Advanced Nanoscience and Technology: An International Journal (ANTJ), Vol. 3, No.1/2, June 2017

ON APPROACH TO INCREASE DENSITY OF FIELD-
EFFECT TRANSISTORS IN AN INVERTER CIRCUIT

E.L. Pankratov and E.A. Bulaeva

Nizhny Novgorod State University, 23 Gagarin avenue, Nizhny Novgorod, 603950,
Russia

ABSTRACT

In this paper we consider an approach to decrease dimensions of field-effect transistors framework
invertors with increasing of their density. Framework the approach it is necessary to manufacture a
heterostructure, which consist of two layers. One of them includes into itself several sections. After
manufacturing of the heterostructure these sections should be doped by diffusion or by ion implantation
with future optimized annealing of dopant and/or radiation defects. To prognosis the technological
process we consider an analytical approach, which gives a possibility to take into account variation of
physical parameters in space and time. At the same time the approach gives a possibility to take into
account nonlinearity of mass and heat transport and to analyze the above transport without crosslink-
ing solutions on interfaces between materials of heterostructure.
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1. INTRODUCTION

Intensive development of solid state electronics gives a possibility to increase density of elements
of integrated circuits, reliability and performances of their elements (diodes, field-effect and bipo-
lar transistors, et a) and their discrete analogs. Increasing of density of elements of integrated
circuits leads to necessity to decrease their dimensions. One way to decrease dimensions of ele-
ments of integrated circuits is their manufacturing framework thin film heterostructures [1-4]. An
aternative approach to decrease their dimensions is using laser and microwave types of annea-
ing [5-7]. Both types of annealing gives a possibility to generate inhomogenous distribution of
temperature. In this situation one can obtain inhomogenous distribution of diffusion coefficients
of dopants and radiation defects and other parameters. The inhomogeneity gives a possibility to
decrease dimensions of elements of integrated circuits. Properties of electronic materias could be
also changed by radiation processing [8,9].

In the present paper we consider circuits of invertors with dynamic and resistive loads [10] (see
Fig. 1). Based on recently formulated recommendations to decrease dimensions of single transis-
tors (both bipolar and field-effect) [11-16] we formulate recommendations to increase density of
field-effect transistors framework the considered circuits. We assume, that the considered circuits
were manufactured framework the considered in Fig.1 heterostructure. The heterostructure con-
sist of a substrate and an epitaxia layer. The epitaxial layer includes into itself several sections,
manufactured by using other materials. These sections were doped by diffusion or by ion implan-
tation to generate required types of conductivity (nor p) in the required materials. Framework this
paper we anayzed redistribution of dopants during annealing of these dopants and/or radiation
defects to formulate conditions, which correspond to decreasing of the considered circuits.
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Fig. 1a. Structure of Inverter With Dynamic Load. Fig. 1b. Structure of inverter with resistive load.
View from top View From Top

2. METHOD OF SOLUTION

To solve our aim we shall analyze spatio-temporal distribution of concentration of dopant. The
distribution has been determined by solving the following boundary problem

1Cly.2)_ 1 {D f Clxy.z) C(X’V’Z’t)}l{o M} 1 {D w}.m

1t x| fx Tyl Ty Tz Mz
Boundary and initial conditions for the equations are
aC(xy, z,t) 0 aC(x,y,zt) 0 aC(x,y,zt) 0 oC(xy.zt)  _
a X x=0 a X x=Ly a y y=0 a y ><:Ly
—GC(X, y.2.) =0, —aC(X’ y.2.1) =0, C (xy,z0)=f (x,y,2). (2
0z o 0z L,

Function C(x,y,zt) describes the spatio-temporal distribution of concentration of dopant; T is the
temperature of annealing; D¢ is the dopant diffusion coefficient. Value of dopant diffusion coeffi-
cient will be different in different materials and will be changed with changing of temperature of
annealing (with account Arrhenius law). The value also depends on concentrations of dopant and
radiation defects. All above dependences could be accounted by the following relation [9, 17,18]
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The function D.(x,y,z,T) gives a possibility to take into account the spatial and temperature de-
pendences of dopant diffusion coefficient (due to presents several layers in heterostructure and
Arrhenius law). The function P (x,y,z T) describes the limit of solubility of dopant. The parameter
g €[1,3] describes quantity of charged defects, which were interacted (in average) with atoms of
dopant [17]. The function V (x,y,zt) describes the spatio-tempora distribution of concentration of
radiation vacancies. The parameter V' describes the equilibrium distribution of concentration of
vacancies. It should be noted, that using diffusion type of doping did not generation radiation de-
fects. In this situation z;=z,=0. We determine spatio-temporal distributions of concentrations of
radiation defects by solving the following system of equations[9,18]

ol(xy,zt 0 ol(xy,zt ol ol(xy,zt
(a—i/):&{Dl(x,y,z,T)%}ﬂa—y_Dl(x,y,z,T)%}—ku(x,y,z,T)x

a1 (xy,zt)]

) 0
x 12(x,y, z,t)+E{D, (x,y,2T) e k(X y,2zT) 1 (xy,zt) V(X y,2t) (4

aV(xyzt) o

=—ID,(XVY,2T
vz 2 o xyen)

oV (xy,zt)
oy

a\/(xyzt):| o }_kw(x, Y, 2T) %

—| D, (X,y,Z2T
izt 2o,y

x V2(x,Y, z,t)+%{DV (XY, Z,T)W}—kw Xy, zT)(xy,zt) V(X y,z1).

Boundary and initial conditions for these equations are

or(xy,zt) 0 or(xy,zt) 0 or(xy,zt) 0 or(xy,zt) o
ox |, ox | oy |, oy ., ’
M =0, M =0,r (X,y,Z,O):f,— (X,y1z)_ (5)
oz o oz L

Here r=1,V. The function I (x,y,zt) describes variation of distribution of concentration of radiation
interstitials in space and time. The function D(x,y,z,T) describes dependences of the diffusion
coefficients of point radiation defects on spatial coordinates and temperature. Terms V*(x,y,zt)
and 1%(x,y,z,t) correspond to generation divacancies and diintertitials; k;\(x,y,zT) is the parameter
of recombination of point radiation defects; k(x,y,zT) and kyv(Xy,zT) are the parameters of
generation of simplest complexes of point radiation defects.

We determine concentrations of divacancies Fy(xy,zt) and dinterstitias F, (x,y,zt) as functions
of space and time by solving the following system of equations[17,18]

w = l|:DcDI (X, Y, Z,T)w} +l|:D®I (X, Y, Z,T)M}-F
Tt Tx Tx Ty Ty

l
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07 }Lku %y, zT)%(xy,zt)-k (x,y,zT)I (x,y,zt)  (6)
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)
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Boundary and initial conditions for these equations are

o0, (x,y,21) o oD, (x,y,zt) o oD, (x,y,zt) o oD, (x,y, 1) 0
dX o dX . ’ oy o ’ oy " ’
oD (XV,2zt Y, Z,
% =0, 8<Dr((;<zyzt) =0, F; (xy,2z0)=fg (x,y,2), Fv (xy,z0)=frv (X,y,2). (7)
z=0 z=L,

Here De((xy,zT) are the diffusion coefficients of the above complexes of radiation defects;
ki(x,y,z T) and ky (x,y,z T) are the parameters of decay of these complexes.

We determine spatio-temporal distributions of concentrations of dopant and radiation defects by
using method of averaging of function corrections [19] with decreased quantity of iteration steps
[20]. Framework the approach we used solutions of Egs. (1), (4) and (6) in linear form and with
averaged values of diffusion coefficients Dq., Doj, Dov, Dori, Dorv @S initial-order approximations
of the required concentrations. The solutions could be written as
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where e, (t)= ex;{—p 2nZDOrt[L:t +L—:t +L12H , F, = Lfcn(u) Ic, (v)Lchn (W), (uv,w)dwdvdu, cy(c) =
0 0

X y z 0

cos(pnc/Le).

We consider the above solutions as initial-order approximations of concentrations of dopant and
radiation defects.

Approximations of concentrations of dopant and radiation defects with the second and higher or-
ders could be determine framework standard iterative procedure [19,20]. The procedure based on
replacement of the functions C(x,y,zt), 1(xy,zt), V(xy,zt), Fi(xy.z t), Fu(xy,zt) in the right
sides of the Egs. (1), (4) and (6) on the following sums an+r ,.1(Xy,zt). Framework the standard
iterative procedure we obtain equations for the second-order approximations of concentrations of
dopant and radiation defects

1C,0y.2t)_ 1 ul+vlv<x, yzt) , Viy. z,tq {H e + Cx v, 2} }
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Integration of the left and right sides of Eqs.(8)-(10) gives us possibility to obtain relations for the
second-order approximations of concentrations of dopant and radiation defectsin final form
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Average values of the considered approximations have been determined by the following
relations [19,20]

ijLf[rz(x, y,zt)-r,(x,y,zt)d zd yd xdt. (12)

Substitution of approximations (8a)-(10a) into the previous relation gives the possibility
to obtain relations for the average values a ,, in the following final form
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After the substitution we obtain the equation for parameter a,c for any value of parameter g. We
analyzed distributions of concentrations of dopant and radiation defects in space and time by us-
ing the second-order approximations framework the method of averaged of function corrections.
The obtained analytical results have been checked by comparison with results of numerical simu-
lation.

3. DISCUSSION

In this section we analyzed variation of concentration of dopant in space and time with account
spatio-temporal distribution of concentration of radiation defects. Typical spatial distributions of
concentrations of dopants in heterostructures are presented in Figs. 2 and 3. The Fig. 2 shows spa-
tid distributions of infused dopant in direction, which is perpendicular to the interface between
materials of the heterostructure for fixed value of annealing time. Increasing of number of curves
corresponds to increasing of difference between values of dopant diffusion coefficients of mate-
rials of the heterostructure for the case, when dopant diffusion coefficient in doped material is
larger, than in nearest materia. Fig. 3 shows spatial distributions of concentrations of implanted
dopant in direction, which is perpendicular to the interface between materias of the heterostruc-
ture. Curves 1 and 3 corresponds to annealing time @ = 0,0048 (L,’+L,*+L,")/Do. Curves 2 and 4
corresponds to annealing time ® = 0,0057(L,2+L,*+ L,%)/D, (kpuBble 2 1 4). Curves 1 and 2 are
calculated digtributions of concentration of dopant in homogenous material with averaged diffu-
sion coefficient of dopant. Curves 3 and 4 are calculated distributions of concentration of dopant
in the considered heterostructure, when dopant diffusion coefficient in doped materia is larger,
than in nearest material. The figures show, that inhomogeneity of heterostructure gives a possibil-
ity to manufacture more compact distribution of concentration of dopant in enriched area. At the
same time one can find increasing of homogeneity of the above distribution.

Fig. 2. Spatial distributions of concentration of infused dopant in heterostructure from Fig. 1 in direction,
which is perpendicular to interface between materials
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Fig. 3. Spatial distributions of concentration of implanted dopant in heterostructure from Fig. 1 in direction,
which is perpendicular to interface between materials
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Fig. 4. Spatial distributions of dopant in heterostructure after dopant infusion. Curve 1 is an idealized dis-
tribution of dopant. Curves 2-4 are real distributions of dopant for different values of annealing time. The
increasing number in the curve corresponds to theincreasing annealing time
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Fig. 5. Spatial distributions of dopant in heterostructure after ion implantation. Curve 1 isan idealized dis-
tribution of dopant. Curves 2-4 are real distributions of dopant for different values of annealing time. The
increasing number in the curve corresponds to the increasing annealing time
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It should be noted, that framework the considered approach of manufacturing of transistor anneal-
ing should be optimized. Reason of the optimization is following. The main reason for this opti-
mization is following. If the annealing time is small, the dopant does not achieves any interfaces
between the materias of heterostructure. In this situation one can not find any modifications of
the distribution of concentration of dopant. If the annealing time is large, the distribution of con-
centration of dopant is too homogenous. We optimize the annealing time based on a recently in-
troduced approach [11-16]. By applying the criterion we approximate real distribution of concen-
tration of dopant by a step-wise function (see Figs. 4 and 5). Next we determine optimal values of
annealing time by minimization of the following mean-squared error
Ly L,
1 “) {)[C(x, y,zt)-y (xy,z)]dzd yd x, (15)

L.L,L,

U=

where y (x,y,2) is the step-wise approximation of spatial distribution of concentration of dopant C
(x,y,z,t). We minimize the mean-squared error as the function of time. After the minimization we
obtain optimal value of anneding time ®. Dependences of optimal values of anneding time on
parameters are presented in Figs. 6 and 7 for diffusion and ion types of doping, respectively. It
should be noted, that it is necessary to anneal radiation defects after ion implantation. One could
find spreading of concentration of the distribution of concentration of dopant during this anneal-
ing. In the ideal case distribution of dopant achieves appropriate interfaces between materials of
heterostructure during annealing of radiation defects. If dopant does not achieve to the nearest
interface during annealing of radiation defects, it is practical to additionally anneal the dopant. In
this situation the optimal vaue of the additional annealing time of implanted dopant is smaller,
than the annealing time of infused dopant.

0.5 4
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0.3 +

] 3
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] 1
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alL, & &

Fig.6. Dependences of dimensionless optimal annealing time of infused dopant.

Curve 1 describes dimensionless optimal annealing time as the function of the relation a/L for x=
g=0 and for equal to each other values of dopant diffusion coefficient in al parts of heterostruc-
ture. Curve 2 describes dimensionless optimal annealing time as the function of the parameter e
for a/L=1/2 and x=g=0 and for equal to each other values of dopant diffusion coefficient in al
parts of heterostructure. Curve 3 describes dimensionless optimal annealing time as the function
of the parameter x for a/L=1/2 and e=g=0 and for equal to each other values of dopant diffusion
coefficient in all parts of heterostructure. Curve 4 describes dimensionless optimal annealing time
as the function of the parameter g for a/L=1/2 and e=x =0 and for equal to each other values of
dopant diffusion coefficient in all parts of heterostructure

10
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Fig.7. Dependences of dimensionless optimal annealing time of implanted dopant.

Curve 1 describes dimensionless optimal annealing time as the function of the relation a/L for x=
g=0 and for equal to each other values of dopant diffusion coefficient in all parts of heterostruc-
ture. Curve 2 describes dimensionless optimal annealing time as the function of the parameter e
for a/L=1/2 and x=g=0 and for equal to each other values of dopant diffusion coefficient in al
parts of heterostructure. Curve 3 describes dimensionless optimal annealing time as the function
of the parameter x for a/L=1/2 and e=g=0 and for equal to each other values of dopant diffusion
coefficient in all parts of heterostructure. Curve 4 describes dimensionless optimal annealing time
as the function of the parameter g for a/L=1/2 and e=x =0 and for equal to each other values of
dopant diffusion coefficient in al parts of heterostructure

4. CONCLUSIONS

In this paper we analyzed variation of concentrations of infused and implanted dopants during
manufacturing field-effect heterotransistors framework inverter circuit. We formulate recommen-
dations for optimization annealing of dopant and/or radiation defects to decrease dimensions of
considered transistors. We introduce an analytica approach to prognosis diffusive and ion types
of doping. The approach gives a possibility to take into account at one time spatial and temporal
variations of physica parameters of mass and heat transport and nonlinearity of both transports.
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