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ABSTRACT

In this paper we introduce an approach to decrease dimensions of logical elements “OR” based on field-effect
heterotransistor. The approach based on manufacture the heterostructure with required configuration, diffusion
or ion doping of required areas of the heterostructure and optimization of annealing of dopant and/or radiation
defects. Several recommendations to optimize annealing both dopant and radiation defects have been formu-

lated. © 2015 Trade Science Inc. - INDIA

INTRODUCTION

Development of solid state electronic leads to
necessity to elaborate new electronic devices and
to optimize existing one. One way of development
of solid state electronic is increasing of density of
elements of integrated circuits. Increasing of den-
sity of elements of integrated circuits leads to ne-
cessity to decrease dimensions of these elementd®
81, The second way of development of solid state
electronicisincreasing of their performance®d. The
third way of the development isimprove the mate-
rial properties of electronic material §%1.

Let us consider logical element “OR” based on
field-effect transistors, which was considered in
Ref.['2 (see Figure 1). Framework our paper we in-
troduce the approach to decrease dimensions of the
logical element. The approach based on manufac-
turing a heterostructure with two layers: asubstrate
and an epitaxial layer (see Figure 1). The epitaxial

layer shouldincludeintoitself several sectionsmanu-
factured by usng another materids(seeFigurel). These
sections have been doped by diffusion or ionimplanta-
tion to generation required type of conductivity (nor
p). Farther we consider annealing of dopant and/or ra-
diation defects. It have been formulated recommenda:
tionsfor opti mization anneding of dopant and/or radia-
tion defectsto manufacture more compact logical ele-
mentswith higher homogeneity of distribution of con-
centration of dopant.

M ethod of solution

We determine spatio-tempora distribution of con-
centration of dopant by solving thefollowing boundary
problem
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Figure 1a : Sructure of element “OR”. View from top
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Figure 1b : Heterostructure with two layers and sections in the epitaxial layer. View from side

with boundary andinitia conditions
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Here C(x,y,z,t) is the spatio-temporal distribution of concentration of dopant; T is the temperature of
annealing; D isthe dopant diffusion coefficient. Val ue of dopant diffusion coefficient depends on proper-
tiesof materialsof heterostructure, speed of heating and cooling of heterostructure (with account Arrhenius

law). Dependences of dopant diffusion coefficient on parameters could be approximated by the following
rel ation*>1%!

C’(Xx,Y,zt V(X,Y,zt VZ2(Xx,y,zt
Dc = DL(X’ Y Z’T)|:1+§W:||:l+ Sy ( vV )+§2 ((V*)z ):|, )
where D, (x,y,z,T) isthe spatial (dueto presents several layersin heterostructure) and temperature (dueto
Arrheniuslaw) dependences of dopant diffusion coefficient; P(x, y,z,T) isthelimit of solubility of dopant;
parameter y depends on properties of materialsand could beinteger inthefollowinginterval y €[1,3] [13];
V (x,y,z,t) isthe spatio-temporal distribution of concentration of radiation vacancies; V" isthe equilibrium
distribution of concentration of vacancies. Concentrational dependence of dopant diffusion coefficient has
been described in detail sin™®l, Using diffusion type of doping did not generation radiation defects. In this
situation £ = ,= 0. We determine the spatio-temporal distributions of concentrations of radiation defects
by solving thefollowing system of equationg**°!
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Here p =1,V; | (X,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials;
Dp(x,y,z,T) are the diffusion coefficients of point radiation defects; termsV?3(x,y,z,t) and I3(X,y,z,t) corre-
spond to generation divacanciesand diinterstitials; k| , (X,y,z, T) isthe parameter of recombination of point
rediation defects; k, (x,y,z,T) and k,,, (X,y,z,T) are the parameters of generation of simplest complexes of
point radiation defects.

We determine the spatio-temporal distributions of concentrations of divacancies @, (x,y,z,t) and
dinterstitials @, (x,y,z,t) by solving thefollowing system of equationg***%
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HereD q,p(x,y,z,T) arethediffusion coefficients of the above complexes of radiation defects; k (x,y,z,T)
andKk, (x,y,z,T) arethe parameters of decay of these complexes.

To determine spatio-temporal distribution of concentration of dopant we transform the Eq.(1) to the
following integro-differentia form
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We determine solution of the above equation by using Bubnov-Gal erkin approach(*®. Framework the
approach we determine solution of the Eq.(1a) as the following series

C(x i zt) =22, ¢, ()¢ (y)c,(2) ect)

where €, (t) = exp[— ﬂznzDOCt (L’X2 + L’y2 + L;z )] ¢,(x) = cos (m ny/L,). The above series includes

into itself finite number of terms N. The considered series is similar with solution of linear Eq.(1) (i.e.
with & = 0) and averaged dopant diffusion coefficient D . Substitution of the seriesinto Eq.(1a) leadsto the
following result
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Where s(x)=sin(mny/L ) We determine coefficients a by using orthogonality condition of termsof the
consi dered series framework scale of heterostructure. The condition gives us possibility to obtain rela
tionsfor calculation of parametersa for any quantity of termsN. Inthe common casetherelations could be
written as
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Asan examplefor y =0 weobtain
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For y = 1 one can obtain the following relation to determine required parameters
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Ana ogousway could beusedto calculate va ues of parametersa for larger values of parameter y. However
therelationswill not be present in the paper becausethere ations are bulky. Advantage of the approach isabsent
of necessity tojoin dopant concentration oninterfaces of heterostructure.
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Equations of the system (4) have been a so solved by using Bubnov-Galerkin approach. Previously we
transform the differential equationsto thefollowing integro- differential form
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Farther we determine sol utions of the above equations as the following series
N
pO(X’ y’ Z’t) = néa“p Cn (X) Cn(y) Cn(z) enp (t)u

where g, arenot yet known coefficients. Substitution of the series into Egs.(4a) leads to the following
results
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We determine coefficients a, by using orthogonality condition on the scale of heterostructure. The
condition gives us possibility to obtain relations to calculate a, for any quantity N of terms of considered
series. In the common case equations for the required coefficients could be written as
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We determine spatio-temporal distributions of concentrations of complexes of radiation defectsin the
followingform
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wherea, , arenot yet known coefficients. Let us previously transform the Egs.(6) to thefollowing integro-
dlfferentlal form
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Substltutl on of theprevioudy considered seriesinthe Eqs(6a) leadsto thefollowing form
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o —_
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Xy —z

Xy N txy
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X~y —z x by
XYy z Xyz
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Xyz — Xyz xyz
- T)V
SRR LJLJYLJIQ(U,V,W, )V (u,v,w,z)dwdvdu

Xy —z Xy -~z

We determine coefficients 80 by using orthogonality condition on the scale of heterostructure. The
condition gives us possibility to obtain relationsto calculate W for any quantity N of termsof considered
series. In the common case equations for the required coefficients could be written as

Lt fl-e @1, +valene - lofen)-1)

ey S (1)=-

/A= | 27r

Mz
O'—a""

1

=}
Il

L

[{xs.(2x)+

an(DI LZ _ _iNt
jD (x,y,z,T){zsn(z)+2”n (2) 1]}dzdydxen®,(r)dr 27”215
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Figure 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 condi-
tion, when value of dopant diffusion coefficient in epitaxial layer islarger, than value of dopant diffusion coefficient
in substrate

C(x,0)

Substrate

S

0.0 ,

0 JL!-’4 Ll,f"z 3L|r’4 7
ph

Figure 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(LX2+Ly2+L22)/DO. Curves 2 and 4 corresponds to annealing time ® = 0.0057(LX2+Ly2+L22)/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 sub-

strate
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DISCUSSION

In this section we anayzed the spatio-temporal distribution of concentration of dopant in the considered
heterostructure during annealing. Figures 2 shows spatia distributionsof concentrationsof dopantsinfused (Fig-
ure2a) or implanted (Figure 2b) inepitaxid layer. Vaue of annedlingtimeisequd for al distributionsframework
every Figure2aand 2b. Increasing of number of curvescorrespondsto increasing of difference between values

C(x,0)

4

~

0 L,

Figure 3a : Spatial distributions of dopant in heterostructure after dopant infusion. Cur\}e 1l isidealized distribu-
tion 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

2
3
4
]

<

|
0 L
i
Figure 3b : Spatial distributions of dopant in heterostructure after ion implantation. Curve 1 is idealized distribu-
tion 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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Figure 4a : Dependences of dimensionless optimal annealing time for doping by diffusion, which have been ob-
tained 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 coeffi-
cient 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 a/lL=1/2andeg=&=0
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a/L & e,y

Figure 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 dimension-
less optimal annealing time on the relation a/L and & = y = O 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/lL =1/2 and =y = 0. Curve 4 is the dependence of dimensionless optimal annealing
time on value of parameter y for a/lL=1/2ande=§ =0

of dopant diffusion coefficients in layers of lartotheinterface. We obtainincreasing of absolute
heterostructure. Thefiguresshow that presentsof in-  value of thegradient in neighborhood of theinterface.
terface between layersof heterostructuregivesuspos-  Due to the increasing one can obtain decreasing di-
sibility toincrease absolute value of gradient of con- mensionsof transistors, which have been used inthe
centration of dopant indirection, whichisperpendicu- dement “OR”. Atthe sametimewithincreasing of the
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gradient homogeneity of concentration of dopantinen-
riched areaincreases.

To choose annealing timeit should be accounted
decreasing of absolute value of gradient of concen-
tration of dopant in neighborhood of interface be-
tween substrate and epitaxial layer with increasing
of annealing time. Decreasing of value of annealing
timeleads to decreasing of homogeneity of concen-
tration of dopant in enriched area (see Figure 3afor
diffusion doping of materials and Figure 3b for ion
doping of materials). Let us determine compromise
value of annealing time framework recently intro-
duced criterid*?3, Framework the criteria we ap-
proximate real distributions of concentration of
dopant by ideal rectangledistributiony (x,y,z). Far-
ther we determine compromise value of annealing
time by minimization of the mean-squared error

1 LybyL

TLLL o£g[c(x’y'z'e’)—W(X,y,Z)]dzd ydx (g)

«LyL,

Dependences of optimal annealingtime are pre-
sented on Figs. 4 for diffusion and ion types of dop-
ing, respectively. It should be noted, that it is neces-
sary to anneal radiation defects after ion implanta-
tion. One could find spreading of concentration of
distribution of dopant during this annealing. In the
ideal case distribution of dopant achieves appro-
priateinterfaces between materials of heterostructure
during annealing of radiation defects. If dopant did
not achieves any interfaces during annealing of ra-
diation defects, it is practicably to additionally an-
neal 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 possibil-
ity to decrease mismatch-induced stress in
heterostructure®!,

CONCLUSION

In this paper we model redistribution of infused
and implanted dopants during ma-nufacture | ogical
elements “OR” based on field-effect
heterotransistors. Several recommendations to op-
timize manufacture the heterotransistors have been
formulated. Anaytica approachto modd diffusonand

—  Fyl] Paper

iontypesof doping with account concurrent changing
of parametersin space and time has been introduced.
At the sametimethe approach givesuspossibility to
takeinto account nonlinearity of doping processes.
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