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Abstract—We observed the change of the subthreshold
swings when the high-k material was used for the gate oxide
of the junctionless double gate MOSFET (JLDG MOSFET).
For this purpose, the analytical subthreshold swing model
is proposed using the potential model derived from
Poisson’s equation. The subthreshold swing derived from
the model proposed in this paper is in good agreement with
the subthreshold swing value from the two-dimensional
numerical simulation within the error of 5%. Using this
model, we observed the change of subthreshold swing with
respect to the channel length, silicon thickness and gate
oxide thickness with a dielectric constant as a parameter.
As a result, the subthreshold swing was greatly reduced
and the changing rate of the subthreshold swing by the
channel length, silicon thickness, and oxide thickness was 1
mV/dec-nm or less when the material with a dielectric
constant of 30 or more was used as the gate oxide.
Especially, it was found that the dielectric constant of the
gate oxide for the JLDG MOSFET should be more than 30
in order to have a subthreshold swing of less than 65
mV/dec.

Index Terms—junctionless, subthreshold swing, dielectric
constant, double gate, channel length

I.  INTRODUCTION

For high integration, low power consumption and
high-speed operation, the size of transistors is
continuously decreasing. In the case of conventional
MOSFETSs, due to the increase in short-channel effect
with size reduction, a nano-structure transistor can no
longer be used and a new structure transistor has been
developed. A multi-gate structure transistor has been
developed to solve problems for short-channel effects and
commercialized [1], [2]. In addition, due to the ambiguity
and depletion layer effect of the doping distribution
occurring at the interface between the source/channel and
the drain/channel as the transistor size is reduced by
scaling, a junctionless structure multi-gate MOSFET has
been developed [3]-[5]. However, the parasitic current
through the gate oxide film increases because of the
thinning of the oxide film due to the scaling effect when

the size of the junctionless multi-gate structure is reduced.
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In the case of the SiO, layer, it can be found that parasitic
current exceeding 1 A/cm? at 1 V flows into gate contact
[6]. In order to solve this problem, it has been tried to
reduce the gate parasitic current by using a material
having a high dielectric constant in the gate oxide [7]. In
addition, high-k gate oxide films must be used to reduce
transistor size while reducing short-channel effects. In the
case of SiOZ, Alzog, Y,03, HfOZ/ZI’Oz, La, 0O, and T|02
as gate oxide films, Priya et al. analyzed the subthreshold
characteristics of junctionless tunnel transistors. Sakshi et
al. used SiO,, Al,O3 HfO,, and Ta,0s to analyze the
threshold voltage [8], [9]. In addition, Xie et al. proposed
a potential model using scale length to analyze short-
channel effects on Junctionless Double Gate (JLDG)
MOSFETS, but only analyzed for threshold voltage shift
[10]. Nirmal et al. have also shown that the on-off current
ratio is improved for high-k gate oxide by analyzing the
on-off current when various gate oxide films are used in a
double gate MOSFET [11]. Efforts are being made to
improve the performance of the transistor using the high-
k gate oxide film. In this paper, we use the Xie model to
analyze the variation of the subthreshold swing when the
gate oxide films are SiO,, Al,0s Y,03; HfO,/ZrO,,
La,0;, and TiO,. To this end, we will present a new
analytical subthreshold swing model using Xie's potential
model.

In Section 2, we will explain the analytical potential
distribution and subthreshold swing model of JLDG
structure MOSFETS. In Section 3, we will analyze the
obtained subthreshold swing according to dielectric
constant, and conclude in Section 4.

Il.  THE STRUCTURE AND SUBTHRESHOLD SWING
MOoDEL OF JLDG MOSFET

Fig. 1 shows a schematic diagram of a junctionless
double-gate MOSFET used in this paper. The source and
drain were heavily doped with 10’ /cm?, and the channel
was doped with 10"%/cm®. The gate uses metal with a
work function of 4.68 eV. The &, is the dielectric
constant of the oxide film, and SiO,, Al,0O; Y03,
HfO,/ZrO,, La,0s, and TiO, are used as gate oxide with
dielectric constants of 3.9, 9, 15, 25, 30, and 80
respectively. The &g is the dielectric constant of silicon, L,
the gate length, t5 the silicon thickness, and t,, the oxide
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film thickness. The potential distribution derived by Xie
et al. can be expressed as the following series [10].
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Fig. 1. Schematic cross-sectional diagram of Junctionless Double Gate
(JLDG) MOSFET.
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Here, the E, is the energy bandgap of silicon, Vg, the
drain voltage, Vg the gate voltage, 4¢ the difference
between the work function of the gate metal and the
channel, ¢, the center potential at x=y=0. As shown in
(1), they directly affect the potential distribution.

Fig. 2 shows the potential distribution along the center
axis calculated using (1) in the subthreshold region. As
can be seen in Fig. 2, the potential distribution varies
greatly depending on the dielectric constant. As the
dielectric constant increases, the potential distribution
decreases further and the flow of carrier in the channel
decreases. This will result in a decrease in on-off current,
but the ratio of on-off current is known to increase as the
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dielectric constant increases [11]. The eigenvalue 1, in (1)
can be obtained by solving the following eigenfunction.
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Fig. 2. Central electrostatic potentials for various dielectric constants in
the junctionless double gate (JLDG) MOSFET.

In the case of a symmetrical double-gate MOSFET, the
potential distribution can be obtained by substituting Aj,
A3, As, -+ into (1) since the eigenvalues are not 0 only in
the case of an odd number. The longest eigenvalue 4, is
called the scale length. In general, it has been reported
that only using n=1 in the case of Lg>1.54, is sufficient
when analyzing short-channel effects [10]. Therefore, we
want to obtain an analytical model of the subthreshold
swing at n=1. In order to take into account the range of
Ly>1.54,, the change of scale length with respect to the
change of the dielectric constant is shown in Fig. 3 while
the oxide thickness is changed to 1, 2, and 3 nm with the
channel length of 20 nm and the silicon thickness of 5 nm.
Since the channel length is 20 nm, the subthreshold swing
can be sufficiently analyzed from the potential
distribution using n = 1 in (1) if the scale length is smaller
than 13.3 nm. In Fig. 3, it can be found that all of the
dielectric constants satisfy the condition of Ly>1.54,
except for the case where the thickness of SiO, is 3 nm.
Therefore, in this paper, we will analyze the subthreshold
swing using only the potential distribution when n = 1.
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Fig. 3. Scale lengths for various dielectric constants with oxide
thickness as a parameter under the given conditions.

In the first case, we rewrite (1) at n=1 as follows:
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The subthreshold swing is a measure of the gate
voltage change with respect to the drain current change.
If the electron density constituting the drain current can
be approximated as n=Ng *.." by a Boltzmann
distribution using minimum potential @i, the
subthreshold swing is expressed such as the following
equation,

oV kT \(og. )
SS = £ — =In(10) —j L2 4)
ologl, q /\ v,
Here, k is the Boltzmann constant and T is absolute
temperature. To obtain ¢, in (4), we find y=yn, that

satisfies og(x,y)/0y=0 and substitute the y;, into (3). The
Ymin thus obtained is as follows:
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In the case of the JLDG MOSFET, most carriers flow
through the center of the channel, so we can obtain the
émin DY substituting y=yni, and x=0 in (3). Equation (A1)
is obtained by differentiating ¢min With respect to V.
Substituting (Al) into (4) yields a subthreshold swing.
The differential value for Vg of the @iy in (A1) will vary
according to the b; and c;, and those depend on the
dielectric constant as shown in (1). Consequently, the
subthreshold swing will vary with the dielectric constant.
In this paper, we will observe the validity of (4) and use
(A1) and (4) to find the change of the subthreshold swing
for the change of the dielectric constant with the channel
length, silicon thickness, and gate oxide thickness as
parameters.

I1l. SUBTHRESHOLD SWING ACCORDING TO DIELECTRIC
CONSTANTS FOR GATE OXIDE OF JLDG MOSFET

In order to observe the validity of (Al) and (4), we
compare the two-dimensional numerical simulation
TCAD results [12] with the subthreshold swings derived
from the analytical subthreshold swing model of this
paper in Fig. 4. As can be seen in Fig. 4, the analytical
model of this paper is in good agreement with the TCAD
simulation results within the error of 5%. However, it can
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be observed that the error increases for the channel length
of 20 nm since /; is 20 nm under the condition given in
Fig. 4 and the channel length satisfying the condition of
Lg>1.54; is more than 30 nm. As shown in Fig. 2, the
scale length 1; decreases as the dielectric constant
increases. Therefore, the channel length to which the
analytical subthreshold swing model suggested in this
paper is applied will be further reduced. Using the (A1)
and (4), we can interpret the subthreshold swing of the
JLDG MOSFET in the channel length range calculated in
this paper, except for the case of SiO, with a very thick
oxide thickness and a dielectric constant of 3.9.

Fig. 5 shows the subthreshold swing for various gate
oxide materials with the gate oxide thickness as a
parameter. As the dielectric constant increases, the
subthreshold swing decreases as shown in Fig. 5. The
changing rate of the subthreshold swing decreases with
the changing rate of the gate oxide film thickness as the
dielectric constant increases. Also, as the dielectric
constant increases, the subthreshold swing sharply
decreases. As the dielectric constant increases above 30,
the subthreshold swing decreases to less than 65 mV/dec.
The reason for this is that the parasitic current decreases
as the dielectric constant increases. In particular, TiO; is
close to the ideal threshold voltage of 60 mV/dec,
regardless of the gate oxide thickness. As shown in Fig. 5,
the subthreshold swing rapidly decreases when the
dielectric constant is 30. When the dielectric constant is
above 30, the subthreshold swing is maintained at a
constant value as the dielectric constant increases.

Therefore, the on-off current ratio will increase with
the increase of the dielectric constant and the transistor
performance will be improved [16].
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The change of the subthreshold swing along with the
channel length is shown in Fig. 6 as a parameter of
dielectric constant. As seen in Fig. 6, in the case of SiO,
with a dielectric constant of 3.9, it can be seen that the
subthreshold swing greatly changes along with the
channel length. That is, the short channel effect becomes
large and the subthreshold swing increases greatly as the
channel length decreases. However, the short channel
effect decreases as the dielectric constant increases. In
particular, it is observed that the TiO, with a dielectric
constant of 80 does not show the short channel effect
even if the channel length decreases. The sharp increase
of the subthreshold swing due to the short channel effect
can be observed especially at a dielectric constant of 30
or less. That is, the subthreshold swing is maintained at
65 mV/dec or less with the dielectric constant of 30 or
more even if the channel length is reduced to 15 nm. In
fact, for TiO, with a dielectric constant of 80, excellent
short channel effect can be observed as shown in Fig. 5
and Fig. 6. But, TiO, has a low energy band gap of about
3.2 eV and a low energy band offset value for silicon
used as a channel. It is also pointed out that the limitation
of mobility is due to the roughness of the Si/TiO,
interface and the interface trap state [13]. A process for
solving this problem has been developed, but a material
with a dielectric constant near 30 may solve the above
problems and reduce the short channel effect [9].

Fig. 7 shows the change of the subthreshold swing
with respect to the dielectric constants with the silicon
thickness as a parameter. When the dielectric constant is
small, it is observed that the change of the subthreshold
swing is large to the change in the silicon thickness. It is
also observed that the subthreshold swing decreases from
80.4 mV/dec to 61.6 mV/dec when dielectric constant
increases from 3.9 to 80 at the silicon thickness of 6 nm,
but that only decreases from 70.5 mV/dec to 60.0 mV/dec
at the silicon thickness of 4 nm. When the dielectric
constant was increased to 15 or more, note that the
subthreshold swing was 65 mV/dec or less regardless of
the silicon thickness. It can be seen that the variation of
the subthreshold swing with the change of the silicon
thickness is almost constant if the dielectric constants
increase to 30 or more. A dielectric material with a
dielectric constant greater than 30, which forms a smooth
and excellent interface with silicon, will be most suitable
for reducing the short channel effect as the size of the
JLDG MOSFET decreases.
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The changes in the subthreshold swing for channel
lengths from 15 nm to 25 nm, silicon thicknesses from 4
nm to 6 nm and oxide thickness variations from 1 nm to 3
nm are shown in Fig. 8. As can be seen in Fig. 8, the rate
of change was greatly decreased with increasing
dielectric constant. Particularly, when the dielectric
constant is more than 30, the change of the subthreshold
swing to the size change of 1 nm is less than 1 mV/dec.
Also, the ASS/At.,, the variation of the subthreshold
swing with the thickness of the oxide film was the largest.
In particular, when the oxide material having a small
dielectric constant such as SiO, is used, the rate of change
is more than 10 mV/dec-nm for the change of oxide
thickness.

The transconductance-to-drain current ratio g./lg is a
measure of the device's performance. This ratio describes
how efficiently the current is used to achieve a certain
value of transconductance. The high value of the g,/lg is
very useful for the design of an analog IC. Moreover, the
gm/lq is used for obtaining the threshold voltage [14] and
the subthreshold swing [15] of the device. It can be
expressed as a derivative of minimum potential ¢, with
respect to the gate voltage by using (4) as follows.

9,10, _anl) o) og,, /KT o
| I, oV oV SS oV, q

d gs gs

d

The transconductance-to-drain current ratio can be
obtained using (A1), which is equal to the value obtained
by dividing In(10) by the subthreshold swing, as shown in
(4) and (6). Therefore, for an ideal device with a
subthreshold swing of 60 mV/dec, the maximum value of
gnllq is equal to nearly 38.5 V', which is (kT/q)™. The
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gn/lq value obtained by using (6) is shown in Fig. 9 with a
dielectric constant as a parameter. As can be seen from
Fig. 9, when the dielectric constant increases, the g./lq
value greatly increases, reaching the ideal g./lg value
when the channel length is 30 nm and the dielectric
constant is 30. When the dielectric constant is large, the
reduction of the g,/ly value due to the reduction of the
channel length is very small. However, in the case of the
SiO, having the dielectric constant of 3.9, the g./lq is
greatly decreased as the channel length is decreased.
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Fig. 9. Transconductance-to-drain current ratio by this analytical model
for channel length with dielectric constant as a parameter.
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IV. CONCLUSIONS

In this paper, the changes of the subthreshold swing
have been analyzed for the change of the channel length,
silicon thickness, and oxide thickness when a material
with the high-x dielectric constant used as a gate oxide
film, in order to reduce the short channel effect caused by
the scaling of JLDG MOSFET. We proposed the
analytical subthreshold swing model using the potential
distribution obtained by Poisson’s equation. The results
derived from the analytical model of the subthreshold
swing proposed in this paper are in good agreement with
the results of the two-dimensional numerical simulation.
Using this analytical model, we observed the deviation of
subthreshold swing for changes in the channel length,
silicon thickness, and gate oxide thickness of the JLDG
MOSFET with the dielectric constant as a parameter. As
a result, the subthreshold swing decreases as the dielectric
constant increases. The transconductance-to-drain current
ratio shows high value for the dielectric material with a
dielectric constant greater than 30. However, in the case
of a material having a high dielectric constant, defects are
generated at the interface with silicon. Therefore, a
technique for forming a good interface should be
developed.
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