p (z) 0" u, (x,y,z,t) _ E(Z) o’u, (x,y,z,t) N 0’u, (x, v, z,t) N 0’u, (x,y, z,t) N
or’ 2[1+G(z)] 0x’ 0y’ 0x0z

dydz 0z dx dy dz

li E(z) 68uz(x,y,z,t)_aux(x,y,z,t)_auy(X,y,Z,t)_auz(x,y,z,t) _
60z |1+0(z) dz dx oy dz
aT(x,y,z,t)'

K(2)B ()2

Conditions for the above equations take the form

0ii(0.y,2,1) _ ii(Loyzt) _, dii(x0.z0) O.aa(x,Ly,z,z)_

2 b - b

dx dx dy dy

Oa(620) o QHEILA) o (2 0)=,: 1 (x,p200) =i

dz ’ dz
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We calculate dopant and radiation defects concentration distribution in space and time by the solution
of the Egs. (1), (3), and (5) using the standard method of averaging of function corrections.??®! First of
all, we transform the Egs. (1), (3), and (5) to the following form with accounting initial conditions of the
above concentrations

BC(x,y,z,t):i{DaC(x,y,z,t)} 0 {DE)C(x,y,z,t)}_i{D8C(x,y,z,t)}_

ot dx dx dy 9y dz 9z

3y (1)

+

_|_f(x y,Z)5(1)+ { cS % H, (x,y,z,t)}_ J |:DCS J ‘Ltz(x,y,z,t)

VkT dy dz|VkT d z

9 [ Des 9wy (x,y,2,t d | Dy s |
8Z|:I7;ST ‘uz(azy ):|+an|: Vi (x, 3,2, t)fC(x,y,W,t)dW +

0

a9 9 {DS Vit (x, 5,2, t)].C(x,y,z,t)dW}
ay| kT 0

d I(x,y,z,t) 0
dt  dx

[D[ (x’y,Z’T)ﬁI(x,y,z,t)}+ d

D T
ax ay|: I('x’yaza )

8I(x,y,z,t)}+

dy

L,

:|+Q J I:f; Vi, (x V,z, t)J‘](x,y,W,t)dW:|+
0

d

E|:D, (X,y,Z,T)

8I(x,y,z,t)
0z

o|D r
Q BV (x,p,2,0) [ 1(x, 9, W,1) dW} k,, (x,3,2,T) I (x,y,2,t)—
ay|:kT st _([ 1.1

k,, (x, v, Z,T)I(x,y,z,t)V(x,y, Z,t) + f; (x,y, 2)5 (t) (3a)

0 V(x,y,z,t)_ 0
ot 9 x

|:DV(x7y5ZJT)aV(x,y’Z’t):| a

AV (x,y,z,t
Epe +ay{DV(x,y,z,T)¥}—

dy

d

—{DV (x, v, z,T)

dz

(9V(x,y,z,t) 0
— |+ Q—
dz }_ 0x

D L.
{ VSVS,ulxy,zt_[V xy,WtdW}
0

L
Qai{f; Vi (3,2, t)fl(x,y,W,t)dW}kv,V (. 3,2.T) 1 (x,y,2,) -

0

k;, (x, v, Z,T)I(x,y,z,t)V(x,y,z,t) + 1, (x, y,z)5 (t)

Jd o, (x,y,z,t) 0 20, (x,y,z,t) 0 P, (x,y,z,t)
A RALLLI S ) v B A RALLLYN G ) )25l
J1 3| Do (02,2 T) == |+ 50| Do, (30,2 1) =222 |+
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0 dD,(x,y,z,t 0 | Do, r
Z[Dﬂh (x,y,z,T)%}‘Qa{ kq)TS " (x,y,z,t)_([q), (x,y,W,t)d W}+

D, I
Qaa |: (I)[ StLtl(x y:Z t)J.®1 (xayaW,t)dW:|+kl (x’y’Z’T)I(x’y’Z’t)+
y 0

a |: [P\ a‘uz(x Y.z, Z‘):| a |:D<D,S a.u’2(xayazat):|+ a |: D8 auz('x Y.z, t):|

ox|VkT ox oy| VkT dy oz| VkT 0z
k,, (x, v, z,T)I2 (x, ¥, z,t)+f¢1 (x, y,z)5 (t) (5a)
J q)V(x’y’Z’t):i D, (x,y,z,T)—a(DV (x:2.1) +i D, (x,y,z,T)—acDV(x’y’Z’t) +

ot dx ’ dx dy ’ dy

d oD, (x,y,2,1 o|D I
Z{D‘DV (X,y,Z,T)%}‘Qa[ kq)s S‘u1 X, V,2,t ‘([(I)V X, v, Wt dW:l

D L
Qaa |: (DI VSI’L] (x yaz t)_|.¢](x7yJW’t)dW:|+kV(x’yazJT)V(xayaz,t)'l'
h% 0

i DII)VS auz(xayazat) +i D<I>VS auz(xayazat) +i DCIDVS aluz(xayazat) +
ox|VkT 0x oy|VkT ay 0z| VkT dz

k,, (x,y,z,T) V2 (x,y,z,t)+f®V (x,y,z)5 (t)

Now we consider not yet known average values a, instead of radiation defects and dopant concentrations
in right sides of Egs. (1a), (3a), and (5a). The replacement gives a possibility to obtain equations for the
first-order approximations of the required concentrations in the following form

aC X,y,ZJ 8 D a D
%:Oﬁcga[zk—;vslh (x,y,Z,l‘)}+alcQ${zk—;VS,ul (x,y,z,t)}+
D D

fC(X,y,Z)S(t)-F 8 _CS 8 “2 (x,yaZ,f) + 8 _CS a ,urz(x,y,Z,t) +

dx|\VkT d x 0 ¥ VkT P y
9 | Des 9, (x,9,2,1) (1b)
dz|VkT dz
(9] X,y,Z,Z 8 D a D
%za”zga{k—;v&u (x’y’z’t)}'allga{z T >V (x, 9,2, t)}

i DIS anuz(xvy’zvt) +i DIS a;uz(xayazat) +i DIS aluz(x:yvz:t) +
ox| VkT 0x oy| VkT 0y 0z| VkT 0z
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fi (x,y,z)5 (t)_alzlkl,l (x’y’Z’T)_allalel,V (x,y,Z,T) (3b)

dV (x,y,z,t olD 5T D
%:alﬂga{k—;ﬁvs.% (x,yaz,t)}+oc”,§2$[zk—;fvs,ul (x,y,z,t)]p

i DVS auz(xayazat) +i DVS auz(xayazat) +i DVS aluz(xayazat) +
ox|VkT 0x oy|VkT ay 0z| VkT dz

1y (x,3,2)8 (t)—alk, , (x,y,2,T)-o,0,,k, , (x,y,2,T)

8 q)ll (x’yazat)
dt
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Integration of the left and right sides of the Egs. (1), (3b), and (5b) on time gives us the possibility to
obtain relations for above approximation in this form
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Following standard relation gives a possibility to calculate average values of the first-order approximations

of dopant and radiation defects concentrations.!®!
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Substitution of the above first-order approximations into relation Egs. (9) leads to the following results
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L. L, L,

Here R, IQ tJ.J.J.k (x,3,2, 7)1} (x,9,2,t) dzd yd xdt

000
Now, we calculate approximations with the second and higher (n-th) orders of considered concentrations

using the method of averaging of function corrections in the classical form.!*® The considered procedure
leads to the replacement of considered concentrations on the right sides of Egs. (1¢), (3¢), and (5¢) on the
following sum o, +p  (x,y,z,). In this situation, one can obtain the following equations for the second-
order approximations of the above concentrations
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The above equations could be solved by the integration of both sides of the above equations on time.
After this integration one can be obtained
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The next standard relation gives a possibility to calculate average values of the second-order
approximations of the above concentrations.*®
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Substitution of the second-order approximations of the considered concentrations into relation Egs. (10)
gives a possibility to obtain relations for required average values o,
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Now, we calculate solutions of Egs. (8) by the same method of averaging function corrections. Equations
for the first-order approximations of the considered components could be written as
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The solution of the above equations could be obtained by integration both their sides. Result of this
integration takes the form
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Equations for the second-order approximations of displacement vector components could be obtained
framework standard procedure of the method of averaging of function corrections™ and could be
written as
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Integration of the left and right sides of the above relations on time ¢ leads to the following result
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In this paper, we calculate distributions of concentration of dopant and radiation defects in space and
time using the second-order approximation framework method of averaging of function corrections.
We also calculate distributions of components of displacement vector in space and time framework the
same approximation. Usually, the second-order approximation is enough good approximation to obtain
some quantitative results and to make the qualitative analysis. All obtained results have been checked by
comparison with the results of numerical simulations.

DISCUSSION

Now, we will be analyzing the redistributions of radiation defects and dopant during annealing. In
this situation, we take into account the influence of modification of porosity and mismatch-induced
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stress on the redistribution of radiation defects and dopant. We present several spatial distributions
of concentrations of dopant in heterostructures, as shown in Figures 2 and 3. Figure 2 corresponds to
the diffusion type of doping. Figure 3 corresponds to ion type of doping. All distributions of dopant
correspond to the larger value of dopant diffusion coefficient in comparison with the nearest areas. One
can find that inhomogeneity of heterostructure leads to increasing homogeneity of dopant in the doped
area of the epitaxial layer. However, it should be noted that optimization of annealing of dopant and/or
radiation defects required to obtain a compromise between increasing of homogeneity of distribution of
concentration of dopant in the required area and increasing.

159 A
1.0 4
<
0.5 4
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()() T T T T 1
0 L/4 L2 3L/4 L
v

Figure 2: Spatial distributions of infused dopant concentration in the considered heterostructure in the perpendicular direction
to interface between epitaxial layer and substrate. The larger number of curves corresponds to the larger difference between
values of dopant diffusion coefficient in the heterostructure. Value of dopant diffusion coefficient in the substrate is smaller,
than the value of dopant diffusion coefficient in the epitaxial layer
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Figure 3: Spatial distributions of implanted dopant concentration in the considered heterostructure in the perpendicular
direction to interface between epitaxial layer and substrate. Curves 1 and 3 were calculated for time of annealing
©=0.0043(L, 2+L +L?)/D,. Curves 2 and 4 were calculated for time of annealing ® = 0.0057(L 2+L +L?)/D,. Curves 1 and 2
were calculated for homogenous samples. Curves 3 and 4 were calculated for heterostructure for the case, when the diffusion
coefficient of dopant in the substrate is smaller than the diffusion coefficient of dopant in the epitaxial layer
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to determine the compromise value of annealing time. Here, y(x,y,z) is the considered step-wise
approximation function [Figure 5]. Figures 6 (for diffusion type of doping) and 7 (for ion type of doping)
show optimal annealing times as functions of several parameters. It is known that anneal radiation defects
after ion implantation should be done. Spatial distributions of dopant will spread during this annealing.

O e

[C(x,y,z,@)—l//(x,y,z)] dzdydx

C(x,0)

~—

0 L

X

Figure 4: Spatial distributions of concentration of the infused dopant in the considered heterostructure. Curve 1 shows
idealized dopant distribution (step-wise function). Curves 2—4 show real dopant distributions at the different continuance of
annealing. The larger value of the number of curves mean larger value of continuance of annealing
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Figure 5: Spatial distributions of concentration of the implanted dopant in the considered heterostructure. Curve 1 shows
idealized dopant distribution (step-wise function). Curves 2—4 show real dopant distributions at the different continuance
of annealing. Larger value of the number of the curve means larger value of continuance of annealing sharpness of this
distribution after this area. To obtain this compromise, we used recently introduced criterion.*3" To use this criterion, one
shall approximate real spatial distribution of dopant concentration by required step-wise function (Figure 4 for diffusion type
of doping and 5 for ion type of doping). After that, one shall minimize the mean-squared error
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The dopant should achieve the required interface between layers of heterostructure during the annealing.
If dopant cannot achieve during the radiation defects annealing, it is attracted an interest additional
annealing of the dopant. In this situation, one can find the smaller value of implanted dopant annealing
time in comparison with annealing time of infused dopant.

Now, we consider the influence of variation of miss-match induced stress on the dopant concentration
distribution in the considered heterostructure. At ¢ <0, a compression of dopant concentration distribution
could be found near the interface between layers of the heterostructure. On the other hand (at e >0), the
spreading of the distribution could be found. The variation of distribution could be partially decreased
by laser annealing®” due to the acceleration of dopant diffusion during this procedure. Mismatch-

0.5 1
_23/
0.4 - 4
&’ e
o 0.3

®D,L

0.1

0.0 g T ' T v T d T ' 1

0.0 0.1 0.2 0.3 0.4 0.5
a’L, € &,y

Figure 6: Dimensionless optimal annealing time of infused dopant as functions of several parameters. Curve 1 describes
dependence of the annealing time on a/L at § =y = 0 in homogenous material. Curve 2 describes dependence of the annealing
time on € at a/L=1/2 and § =y = 0. Curve 3 describes dependence of the annealing time on & at a/L =1/2 and € =y = 0. Curve
4 describes dependence of the annealing time on y at a/L=1/2 and e =& =0
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Figure 7: Dimensionless optimal annealing time of infused dopant as functions of several parameters. Curve 1 describes
dependence of the annealing time on a/L at & =y = 0 in homogenous material. Curve 2 describes dependence of the annealing
time on € at a/L=1/2 and & =y = 0. Curve 3 describes dependence of the annealing time on & at a/L =1/2 and ¢ =y = 0. Curve
4 describes dependence of the annealing time ony at a/L=1/2 and e = =0

AJMS/Jan-Mar-2020/Vol 4/Issue 1 38



Pankratov: On optimization of manufacturing of a sense-amplifier based flip-flop

1.0

0.8 —

0.6 —

0.4 —

0.0 T
0.0 a
Z

Figure 8: Dependences of the normalized component of displacement vector on coordinate, which is perpendicular to the
interface between layers of the heterostructure. Curve 1 corresponds to nonporous material. Curve 2 corresponds to porous
material

0.4 -

0.0

0.0 = a

Figure 9: Dependences of normalized vacancy concentrations on coordinate, which is perpendicular to the interface between
layers of the heterostructure. Curve 1 corresponds to nonporous material. Curve 2 corresponds to porous material

induced stress in heterostructure leads to changing of value of optimal annealing time. At the same time,
modification of porosity leads to decrease the value of mechanical stress. On the one hand, mismatch-
induced stress could be used to increase the density of elements of integrated circuits. At the same time,
the stress could leads to generation dislocations of the discrepancy. Figures 8 and 9 show vacancies
concentration distributions in porous materials and component of the displacement vector, which are
perpendicular to the interface between layers of the heterostructure.

CONCLUSION

We analyzed the redistribution of implanted and infused dopants in a heterostructure with porous layer
to manufacturing field-effect heterotransistors framework in a sense-amplifier based flip-flop. We also
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analyzed the influence of relaxation mismatch-induced stress on the above redistribution. We obtain
several recommendations to optimize annealing for decreasing dimensions of transistors and to increase
their density framework integrated circuits. We also formulate conditions for decreasing mismatch-
induced stress. An analytical approach to solve considered boundary problems with account nonlinearity
of processes and changing of parameters in space and time has been introduced.
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