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Optimization of manufacturing of a two-stage rectifier
to increase density of elements

EL Pankratov

Abstract

In this paper we introduce an approach to increase density of field-effect transistors in the framework of
two-stage rectifier. In the framework of the approach we consider manufacturing the inverter in a
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 in the
framework of optimized scheme.

Keywords: Two-stage rectifier, optimization of manufacturing, analytical approach for prognosis

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) are intensively solving.
At the same time with increasing of density of elements of integrated circuits their dimensions
should be decreased. One way to decrease dimensions of these elements is manufacturing
integrated circuits in thin films heterostructures 4. In this case it could be used
inhomogeneity (layering) of heterostructures. An alternative approach to decrease dimensions
of elements of integrated circuits using laser or microwave types of annealing 71, Using these
types of annealing leads to generation inhomogenous distribution of temperature. In this
situation one can find inhomogeneity of diffusion coefficient and another parameters of
processes due to Arrhenius law. The inhomogeneity of these parameters gives a possibility to
decrease dimensions of elements of integrated circuits. It should be noted, that radiation
processing of doped materials also leads to changing their properties & 9,

In this paper we consider manufacturing two-stage rectifier 1%, Framework the manufacturing
we consider a heterostructure, which consist of a substrate and an 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 sources, drains and gates (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 amplifier and at the
same time to increase their density.
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Fig 1: Structure of rectifier. View from top

Method of Solution
We determine spatio-temporal distribution of concentration of dopant by solving the following boundary problem

aC(x,y,zt) _
at -
_ 0 ac(x,y,zt) L ac(x,y,zt) L aC(x,y,z,t)
T aex [DC dx ] + acy [DC ay ] + 0oz [DC 0z ] (1)
with boundary and initial conditions
ac(x,y,zt) ac(x,y,zt) aC(x,y,zt)
- . = 01 - . = 01 - . = 01 2
ox x=0 dox x=Ly dy |y=0 ( )
aC(x,y,z,t) =0, aC(x,y,zt) =0, aC(x,y,z,t) =0.C (X,y,Z,0)=f (X,y,Z).
6y x:Ly 0z z=0 0z x=Ly,

Here C(x,y,z,t) is the spatio-temporal distribution of concentration of dopant; T is the temperature of annealing; D¢ is the dopant
diffusion coefficient. Value of dopant diffusion coefficient depends on properties of materials, speed of heating and cooling of
heterostructure (with account Arrhenius law). Dependences of dopant diffusion coefficients could be approximated by the
following function [ 11,12,

V(x,.z,t) VZ(x,y.2t)

CY(xy.zt)
22D [1 4, 220 4 o 3)

PY(x,y,2,T)

De=Dy(x,y,zT)[1+¢§

where Dy (x,y,z,T) is the spatial (due to existing several layers wit different properties in heterostructure) and temperature (due to
Arrhenius law) dependences of dopant diffusion coefficient; P (x,y,z,T) is the limit of solubility of dopant; parameter » could be
integer framework the following interval y e [ 31; V (x,y,z,t) is the spatio- temporal distribution of concentration of radiation
vacancies; V" is the equilibrium distribution of concentration of vacancies. Concentrational dependence of dopant diffusion
coefficient have been discussed in details in ', It should be noted, that using diffusion type of doping did not leads to generation
radiation defects and 1= &= 0. We determine spatio-temporal distributions of concentrations of point defects have been
determine by solving the following system of equations [ 21,

A(xyzt) _
a

a aI(x,y,z,t) a AI(x,y.z,t)

E[Dl(x'ny!T) xal;z ]+£[Dl(x;Y:Z,T) J;J;,Z ]+
0 l(x,y.z,t)

+£ [D,(x, v,2,T) %] —kiy(,y,2DI(x,y,2,t)V(x,y,z2t) —

_kI,I(x:y! Z, T)Iz(x'y' Z, t) (4)

v(xyzt) _
at

a v (x,y,zt) a v (x,y,zt)

P [Dv(x' y,zT) T] t3 [DV(x, v,2,T) T] +
+ % [DV x,v,2,T) —av(ﬁz'z't)] —kiy(,y,2,T)I(x,y,2,t)V(x,y,2t) —
_kV,V(x! Y,z T)VZ (xl Y, z, t)
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with boundary and initial conditions

dp(x.y.zt) =0, Op(xy.z,t) =0, 9p(x,y.z,t) =0, dp(x,y,z,t) =0,
ox x=0 ox x=Ly dy y=0 dy y=Ly

PEIID| =0, PEER] = 0,p (xy.20)= (xy.2). ©)
0z z=0 0z z=L,

Here p =1V; | (x,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials; Dy(x,y,z,T) is the diffusion
coefficients of radiation interstitials and vacancies; terms V2(x,y,z,t) and I1?(x,y,z,t) correspond to generation of divacancies and
diinterstitials; ki v(x,y,z,T) is the parameter of recombination of point radiation defects; ky,.(x,y,z,T) are the parameters of
generation of simplest complexes of point radiation defects.

We determine spatio-temporal distributions of concentrations of divacancies @y (x, y,z,t) and diinterstitials @ (x,y,z,t) by solving
the following system of equations 1% 12,

0Pi(xy,zt) _ 9 0D1(x,y,z,t) K 0P;(x,y,z,t)
at T ox [Dq),(x, y.2,T) ax ] + ay [Dd’l(x’ »2T) dy ] +
d 9P (x,y.z,t)
+£ [D@(x,y,z, T) %] + kI,I(x:y:Z; T)Iz(x;y.z: t) - kI(x:Y» Z, T)I(x:y'z' t) (6)
0dy(x,y,zt) _ 0 0Py (x,y,z,t) a 0Dy (x,y,2,t)
— T [Dq,v(x, v,2,T) — ] + 7y [Dq,v (x,v,2,T) — ] +

+ % [Dq;v x,y,27T) W] +kyy(x,y, 2, TIV2(x,y,2,t) — ky(x,y,2, THV(x,y,2,t)

with boundary and initial conditions

0P, (x,y,2t) _n 00p(xy,z0) _n 0Pp(xyz0) _
a =0, a =0, F) =0,
X x=0 X x=Ly y y=0
0<I>p(x.y,z,t)| -0 00, (x,y,zt) 0 00, (x,y,2,t) -0
dy y=Ly l 0z z=0 l 0z z=L, '

()
)] (X,y,Z,O):f@ (X,y,Z), Dy (X,y,Z,O):fzpv (X,y,Z).

Here Day(x,y,2,T) are the diffusion coefficients of complexes of radiation defects; ky(x,y,z,T) are the parameters of decay of
complexes of radiation defects.

We determine spatio-temporal distributions of concentrations of dopant and radiation defects by using method of averaging of
function corrections [*31 with decreased quantity of iteration steps [*4l. Framework the approach we used solutions of Egs. (1), (4)
and (6) in linear form and with averaged values of diffusion coefficients Dor, Do, Dov, Doal, Doav as initial-order approximations
of the required concentrations. The solutions could be written as

F 2 o
Ci(x,y,2,t) = LxLOyCLz + Lyl Y=t FrcCn () () cn(2) enc (t),

For 2
+.
LyLyLz; = LyLyLg,

I (X, Y, Z, t) = Z:{Ll Fnlcn(x)cn(y)cn(z)enl(t)x

F 2 v
Vi(x,y,2,t) = LxLO;Lz + Ly Ly Y=t Fuccn () (V) cn(2)eny (¢),

Foo 2
L+
LylyL, = LyLyL,

CDIl (X, Yz, t) = Z;?:l Fn<1>ICn(x)cn(y)cn(z)en¢1(t)1

Foo 2
(DVl(x,y, Zz, t) =—>

LyLyL; = LyLyLy

Z;.L():l Fntbvcn(x)cn(y)cn(z)enCDV(t):

Ly L Ly
where e, (t) = exp [—nZnZDopt ($+$+é)], Fypp = [, en@) [,7 ca@) [, * cn(0)f, (u, v, w)dwdvdu, ca() = cos (z n
ZJLZ)'
The second-order approximations and approximations with higher orders of concentrations of dopant and radiation defects we

determine framework standard iterative procedure [ 4, Framework this procedure to calculate approximations with the n-order
one shall replace the functions C(x,y,z,t), 1(x,y,z,t), V(x,y,z,t), @(x,y,z,t), Dv(X,y, z,t) in the right sides of the Egs. (1), (4) and (6) on
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the following sums anptp n1(X,Y,z, t). As an example we present equations for the second-order approximations of the considered

concentrations

aC(x,y,2,t) a V(x,y,z,t) V2(x,y,zt) [azc+Ci(x,y,2,6)]Y
2220 — (146 TR 4, L2 {1 4 g L }x

at T oex PY(x,y,2,T)
0Cy(x,y,2,t) ] V(x,y,zt) V2(x,y,zt)
X Dy(x,y,2,T) IT) +35 (DL (x,y,2T) [1 toa— Tt e

[azc+C1(x,y,2,6)]Y) 9C1(x,y,2,t) Ka 9C1(x,y,2,t)
X {1 +< PY(x,y,2,T) } oy ) + 9oz (DL (x' Y,z T) 0z X

V(xyzt)
=

VZ(x,yzt) {1 +f[azc+C1(x,y,z,t)]y})

X [1 T4 (V)2 PY(x,,2,T)

+ ¢

O (xyzt) _ 0 0l (x,y,z,t) 0 011 (x,y,z,t)
at _ax[DI(x'yerT) ax ]+ay[D1(x,y;Z,T) dy ]+

7] aI1(x,y.z,
+ 2 DGy, 2, 1Y E2ED] ke (2, Tty + 1 (3,9, 2, O]ty + Vi G, 2,)] —

_kI,I(xl y} z, T)[aZI + Il(x' y, Zz, t)]z

WV (xyz,t) _

a vy (x,y,z,t) a Vi (x,y,z,t)
o p [DV(x, v,2,T) e ] + > [Dv(x, v,2,T) 0y ] +

9 Vi (xy.zt)
+£ [DV(x'yJ Z, T) %:I - kl,V(x:y, Z, T)[('ZZI + Il(nyIZJ t)][aZV + Vl(x:% z, t)] -

_kV,V(x! Y,z T) [aZV + Vl(x' Y,z t)]z

0P (x,y,zt) _ 9 0011 (x,y,2,t) 9 0P (x,y,2,t)
ot _ax[Dd’I(x'y’Z’T) ox ]+ay[D¢1(x’y’Z’T) ay ]+

+ % [Dq,l (x,y,2,T) W] + ki (x,y,2,T)*(x,y,2,t) — ki(x,y,2,T)I(x,y,2,t)

0Py (xy.zt) _ 0 0Py (x,y,z,t) 9 0Dy (x,y,2,t)
at T ox [D‘bv(x’ ¥.2,T) ax ] + ay [Dd’V ¢.y,2,T) ay ] +

+ % [D¢V(x, v,z T) W} +kyy(x,y,2, TYWVi(x,y,zt) — ky(x,y,2,T)V(x,v, z,t).

©)

©)

(10)

Integration of the left and right sides of Eqgs.(8)-(10) gives us possibility to obtain relations for the second-order approximations of

concentrations of dopant and radiation defects in final form

_ 9 [t V(x,y,z7) V2(x,y,2,7) [azc+C1(x,y,2,0)]Y
Gy zt) = aox (fo [1 taT Tt (V)2 {1 +¢ PY(x,y,2T) } X

aC1(x,y,2,T) a t V(x,y,z,1) V2(x,y,2,7)
XDL(X,y,Z,T)lT)dT'FE(fO [1+§1 = + ¢, w2 X

[azc+C1(x,y,2,7)]Y) 0C1 (x,y,2,T) 2 t
x D, (x,v,2,T) {1 + & Gy o) } » d‘r) +5= (fo D, (x,v,z,T) x

2 14
% [1 +6 V(x,y,2,1) Ve(x,y,z,T) {1 + E[“ZC"'Cl(x'y:z:T)] }BCl(x,y,z,t) dT) +

v + G2 (v*)2 PY(x,y,2,T) oz
+fe(x,y,2)

9t 01 (x,y,27) B[t
By, 50 = L[y DiCoy, 2 T RE D de| + [ [ 0,0 y,2,T) %
9 [yt 01 (x,y,2,7) t
+£[f0 D;(x,v,2,T) 17;:zf dT]—fo ki (x,y,2,T) X

X [a21 + 11(x,y. z, T)]ZdT +f1(xl y'Z) - f; kI,V(x'y' z, T)[“ZI + 11(x.y,2' T)] X

X [agy + Vi (x, v, 2, 7)]dT (9a)
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a [t vy (x,,2,7) o[t
Vo(x,y,2,t) = a[fo DV(x,y,Z,T)%dT] +£[f0 Dy(x,y,2,T) x

vy (x,y,z,T
x 1(%,y,2,T)

d [t vy (xy,z, t
F dr] + [fo Dy(x,v,z, T)%dr] — Jo kvy (6, y,2,T) %

t
X [aZI + Vl(x’y' Z, T)]ZdT + fV(x;y,Z) - fo kI,V(x,y; Z, T)[aZI + Il(xry! Z, T)] X
X [ayy + Vi(x,y,2,17)]dT
i) t 0011 (x,y,2, d t

(Dlz(x:y;z, t) = a[fo sz,(x,y,Z,T)%dT] +E|:j‘0 D¢I(x,y,Z,T) X

b1 (x,y,2,7) a [t 0d11(x,y.2,7) t
x 22nCNED dr| + [ fy Do, (63,2, T) 22220 4| 4 [Pk, (x,y,2,T) X
x I(x,y,2,0)dt — [ k;(x,y,2, T)I(x,y,2,7)dt + f,,(x,y,2) (10a)

a [t APy1(x,y,2,7) 9 [t
d)VZ(x!yJZ!t)=a[f0D¢V(x1ylZlT)%dT]+£[IOD¢V(x1ylZ:T)X

011 (x,y,2,T
% 11(xy,2,7)

a [t APy (%y,2,7) t
o dr] + [fo Dy, (x,y,2, T)%dr] + Jy kvy(x,9,2,T) %

xV%(x,y,z1)dt — fot ky(x,y,2, T)V(x,y,z,1)dt + fp,(x,y,2)

We determine average values of the second-orders approximations of the considered concentrations by using the following
standard relations 3 141,

B 0 Jy Ipa (3, 2,8) — py (x,, 2, t)]dzdydxdt. 11)

a
2p = G)LxLyLz

Substitution of relations (8a)-(10a) into relation (11) gives us possibility to obtain relations for the required average values a2,

%2¢ = L fofLnyzfc(x v, z)dzdydx,

12)
1
Ay = m{(l + Ao + Ajo + aszlvoo)z — 4Ap00[2vArvi0 — Arrzo + Aar —
1
Lx Ly Lz 2 _ HAwoitAmoe+®2vAivoo
o Iy I Sy fiy, ) dzdyda| Ao’ (132)
— 1 |BstA? Bsy—B1) _ Bs+A

dov = 2B, 4 4B, (y T3 ) 4B, ' (13b)
Where
Aapij = =—=— [0 = ) [, [37 [} kap (6,7, 2. T (1,3, 2, (x, Y, z, t) dzdydxdt,

OLyLyL,
By = Afyo0A%ro0 — 2(AFy00 — AnooAvvoo)? Bz = AwooAfvoo + Awordiveo + AwvooArioAfreo —
—4(Afr00 — A1100Avv00) [2A101 4100 + 2A1v00(1 + Aor + Anno) — 241100 (Ao + Avyio + D] —

~4A 104110045700 + 2A1v00Aw014Tr00: B2 = Afyool(1 + Aor + A10)? + AfvooAivor + Awoo X

1

X 2AIVOO(AIVOO + AIV00A1V01 + AIV00A1110 - 4'AIVloAIIOO) - 4'AIIOO AIVll - AIIZO - m

Ly Ly Lz
x [0 I filey, Z)dZdydx]}{[ZAlvawoo + 241001 + Apyor + Apjr0) — 24510010 + 1+

Ly Ly Ly
+Apy10)1? + 2 |Aor (1 + Apor + Apge) + —— Lelyls f xf yf fv(x,y, z)dzdydx — 241100 (Ayyao —

—Aw11) + Awvor(1 + Aor + Ao 1[2A100(1 + Apor + Arrno) + 241014100 — 241100 (Aryio + 1+
~a1
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1 Ly Ly (Lg
+Ayv10)1} Br = 24100401 (1 + Apyor + Ajp1e)? — 8 [AIVll - ;fo )2 137 iy, 2)dzdydx x
i Anzo] + AwooAworAnoo + Afvor(Awoo + AwvooAwor + AwooAno — 4Aw104ioo) —

24 Ly Ly Lz
—2 [ 100 f f yf fiCx,y, 2)dzdydx + Ao (1 + Aor + Ajrno) — 241100 (Avyvao — Aar) +

LyLyLy

+Awo1 (1 + Aor + A0 1[241v00(1 + Aor + Ajrno) — 2(Aw10 + Avvio + DAnoo + 24 m0141v00l,

Ly Ly (Lg
By = 4A1100Afv01 [Anzo +— f f yf fi(x,y, z)dzdydx — AIVll] + Afyo1 (Aor + Ao +

LyLyLy

24 Ly Ly Ly
+1)% — [ﬁ 5o 07 Sy fr Gy, 2)dzdydx + Apor (1 + Apyor + Ajjro) — 245100 (Avyzo — Apyir) +

3 3 B
+A1V01(1 + Awor + Aoy = \/ q*+p3—q- \/\/ q*+p3tq +?2, q = (2B1B; — 8B,) X
Bz Bo(4B,-B3)-Bj >
By 2y BB B ) [3(2B, B, — 8B,) — 2B2]/72, A = /8y + B — 4B,,

Cay = Aizo = gy (0 = D Jy™ [y 3 ka 3,2, Iy, 2, Odzdydade +

L[5 17 for(x, v, 2)dzdydx (14)

LLL

Taay = Avvao = 5 o f ©@-1) fL" fLy fLZ ky(x,v,2,T)V(x,v, z, t)dzdydxdt +

fo fLy szfsz(x y,z)dzdydx.

LxLyLZ

The considered substitution gives us possibility to obtain equation for parameter aoc. Solution of the equation depends on value of
parameter y. Analysis of spatio-temporal distributions of concentrations of dopant and radiation defects has been done by using
their second-order approximations framework the method of averaged of function corrections with decreased quantity of iterative
steps. The second-order approximation is usually enough good approximation to make qualitative analysis and obtain some
quantitative results. Results of analytical calculation have been checked by comparison with results of numerical simulation.

Discussion

In this section we analyzed spatio-temporal distribution of concentration of infused (see Fig. 2a) and implanted (see Fig. 2b)
dopants in the considered epitaxial layer. Annealing time is the same for the each curve framework each figure. Increasing of
number of curve corresponds to increasing of difference between values of dopant diffusion coefficient in layers of
heterostructure. The figures show, that interface between layers of heterostructure gives a possibility to increase absolute value of
gradient of concentration of dopant in direction, which is perpendicular to the interface. In this situation one can find decreasing
of dimensions of transistors framework the considered hybrid cascaded multilevel inverter. At the same time with increasing of
absolute value of the above gradient one can find increasing homogeneity of distribution of concentrations of dopants in doped
areas.
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0.0 : :
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Fig 2a: Distributions of concentration of infused dopant in heterostructure from Figs. 1 and 2 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

2.0 -
1.5 4
®
= 1.0 7
[
) Substrate
0.5
I:I-I:I | | = | |
0 L4 Lx'j ir/4 L

Fig.2b: Distributions of concentration of implanted dopant in heterostructure from Figs. 1 and 2 in direction, which is perpendicular to interface
between epitaxial layer substrate. Curves 1 and 3 corresponds to annealing time ® = 0.0048(Lx?+Ly?>+L;?)/Do. Curves 2 and 4 corresponds to
annealing time ® = 0.0057(Lx?+Ly?+Lz?)/Do. Curves 1 and 2 corresponds to homogenous sample. Curves 3 and 4 corresponds to heterostructure
under condition, when value of dopant diffusion coefficient in epitaxial layer is larger, than value of dopant diffusion coefficient in substrate

To choose annealing time it is necessary to take into account decreasing of absolute value of gradient of concentration of dopant
near interface between epitaxial layer and substrate with increasing of value of annealing time. Decreasing of value of annealing
time leads to increasing of inhomogeneity of distribution of concentration of dopant (see Figs. 3a for diffusion type of doping and
3b for ion type of doping). We determine the compromise value of annealing time framework recently introduced criterion 1522,
Framework the criterion we approximate real distribution of concentration of dopant by idealized step-wise function v (X, y, 2).
After that we determine the required compromise value of annealing time by minimization of the mean-squared error.

1
T Lylyl,

fOLx foLy fOLZ[C(x’ v,2z,0) —Y(x,y,z)]|dzdydx. ©)

Dependences of optimal annealing time are presented on Figs. 4 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
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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. At the same time ion type of doping gives us possibility to

decrease mismatch-induced stress in heterostructure 231,

@
s 1
(4]
._I_
S
L

0

Fig 3a: 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

Cx,0)
N

L

X

Fig 3b: 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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Fig.4a: Dependences of dimensionless optimal annealing time for doping by diffusion, which have been obtained by minimization of mean-
squared error, on several parameters. Curve 1 is the dependence of dimensionless optimal annealing time on the relation a/L and £= =0 for
equal to each other values of dopant diffusion coefficient in all parts of heterostructure. Curve 2 is the dependence of dimensionless optimal
annealing time on value of parameter & for a/L=1/2 and &= y= 0. Curve 3 is the dependence of dimensionless optimal annealing time on value
of parameter & for a/L =1/2 and &= y= 0. Curve 4 is the dependence of dimensionless optimal annealing time on value of parameter yfor
alLl=1/2and e=£=0
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Fig 4b: Dependences of dimensionless optimal annealing time for doping by ion implantation, which have been obtained by minimization of
mean-squared error, on several parameters. Curve 1 is the dependence of dimensionless optimal annealing time on the relation a/L and £= y=0
for equal to each other values of dopant diffusion coefficient in all parts of heterostructure. Curve 2 is the dependence of dimensionless optimal
annealing time on value of parameter ¢ for a/L=1/2 and &= y= 0. Curve 3 is the dependence of dimensionless optimal annealing time on value

of parameter & for a/L =1/2 and &= y= 0. Curve 4 is the dependence of dimensionless optimal annealing time on value of parameter y for
alL=1/2and e=£=0

Conclusion

In this paper we model redistribution of infused and implanted dopants during manufacturing field-effect heterotransistors
framework a two-stage rectifier. We formulate recommendations for optimization of annealing to decrease dimensions of
transistors and to increase their density. 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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