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ABSTRACT

In this paper we introduce an approach to manufacture a field-effect heterotransistor with two gates. Framework the
approach we consider a heterostructure with required configuration, doping of required parts of the heterostructure
by diffusion and/or ion implantation and optimization of annealing of dopant or radiation defects. The introduced
approach of manufacturing of transistor gives us possibility to decrease area of surface and thickness of the
transistor. In this paper we also introduce an approach to make prognosis of mass and heat transport with account
variation of parameters of these processes in space in time and nonlinearity of these processes.
 2016 Trade Science Inc. - INDIA

INTRODUCTION

Development of solid state electronic (increas-
ing of integration rate of elements of integrated cir-
cuits, their reliability and frequency characteristics)
leads to elaboration new and optimization existing
technological processes[1-8]. During elaboration of
new and optimization of existing technological pro-
cesses it is attracted an interest modeling of appro-
priate physical processes. The modeling gives us
possibility to make prognosis of the processes and
characteristics of elaborating devices. Using math-
ematical modeling leads to necessity to development
approaches of solving of adequate models.

In this paper we consider a heterostructure,
which consist of a substrate and an epitaxial layer.
The epitaxial layer includes into itself several sec-
tions manufactured by using another materials (see
Figure 1). These sections have been doped by diffu-

sion or ion implantation to produce required type of
conductivity (p or n) during manufacture the required
transistors. Farther we consider annealing of dopant
and/or radiation defects. Main aim of the present
paper is analysis of dynamics of redistribution of
dopant with account redistribution of radiation de-
fects to determine conditions, which corresponds to
decreasing of dimensions of transistors. The accom-
panying aim of the present paper is development of
approaches of modeling of technological processes
accounting required quantity of influencing factors.

Method of solution

To solve our aim we determine spatio-temporal
distributions of concentrations of dopants. We cal-
culate the required distributions by solving the sec-
ond Fick�s law in the following form[9,10]
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with boundary and initial 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

Ñ
 is the dopant diffusion coefficient. Value of dopant diffusion coefficient depends on proper-

ties of materials of 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
relation[11-13]
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where D
L 

(x,y,z,T) is the spatial (due to presents several layers 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  depends on properties of materials and could be integer in the following interval 

Figure 1 : Structure of epitaxial layer.View from top
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[1,3][11]; 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 has been described in details in[11]. It should be noted, that using diffusion type of doping did not
generation radiation defects. In this situation 

1
= 

2
= 0. We determine spatio-temporal distributions of

concentrations of radiation defects by solving the following system of equations[12,13]
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with boundary and initial conditions
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Here  =I,V; I (x,y,z,t) is the spatio-temporal distribution of concentration of radiation interstitials;
D


(x,y,z,T) are the diffusion coefficients of point radiation defects; terms V2(x,y,z,t) and I2(x,y,z,t) corre-

spond to generation divacancies and diinterstitials; k
I,V

(x,y,z,T) is the parameter of recombination of point
radiation defects; k

I,I
(x,y,z,T) and k

V,V
(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 

V
 (x, y,z,t) and dinterstitials


I
 (x,y,z,t) by solving the following system of equations[12,13]
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Here D


(x,y,z,T) are the diffusion coefficients of the above complexes of radiation defects; k
I
(x,y,z,T)

and k
V
 (x,y,z,T) are the parameters of decay of these complexes.

It should be noted, that nonlinear equations with space and time varying coefficients are usually used to
describe physical processes. Although the equations are usually solved in different limiting cases[14-17].
One way to solve the problem is solving the Eqs. (1), (4), (6) by the Bubnov-Galerkin approach[18] after
appropriate transformation of these transformation. To determine the spatio-temporal distribution of con-
centration of dopant we transform the Eq.(1) to the following integro- differential form

 
   

 
  











  

t y

L

z

Lzy

x

L

y

L

z

Lzyx y zx y z V

wvxV

V

wvxV

LL

zy
udvdwdtwvuC

LLL

zyx

0
2*

2

2*1

,,,,,,
1,,,







 
 
 

 
    










t x

L

z

L
L

zx
L

x z

TwyuD
LL

zx
d

x

wvxC

TwvxP

wvxC
TwvxD

0

,,,
,,,

,,,

,,,
1,,, 










   

 
 
 

 






















 
















d
y

wyuC

TzyxP

wyuC

V

wyuV

V

wyuV ,,,

,,,

,,,
1

,,,,,,
1 2*

2

2*1

 
   

 
 
 

   






















t x

L

y

L
L

yx x y TzyxP

zvuC

V

zvuV

V

zvuV
TzvuD

LL

yx

0
2*

2

2*1 ,,,

,,,
1

,,,,,,
1,,,



 








 
   

x

L

y

L

z

Lzyx x y z

udvdwdwvuf
LLL

zyx
d

z

zvuC
,,

,,,





. (1a)

We determine solution of the above equation by using Bubnov-Galerkin approach[18]. Framework the
approach we determine solution of the Eq.(1a) as the following series
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with  = 0) and averaged dopant diffusion coefficient D
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. Substitution of the series into Eq.(1a) leads to the
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As an example for  = 0 we obtain
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For  = 1 one can obtain the following relation to determine required parameters
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A nalogous way could be used to calculate values of parameters a
n
 for larger values of parameter .

However the relations will not be present in the paper because the relations are bulky. Advantage of the
approach is absent of necessity to join dopant concentration on interfaces of heterostructure.

Equations of the system (4) have been also solved by using Bubnov-Galerkin approach. Previously we
transform the differential equations to the following integro- differential form
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Farther we determine solutions of the above equations as the following series
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We determine coefficients a
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 by using orthogonality condition on the scale of heterostructure. The
condition gives us possibility to obtain relations to calculate a
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 for any quantity N of terms of considered

series. In the common case equations for the required coefficients could be written as

             











N

n

t L L

n

y

nyn
nI

x

N

n
nI

nIzyx
x y

yc
n

L
ysyLxc

n

a

L
te

n

aLLL

1 0 0 0
2

1
65

222

12
2

221
2

1



             











N

n

t L

n
nI

y

L

nIn
z

nI

xz

xsx
n

a

L
dexdydzdzc

n

L
zszTzyxD

1 0 0
2

0

2
2

1
1

2
,,,






               














y zL L

nn
z

nzIn
x

x yczdzc
n

L
zszLTzyxDxc

n

L
L

0 0

2112
2

2,,,12


           









zL

nIn
z

nzInI dexdydzdzc
n

L
zszLTzyxDdexdyd

0

12
2

2,,, 




             




















N

n

t L L

n

y

nyn
x

nx
nI

z

x y

yc
n

L
ysyLxc

n

L
xsxL

n

a

L 1 0 0 0
2

12
2

212
2

2
2

1



            




 


N

n

L

n
x

xnInI

L

nIIn

xz

xc
n

L
LteadexdydzdTzyxDzc

1 0

2

0

12
2

2,,,21




            














y zL L

n
z

zIIn

y

nyn zc
n

L
LTzyxkyc

n

L
ysyLxsx

0 0
, 12

2
,,,12

2
22



              











N

n

L L

yn
x

nxnVnInVnIn

x y

Lxc
n

L
xsxLteteaaxdydzdzsz

1 0 0

12
2

22


            














zL

n
z

nzVIn

y

n zdzc
n

L
zszLTzyxkyc

n

L
ysy

0
, 12

2
2,,,12

2
2



              




















N

n

L L L

In

y

nn
x

n

x y z

Tzyxfyc
n

L
ysyxc

n

L
xsxxdyd

1 0 0 0

,,,11


     xdydzdzc
n

L
zszL n

z
nz









 12
2

2


             











N

n

t L L

n

y

nyn
nV

x

N

n
nV

nVzyx
x y

yc
n

L
ysyLxc

n

a

L
te

n

aLLL

1 0 0 0
2

1
65

222

12
2

221
2

1





E.L.Pankratov and E.A.Bulaeva 23

Full Paper
NSNTAIJ, 10(1) 2016

Nano Science and Nano Technology

An Indian Journal

             











N

n

t L

n
nV

y

L

nVn
z

nV

xz

xsx
n

a

L
dexdydzdzc

n

L
zszTzyxD

1 0 0
2

0

2
2

1
1

2
,,,






               














y zL L

nn
z

nzVn
x

x yczdzc
n

L
zszLTzyxDxc

n

L
L

0 0

2112
2

2,,,12


           









zL

nVn
z

nzVnV dexdydzdzc
n

L
zszLTzyxDdexdyd

0

12
2

2,,, 




             




















N

n

t L L

n

y

nyn
x

nx
nV

z

x y

yc
n

L
ysyLxc

n

L
xsxL

n

a

L 1 0 0 0
2

12
2

212
2

2
2

1



            




 


N

n

L

n
x

xnVnV

L

nVVn

xz

xc
n

L
LteadexdydzdTzyxDzc

1 0

2

0

12
2

2,,,21




            














y zL L

n
z

zVVn

y

nyn zc
n

L
LTzyxkyc

n

L
ysyLxsx

0 0
, 12

2
,,,12

2
22



              











N

n

L L

yn
x

nxnVnInVnIn

x y

Lxc
n

L
xsxLteteaaxdydzdzsz

1 0 0

12
2

22


            














zL

n
z

nzVIn

y

n zdzc
n

L
zszLTzyxkyc

n

L
ysy

0
, 12

2
2,,,12

2
2



              




















N

n

L L L

Vn

y

nn
x

n

x y z

Tzyxfyc
n

L
ysyxc

n

L
xsxxdyd

1 0 0 0

,,,11


     xdydzdzc
n

L
zszL n

z
nz









 12
2

2


.

In the final form relations for required parameters could be written as
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We determine spatio-temporal distributions of concentrations of complexes of radiation defects in the
following form
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 are not yet known coefficients. Let us previously transform the Eqs.(6) to the following integro-
differential form
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Substitution of the previously considered series in the Eqs.(6a) leads to the following form
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We determine coeff icients a
n

 by using orthogonality condition on the scale of heterostructure. The
condition gives us possibility to obtain relations to calculate a

n
 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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Figure 2a : Distributions of concentration of infused
dopant in heterostructure from Figures 1 and 2 in di-
rection, 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

Figure 2b : Distributions of concentration of implanted
dopant in heterostructure from Figures 1 and 2 in di-
rection, which is perpendicular to interface between
epitaxial layer substrate. Curves 1 and 3 corresponds to
annealing time  = 0.0048(L

x
2+L

y
2+L

z
2)/D

0
. Curves 2 and

4 corresponds to annealing time  =
0.0057(L

x
2+L

y
2+L

z
2)/D

0
. 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
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DISCUSSION

We use the calculated in the previous section relations for the analysis of redistribution of dopant with
account redistribution of radiation defects. Figures 2 and 3 shows typical distributions of concentrations of
dopants for diffusion and ion types of doping, respectively. The figures correspond to larger value of
dopant diffusion coefficient in the epitaxial layer comparison with dopant diffusion coefficient in the
substrate. Figures 2 and 3 shows, that presents of interface between layers of heterostructure gives us
possibility to increase absolute value of gradient of concentration of dopant out of doped area. In this
situation one can obtain increasing of compactness of transistor. At the same time one can obtain increasing
of homogeneity of concentration of dopant in doped area. The first effect gives us possibility to increase
performance of manufactured device. The second effect gives us possibility to decrease local overheats of
the doped materials during functioning of these devices, which were manufactured based on the materials.

It is known, that increasing of annealing time leads to too large diffusion of dopant into nearest materi-
als from doped one (see Figures 4 and 5). Decreasing of annealing time leads to decreasing of homogeneity
of concentration of dopant in doped area (see Figures 4 and 5). Let us determine compromise annealing
time framework recently introduced approach[19-26]. Framework the approach we approximate real distri-
bution of concentration of dopant by step-wise function  (x,y,z)[19-26]. Farther the required compromise
annealing time by minimization of the following mean-squared error

       
x y zL L L

zyx

xdydzdzyxzyxC
LLL

U
0 0 0

,,,,,
1

 (8)

Analysis of optimal value of annealing time shows, that optimal value of annealing time for diffusion
type of doping is larger, than optimal value of annealing time for ion type of doping. Reason of the differ-
ence is necessity to anneal radiation defects. In the ideal case dopant achieves nearest interface between
layers of heterostructure during annealing of radiation defects. If the dopant did not achieves the interface
during the annealing, it is attracted an interest additional annealing of dopant for the considered achievement.

It should be noted, that using dif fusion type of doping did not leads to so serous damage of materials as
one can obtain during ion implantation. However ion implantation gives us possibi l i ty gives us possibi l i ty
to decrease mismatch-induced stress in heterostructure[27].

Figure 3b : Spatial distributions of concentration of in-
fused dopant in heterostructure from Figures 1. Curves
1-3 are the real distributions of dopant for different val-
ues of annealing time. Increasing of number of curve cor-
responds to increasing of annealing time

Figure 3a : Spatial distributions of concentration of
implanted dopant in heterostructure from Figures 1.
Curves 1-3 are distributions of dopant for different val-
ues of annealing time. Increasing of number of curve
corresponds to increasing of annealing time
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CONCLUSION

In this paper we introduce an approach to manufacture a multi-gate transistors and at the same time to
decrease their dimensions. In this paper we also discussed (i) an approach to optimize annealing time, (ii)
an analytical approach to model nonlinear mass and heat transport with account variation parameters of the
transports in space and time. The analytical approach gives us possibility to model mass and heat transport
without crosslinking solutions at any interface between the layers of the heterostructure.
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