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Abstract

The subthreshold swing (SS) model is presented for a junctionless cylindrical surrounding gate (JLCSG) metal oxide
semiconductor field effect transistor (MOSFET) with a Gaussian doping profile. Since the Poisson’s equation using the
Gaussian doping profile has no closed form solution in cylindrical coordinate, the potential distribution is obtained using
the Taylor series expansion of the error function and exponential function. The SS model presented in this study is
considered to be reasonable, comparing the SSs of 3D simulation and other papers. As a result, the smaller the projected
range R, and straggle 6, , the smaller the SS. However, when the projected range is 1/2 of the silicon radius R, the SS
remains constant regardless of the change of the straggle. The SS increases when straggle increases in R,<R/2, whereas
the SS decreases when straggle increases in R,>R/2. Therefore, the SS should be kept low by adjusting the projected
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range and straggle in JLCSG MOSFET with gaussian doping profile.
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1.Introduction

Due to the intensification of the short channel effect
(SCE) by the decrease in the size of the transistor, the
research on the structure of the 3D transistor to
reduce it has been very advanced [1—6]. The most
commonly used FinFET has a tri-gate structure, and
the channel is surrounded by three sides, and the flow
of carriers in the channel can be controlled by using
three gate terminals [7—12]. The more complete
structure is the cylindrical structure [13—17]. The
advantage is that the SCE can be very effectively
reduced by surrounding the entire channel with a gate
to control the flow of carriers in the channel. The
cylindrical structure metal oxide semiconductor field
effect transistor (MOSFET) can eliminate corner
effects and realize high packing density due to the
improved amount of current [18—19]. In particular, it
is structurally operated in a volume conduction mode
when a cylindrical MOSFET is fabricated in a
junctionless structure. Thus, reducing surface
roughness scattering that occurs in junction-based
MOSFETSs, enabling faster switching operation
[20—-24].
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In addition, in the case of junctionless MOSFETS, the
process is easy because the abrupt junction that
occurs during the process can be avoided [25—30].
Based on these advantages, this study will analyze
the subthreshold swing (SS) among SCEs for
junctionless cylindrical surrounding gate (JLCSG)
MOSFETSs.

Even for a JLCSG MOSFET, SCEs such as an
increase in tunneling current, a decrease in SS, a
threshold voltage roll-off, and an increase in drain
induced barrier lowering (DIBL) is inevitable
physical phenomena when the transistor size
decreases. In the case of a junctionless or junction-
based cylindrical MOSFET, many researchers have
analyzed the characteristics below the threshold
voltage when the channel has a constant doping
distribution [31-36]. In particular, Li et al.[37]
divided channels or gates into 2-3 sections to observe
changes such as SS and threshold voltage roll-off,
and Lagraf et al. [38] divided the channels into 3
sections and compared the changes in threshold
voltage and SS according to the ratio of each section
using only constant doping distribution. However, in
practice, the doping process is performed as a
diffusion or ion implantation process, and it is very
difficult to make the doping distribution constant
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within the channel due to the nature of the process.
At this time, it is known that the doping distribution
shows a Gaussian distribution. Therefore, using the
doping distribution formed by the actual doping
process, the potential distribution should be obtained
and the SCEs should be analyzed. In order to obtain
the potential in the channel using the Gaussian
distribution function, the doping distribution function
of the right hand in the Poisson equation must be
described as the Gaussian function. It is difficult to
obtain the analytical integral value of the Gaussian
distribution function, so instead many researchers use
the Gaussian-like doping profile [39-41].

This paper intends to present the analytical SS model
of the JLCSG MOSFET with the doping distribution
of the Gaussian function. Firstly, the Poisson
equation is solved using the original Gaussian
distribution function rather than the Gaussian-like
doping profile to obtain the potential distribution for
the JLCSG MOSFET. To this end, an approximating
approach will be discussed since the Gaussian
distribution function cannot be integrated directly. An
analytical SS model will be presented using the
potential distribution obtained in this way. The
Gaussian distribution function has variables of the
projected range and straggle, so the change of the SS
will be analyzed for the change of these two
variables. The results of this model will be compared
with the case of uniform doing obtained by 3-D
numerical device simulator DESSIS and other paper
[42] to show the validity.

This paper is organized as follows: In sections 1 and
2, the necessity of Gaussian doping profile in the
Poisson equation to accurately interpret the SS will
be introduced, and the direction of this paper will be
described while referring to related literatures.
Section 3 will explain the overall flow of this paper
and the structure of the JLCSG MOSFET. And the
potential distribution will be derived in an analytical
form when the Gaussian doping profile is used in the
Poisson equation, and the analytical form of SS will
be presented using this potential distribution model.
In section 4, we will prove the validity of this
analytical SS derived from section 3 by comparing it
with the results of DESSSIS, and use this model to
analyze the SS according to the change of the
projected range and straggle, parameters of the
Gaussian doping profile. Section 5 and 6 will discuss
the results of section 4, and conclude by explaining
the usefulness and limitations of this model.
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2.Literature review

When ion implantation, an essential process in
MOSFET fabrication, is used, the doping distribution
is distributed like a Gaussian function. However,
many studies have solved the Poisson equation by
simply assuming a constant doping distribution due
to the complexity of the calculation. Nevertheless,
some studies have tried to solve the Poisson equation
using the Gaussian doping profile. However, when
solving a differential equation such as the Poisson
equation, the integration of the Gaussian function
becomes impossible. Therefore, a Gaussian-like
doping profile is used.

Singh et al. [43] analyzed the threshold voltage using
a Gaussian-like doping profile in junctionless double
gate MOSFET. At this time, the change in the
threshold voltage and DIBL for the projected range
and straggle, which are variables of the Gaussian-like
doping profile function, was analyzed. The advantage
of using a Gaussian-like doping profile is that the
solution can be analytically and easily obtained by
solving the Poisson equation. Singh et al. using this
model, suggested that the threshold voltage decreases
as the straggle increases.

Sood et al. [44] solved the Poisson equation using the
Gaussian distribution function in the case of the
cylindrical MOSFETs, but only analyzed the
potential distribution qualitatively. In particular, they
used the approximation of the Taylor series
expansion for Gaussian doping profile, but focused
on the one-dimensional potential distribution in the
radial direction by solving the Poisson equation in the
radial direction of the cylindrical channel. However,
not only the one dimensional solution to Poisson
equation but also the two dimensional solution to the
homogenous Laplace equation are to be obtained
using the superposition method in this paper. In this
way, the potential distribution in the channel length
direction as well as in the radial direction can be
obtained.

Mehta and Kaur [45] analyzed subthreshold
behaviors for only double gate MOSFETSs using
Gaussian doping profile. However, in the case of a
double-gate MOSFET, there are only two gate
terminals that can control the carriers in the channel.
As described above, the JLCGS MOSFET with the
gate terminal covering the entire channel is a
transistor that can reduce SCE than the double gate
MOSFET, and TSMC and Samsung Electronics are
doing their best to develop the JLCSG MOSFET
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[46—47]. Therefore, future research on JLCSG
MOSFETs will be very important.

Banerjee et al. [48] analyzed the SCEs such as
threshold voltage, subthreshold swing and DIBL of a
dual gate material JLCSG MOSFET using a Gaussian
function. However, they also used the parabolic
potential approximation to obtain the potential
distribution in the channel direction. In particular,
only junction-based MOSFETSs with problems such
as abrupt doping profile changes occurring at the
channel and source/drain  junctions in the
miniaturization process were analyzed.

As can be seen from the above literature reviews,
many researchers are trying to present a model for
accurate SCEs analysis of JLCSG MOSFETSs. It is
clear that JLCSG MOSFET will play a very
important role as a next-generation semiconductor
device, so accurate analysis of it is essential.
However, the analysis using the Gaussian doping
profile, which is indispensable in the doping process,
is insufficient. This is also due to the difficulty in
integrating the Gaussian doping profile. To solve this
problem, the goal of this paper is to solve the Poisson
equation by approximating the function generated
from the integration of the Gaussian doping profile
with a Taylor series, and to obtain an analytical SS
model using this potential distribution.

5

[

Sep-up of Poisson equation to solve the potential distribution of JLCSG MOSFET
V2o(rz)= (-gN e }lexp(—[(R—r-Rp);’w.?rrp]g)

3.Methods
3.10verview for presentation of the analytical SS
model of JLCSG MOSFET with gaussian
doping profile
The purpose of this paper is to present an analytical
SS model for analyzing SS among SCEs of JLCSG
MOSFETSs with Gaussian doping profile as shown in
Figure 1. For this, we must first find the analytical
form of potential distribution. The potential
distribution is composed of the sum of g¢(r), which is
a one-dimensional solution, and ¢(r,z), which is a
two-dimensional solution. At this time, the Poisson
equation was solved analytically using the Gaussian
doping profile. However, since the integral of the
Gaussian function is analytically difficult when
solving the Poisson equation, it was solved using an
approximate equation by Taylor's series to derive
#i(r). Using the analytical potential model obtained in
this way, the analytical SS model was presented
according to the definition of SS. At this time, r, the
conduction path and z;,, the z-value of the minimum
potential were used. The validity of the presented
analytical SS model will be verified by comparing it
with the results of DESSIS and other paper. Using
this model, changes in SS with respect to the
projected range R, and straggle ¢, will be considered.
More details are provided in the next section.

Solve the Poisson equation using superposition technigue
ir.z)= n1(r]|+f32(r_z)

|

(Obtain conduction path(r off

} and z value of minimun potential (z

)

mir

l

Present the analytical subthreshold swing(SS) model by definition of S5 ‘

sS=V Jitog(l )

|Comparison of the 555 of this model, DESSIS, and other model |

|

lAnalysis and discussion for 85 with straggle and projected range as parameters ‘

Figure 1 Block diagram of approach to present the analytical SS model for JLCSG MOSFET with Gaussian doping

profile
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3.2Extraction of potential distribution using
Gaussian distribution function

Figure 2 shows the schematic diagram of the JLCSG
MOSFET. The source and drain is doped with n"
type, and the channel is doped with a high
concentration of n-type with Gaussian doping profile,
and a metal with ¢, =4.7 eV is used as the gate metal.
The L, is the length of the channel, R is the radius of
the silicon, and ¢, is the gate oxide thickness, and
SiO, is used as gate oxide. The V,, Vy, and V;
represent a gate voltage, a drain voltage, and a source
voltage, respectively. At this time, the potential
distribution of the JLCSG MOSFET is obtained using
the following Poisson Equation 1.

Vv
oS

i

Figure 2 Schematic diagram of the JLCSG MOSFET

, \ 7[(R—r)—Rp]z
10 [ 9 i, z)} o°¢(r,z) _ AN, ol 2,
ror oz’ &

1)

Here, g; is the dielectric constant of silicon, Nj is the
peak doping concentration and 10*/cm?® is used Ry is
the projected range, and o, is the straggle to
determine the shape of the Gaussian distribution
function. Using the superposition technique, the
electrostatic potential in channel region can be
expressed as follows (Equation 2).

P(r,z) =4 (r)+ ¢, (r,2) )

Here ¢.(r) is the one dimensional solution to
Poisson's equation and ¢,(r,z) is the two dimensional
solution to the homogenous Laplace equation, which
can be expressed as follows (Equation 3 and 4).

7((R—r)—Rp]
1g(ra¢l<r>j=_w_pe o @
ror or i
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3’4, (r,2) RGN Ogy(r2)
or2 r or oz (4)

First, the following boundary condition is used to
obtain ¢4(r) (Equation 5).

w0
or |,
a¢1 (r) Cox |:V
= gs_¢ms_¢1(R)]
or n s ®)

where ¢,s is the difference in work function between
metal and semiconductor. The C,, can be expressed
as follows (Equation 6).

Eox

RIn(L+t, /R) ©)
If Equation 3 is multiplied by r and integrated once,

6¢1(r) \fcf R-R, erf( J’ Ry
+§a§exp( :/_ ")J
aNp

Esi 7)
And the integral constant C is as follows using the
boundary condition of Equation 5.

go, (R-R )erf(
-3 o

R-R
~¢o} exp(—( 7 ")ZJ
20'p (8)
Dividing Equation 7 by r and then integrating once,

the following equation can be obtained.
erf (x)

Cox =

E=

(n)= «/_f R-R —d
A (r ‘7( )&/‘ R R)X
exp( 2)
—dx+Cl D
+\F§UPJ\/_GX - R)x+ nr+
R-r-R
x—%
20'p ©)

where the D is constant. Since this integration cannot
be expressed in an explicit form, it is approximated
using the Taylor's series of exp and erf functions and
then integrated. That is, if we rewrite Equation 9
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using the approximation equation, it can be written as
(Refer to Appendix | for function A,)

3 5 7
2 2 X=X /3+x/10-x" /42
@ (r) =\fﬂ§0p(R—Rp)

AN S

2 4 6
1- 2-
N2zt fLX X 122X 10 oy
V20, x—(R-R,)

2 R-r-R, ) 1 1 1
=20, (R-R, )| A Y SRt
+\E§o-’3)[AU—A2+%A4—%A6:|+CInr+D

(10)
Using Equations 5 and 10, the integral constant D can
be calculated as follows.

X

erf (

\f” (R-Ry)— >
Tt (R- "
g5 V27 ° P R
D =V, ~Vyy -+

gs R
f “Rp 2
exp| —( )
2 [ N2a,, J C
+éo"t ————+—
R R

, 1 1 1
S N S e
+xﬁgo-:;I:AoA2+EA4%A6:|+ CIhR

(11)

Substituting Equations 8 and 11 into Equation 10,
#1(r) can be obtained. Since the method of obtaining
#,(r,z) using Equation 4 is independent of the doping
distribution, it can be obtained by using the variable
separation method and ¢,(r,z) can be derived from
Gupta [49], method using the Fourier-Bessel series as
follows.

< ant ant
bt - om0 oy 2"

ol
(12)

where o, is eigenvalues that satisfy the following
equation.

g -
RIoan) - andy () =0

(0).4 (13)

The C, and D, are obtained using the following
boundary conditions in Equation 12.
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#(r,z=0)=0

P(r,z=1L)=Vy (14)
Here, Vg is the drain voltage and the source is
assumed to be grounded. At this time, because the
first term dominates the whole series due to rapid
decay of the Fourier-Bessel series, ¢o(r, 2)
described with the C; and D; as follows.

$(r,2) = {Cl(r)exp( ZjJrDl(r)exp(—a?ZH
of%)
R (15)

—¢(f)[1—exp(—“;LH+vds
Zsmh( 1Lj (alrj

R )R

L

—¢(r)[eXp(0‘é)—1}—vds
Zsmh(a jjo(%rj

R R (16)

Substituting Equations 10 and 15 into Equation 2, we
can obtain the potential distribution of the JLCSG
MOSFET with Gaussian distribution in the channel.
Figure 3 shows the potential distribution obtained
using Equations 2, 9, and 15. As can be seen in
Figure 3, the potential distribution within the channel
changes according to the projected range R, and
straggle o, so the SS will also change according to
the two variables.

Cy(r) =

Dy(r) =

10 '

£ T TTIT]
P g Rp="p= 2nm(—)

- 8 R=2nm, o =3nm(—) |]
t é | p P

5 19 R =3 nm, g =2 nm(——)
o o p, P

o 4 unit ; [eV]

- 6

5

t ]

-]

E 45

[=]

= £ i
@ 2_ T & b
Q @ g

: 1,
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E gL M . = N e ——" .l—-_<'_-'.l’—<//ﬁ'ﬂ< A5k " »JI.

[=]
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Distance from source to drain (nm)
Figure 3 Potential distributions in the channel of
JLCSG MOSFET with the projected range and
straggle as parameters in the case of Vy=0.5 V,
Vgs=0.1V and t;,=2 nm
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3.3 SS model extraction

The SS is defined as the change of the gate voltage
when the drain current changes one order. Since the
drain current is proportional to e ™" it can be
written as follows (Equation 17).

-1
SS = avgs _ 2.3\/1_ a¢(ref'f ’Zmin)

Here, the re is the conduction path, and it is known
that most of the current flows to the center when the
JLCSG MOSFET has a uniform doping distribution.
However, the conduction path is a variable obtained
by Equation 18 when the doping distribution in the
channel has a Gaussian distribution function.

_[ R—r—RpJZ
J.re “\/gﬁp e¢(r'zmiﬂ)dr
foff = 2
_[R—r—Rp
\ﬁcrp ] B\ Zmin)
Je e dr (18)
Here, the z, is the z value where the minimum

potential exists in the conduction path, so it can be
calculated as follows if Equation 19 is solved.

@ Al _
oh( 1) Cl(re“)(Rjexp( Rj )

o Dy (1ot )(ﬂj exp(—a—lzj
R R (19)

Table 1 Device parameters for this analytical SS model

Zin = R In Oy )
™2y ) )
In Equation 17, the derivative term can be found as

follows.
oCy eXI:)(Ollzmin j

(20)

Y R
+C, 0 {exp (—alzmi” H
OP(Teff + Zmin ) 14 8Vgs R
oV - :
gs +aa\|/31 exp(— alZRmm j
gs

+D; 0 exp| — ZAZmin
Ngs R

X \]0 (aliﬁ J
(21)

Substituting Equation 21 into Equation 17, the SS of
the JLCSG MOSFET with Gaussian doping profile
can be analytically obtained according to the
projected range and straggle. The derivative value for
Vg on the right side of Equation (21) is shown in
Appendix Il. Table 1 summarizes the device
parameters used in this paper.

Device parameter Symbol Value

Channel length L, 20-60 nm

Channel Radius R 6-10 nm

SiO, thickness tox 2nm

Doping concentration Ng 10% jom?

Straggle op 2-10 nm

Projected range Ry 2-6 nm

4.Results In order to observe the change of the SS according to

First, in order to verify the validity of the model
presented in this study, Figure 4 shows the results of
the Li's SS model [42] and DESSIS in the case of
uniform doping. In the case of uniform doping in
Figure 4, the doping concentration is 10'%/cm?®. As
can be seen from Figure 4, the results of this SS
model were in good agreement with the results of Li's
model and DESSIS. When using the Gaussian doping
profile, it can be observed that the SS changes
according to the change of the straggle and the
projected range that determines the shape of the
distribution function.
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the change of the projected range and straggle in more
detail, Figure 5 shows a contour graph of the SS
according to the change of the projected range and
straggle in the case of channel lengths of 20 nm and 30
nm, a silicon radius of 10 nm, and a gate oxide
thickness of 2 nm. As can be seen in Figure 5, the SS
increases as the projected range increases. However,
the change of SS with respect to the change of straggle
is observed differently according to the range of the
projected range. In other words, the SS increases as the
straggle increases in the range where the projected
range is less than 1/2 of the silicon radius that is R,
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<R/2, but the SS decreases as the straggle increases in
the range of R,> R/2. In addition, the change in SS
appears more severe as the projected range increases,
and the change in SS appears smaller as the straggle
increases. In particular, the SS is shown regardless of
straggle at R,=R/2. In other words, we can find that the
straggle is no longer an important variable for SS when
the peak of the doping profile is in the middle of the
silicon radius. As can be compared with Figure 5(a)
and (b), it can be seen that the SS changes rapidly
according to the projected range when the channel

L 1 1, —
| R_=2 nm
v, .=0.5V
Np=1l:l13fl:m3

=
4]
=}

crp=2.5-3.5 nm DESSIS :

+ step 0.5 Nnm
100

Subthreshold swing (mVidec)

This model ; —
Li's model; ——

vanced Technology and Engineering Exploration, Vol 9(93)

length decreases, and the change of SS with respect
to the projected range becomes gentle when the
channel length increases. If the straggle is more than
5 nm at Lg=30 nm, it can be observed that the change
in SS is about 10% depending on the projected range.
Therefore, as the channel length decreases, the SS
changes greatly according to the projected range and
straggle, so attention should be paid to the design of
the JLCSG MOSFET. Note a sharp change in SS can
be observed in the region of R,>R/2 when the channel
length is reduced.

R=5 nm

20 30 40 50
Channel length (nm)

60

Figure 4 Comparison of SS versus channel length among this model (black lines), Li’s model [42] (red lines), and
DESSIS (dots) with the silicon radius as a parameter under the given conditions

5
5
- T4
E4 (@ £
= L =20 nm :
@ g 2
=) R=10 nm 2
g V=05V g
B3l Vg0V 7]
unit; [mV/dec] vga % s g
0 ™ 8
¥ 8,
: \ VL
2 . . , //”ﬁﬂ 2
2 3 4 5 6
Projected range (nm)

(a)
Figure 5 Contours of SSs for projected range and straggle und
nm

In Figure 4, it can be observed that the smaller the
channel length and the larger the silicon radius, the
more the SS changes according to the straggle. The
change of the SS according to the straggle is shown in
Figure 6 with the silicon radius and the projected
range as parameters when the channel length is 20 nm.
In Figure 6 (a) and 6 (b), the SS increases as the
silicon radius increases, and the SS significantly
1079

L
T

(b)
LB=3l:l nm
R=10 nm o 2 s
v, =0.6V 2,
ds
v =01V
s
unit ; [mVidec]
% s % & g
AN A [
2 3 ) 5 6
Projected range (nm)

(b)
er the given conditions at (a) Lg=20 nm and (b) L,=30

changes according to the change of the projected
range. However, not only the SS decreases, but also
the change of the SS according to the projected range
decreases when the silicon radius decreases. The
change of the SS according to the projected range is
very small when R=6 nm, compared to the case of
R=10 nm. As described above, since R =10 nm and R,
=5 nm in Figure 6(a) is the condition of R,=R/2, so the
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SS according to the change of straggle is observed
almost constant. Similarly, since R=6 nm and R,;=3 nm
in Figure 6(b) satisfies the condition of R,=R/2, the SS
according to the change of straggle is observed almost
constant. In addition, it can be observed that the
change trend of the SS with respect to the straggle
changes with Rp=R/2 as the turning point. As the

straggle increases, the change in the SS for the
projected range change is very small. Also, the SS
decreases as the projected range and straggle decrease,
which can be observed in Figure 6(a) and 6(b). In
order to examine the change of the SS for the straggle
in more detail, Figure 7(a) and 7(b) are shown with the
projected range and silicon radius as parameters.

R=6 nm
t_ =2 nm
4 nm ox 1
vV =05V -
ds
~— _:i’gs=0.1 W

(b) L =20 nm }

1000 ¢ T T T —] 110
i (a) L =20 nm 1|
__900} o :
[x) 1| R=10 nm 15105 E"-.l\
< 800 f| tx—2nm 1 F "
= \ V. 05V =
E 700} v_oav 1E100}
[=2] Ed - I ™
= EY as (=
= 600} | 1=
o b i
= 500 [ \- :; 95
=} | “ R =6 nm 1o
£ . s, P 1 =
< 400 S~ { & 90
= PR -5nm —— 1=
S 300 ¢ =2
2 . _— i385
200 F Rp=4 nm :
100 4

L a L L L L 5 ] BD
2 3 4 5 6 7 8 9 10 2
Straggle (nm)

and (b) R=6 nm under the given conditions

450

=
=
=]

(a) L g=2l} mrm
R=10 mm
t,=2 mm
Vae=0.58WV
Woe=0.1V

'Y
Q
=]
T
a
=]
&)

350

=
Q
=]

300

Qo
4

250

[fe]
Q

200

Subthreshold swing (mVidec)
Subthreshold swing (mVidec)

150

Projected range (nm)

3

4 5 6

Straggle (nm)
Figure 6 The SSs for the straggle with the silicon radius and projected range as parameters in the case of (a) R=10 nm

() Lg=2I] nm
R=6 mm

T, =2 mm
Vaes=0.5V
Voe=0.1V

Projected range (nm)

Figure 7 The SSs for the projected range with the silicon radius and straggle as parameters in the case of (a) R=10 and

(b) R=6 nm under the given conditions

Comparing Figure 6 and Figure 7, the SS increases as
the projected range increases. However, in the case of
R=10 nm in Figure 7(a), it can be observed that the
magnitude of the SS changes according to the straggle
with the turning point of R,=R/2. This phenomenon is
also observed in the case of R=6 nm in Figure 7(b). In
addition, as explained in Figure 6(a) and 6(b), it can be
observed in Figure 7(a) and 7(b) that the SS shows a
constant value at points of R,=R/2 regardless of the
straggle value.

1080

The SS is ultimately a measure of how well the gate
voltage can control the flow of carriers. Therefore, the
closer the conduction path re is to the gate terminal,
the easier the control of conduction electrons by the
gate voltage will be and the SS will decrease further.
In order to examine this relationship, the change of
conduction path for R=6 nm and 10 nm in the case of
channel length of 20 nm is shown in Figure 8 as a
contour graph for the projected range and straggle.
Comparing Figure 5 and Figure 8(a), it can be
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observed that the shape of the change is almost similar.
That is, it can be seen that the conduction path is also
fixed at almost 5 nm regardless of the straggle change
at R;=5 nm in the case of R=10 nm in Figure 8(a). In
addition, as the projected range increases and the
conduction path gets closer to the central axis, the SS
increases as it moves away from the gate terminal as
shown in Figure 5. Note that, unlike in the case of
uniform doping, the doping distribution changes

according to the projected range and straggle in the
case of Gaussian doping profile. This phenomenon can
be observed even in the case of R=6 nm as shown in
Figure 8(b). That is, in the case of R,=3 nm, the
conduction path is also constant at 3 nm regardless of
the straggle. Therefore, as can be seen from Figure
7(b), it shows a constant SS value at R,=3 nm
regardless of the straggle.

(b} L= 20 nm

unit; [nm] g

5 — 5 —
[ \ | C
o (3]

| o |

N \ '

| o {
T4\ T4
= (a) L_= 20 nm K=
S s- | £ |
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Figure 8 Contours of conduction paths for the projected range and straggle under the given conditions in the case of (a)

Lg=20 nm, R=10 nm, and (b) L,=20 nm, R=6 nm

5. Discussions

In this paper, an analytical SS model is presented to
analyze the SS of JLCSG MOSFETSs with Gaussian
doping profile. Since it is difficult to obtain a uniform
doping distribution in the actual doping process, the
SCEs must be analyzed using the Gaussian doping
profile. As the Gaussian function is affected by the
projected range and the straggle, the resulting SS will
also change according to these two variables. In this
paper, the Poisson equation is solved using the
Gaussian doping profile that changes according to the
projected range and straggle, and the analytical
potential distribution obtained at this time is used to
derive the analytical SS model according to the
definition of SS. As a result, within the useful range
of the projected range and straggle of this model, the
results of DESSIS and other papers were in good
agreement with those of this model, so this model
could be used to analyze the SS of JLCSG
MOSFETSs. As a result of the analysis, the SS was
greatly affected by the projected range value if the
straggle was small. That is, in the case of Ly = 20 nm
and R = 6 nm, it can be seen that the SS increases
from 89.5 mV/dec at the projected range of 2 nm to
106.5 mV/dec at the projected range of 4 nm if the
straggle is a relatively small value of 2 nm. However,
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it can be seen that the SS only increases from 94
mV/dec at the projected range of 2nm to 99 mV/dec
at the projected range of 4nm when the straggle
increases to 4nm. In particular, it can be seen that the
SS is constant regardless of the straggle value when
the straggle value is 1/2 of the channel radius. The
channel length has a great influence on the SS. It can
be seen that not only SS increases when the channel
length is decreased, but SS also changes significantly
with changes in projected range and straggle. That is,
if the straggle is 3 nm, the SS changes from about
150 mV/dec to 500 mV/dec when the channel length
is 20 nm, the channel radius 10 nm, and the projected
range changes from 2 nm to 6 nm. However, it can be
seen that the SS changes from 84 mV/dec to 105
mV/dec under the same conditions when the channel
length increases to 30 nm. In this paper, simulations
were made for a channel length of 20-60 nm, a
channel radius of 6-10 nm, and a gate oxide thickness
of 2 nm. If the channel length is reduced to less than
10 nm, the quantum mechanical tunneling effect
should be included.

A complete list of abbreviations is shown in
Appendix I11.
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5.Conclusion

In this study, the change of SS among the SCEs of
the JLCSG MOSFET with Gaussian doping profile
was analyzed according to the projected range and
straggle that determine the shape of the Gaussian
doping profile. To this end, an analytical SS model
using a potential distribution model was presented,
and the validity of this model was verified by
comparing the results of other papers and 2D
simulation results. As a result of the analysis, it was
observed that the SS increased and the rate of
increase changed with straggle as the projected range
increased. In other words, it can be seen that the SS
decreases when the projected range and straggle
decrease at the same time. In particular, when the
projected range was placed at 1/2 of the silicon
radius, it showed a constant SS regardless of the
straggle. It was found that the factor that has the
greatest influence on the SS value is the conduction
path. The SS decreases as the conduction path
approaches the gate contact, and it is found that the
SS increases significantly due to the decrease in the
control ability of the conduction electrons for the gate
voltage, the further away from the gate contact.
Therefore, in order to reduce the SS, the projected
range and straggle value should be reduced to keep
the conduction path as close to the gate contact as
possible. This paper investigated only the case where
the channel length is more than 20 nm, and if it
becomes smaller than this, a model including
quantum tunnelling phenomenon will be needed. In
addition, if the doping profile is changed by the
development of the doping process, a model
corresponding to it should be presented.
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