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Abstract—We  investigate the dependence of the
Subthreshold Swing (SS) of asymmetric junctionless double
gate MOSFETS on the top gate oxide thickness to,; and the
bottom gate oxide thickness t,,. The Poisson equation is
used to derive the channel potential distribution of the
transistor to the analytical series form, and the analytical
subthreshold swing is obtained using series type potential
distribution. This model is found to be in good agreement
with the 2D simulation. In the asymmetric structure, since
the gate oxide thicknesses at the top and bottom sides can be
made different, the oxide film thickness dependency can be
compared with that of the symmetric structure which has
identical top and bottom gate oxide film thicknesses. As a
result, we observes that the geometric mean of the top and
bottom gate oxide thicknesses is linearly proportional to the
subthreshold swing. In other words, we derive the

relationship of SS =K/t and observe that the

oxltcxz
proportional constant K changes with channel length and
channel thickness. It is found that as the channel length
decreases and the channel thickness increases, it increases
sharply. It is also found that the K changes with more
sensitivity to channel thickness than to channel length.

Index Terms—asymmetric, geometric mean, junctionless,
subthreshold swing, oxide thickness

. INTRODUCTION

The desire for a transistor structure to reduce the short
channel effect has led to the development of multi-gate
transistors, and the multi-gate structure has been adapted
into various structures such as the double gate structure,
the Fin structure, and the cylindrical structure [1]-[6]. The
simplest structure is the double gate structure and this
study will focus on the double gate MOSFET structure.
Especially, the junctionless structure was developed for
when the channel is shorter because the junction-based
structure shows a limitations for rapid doping type and
concentration change between the source/drain and the
channel [7], [8]. In the junctionless structure, not only the
doping type between the source/drain and the channel but
also the doping concentration are made consistent so that
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the process difficulties that arise in short channel
junction-based MOSFETs can be overcome. The
development of such a structure is intended to overcome
the severe device performance degradation in short
channels.

The junction-based Double Gate (DG) MOSFET
structure has been investigated with symmetric top and
bottom gates, and many studies have also been conducted
on the asymmetric structure in the junction-based
MOSFET [9]-[12]. But there is little research on
asymmetric junctionless DGMOSFETSs. The asymmetric
and junctionless structures are very important for
implementing the short channel devices because the two
structures can reduce the short channel effects which
include degradation of Subthreshold Swing (SS) and
threshold voltage roll-off, as well as drain induced barrier
lowering. Therefore, in this study, we will investigate the
influence of the change in top and bottom gate oxide
thicknesses on the subthreshold swing of the junctionless
DGMOSFET with an asymmetric structure.

In the asymmetric structure, it is advantageous to
fabricate different thicknesses for the top and bottom
oxide films. Therefore, it is possible to more effectively
reduce the short channel effect because the number of
elements that can control the short channel effect
increases. Jiang et al. have studied the short-channel
effect only for symmetric junctionless DGMOSFETSs, and
Ding et al. proposed a subthreshold swing model of both
the symmetric and asymmetric  junction-based
DGMOSFET using series type potential distribution [13],
[14]. In this study, we will present a subthreshold swing
model for the asymmetric junctionless DGMOSFET by
modifying the Ding’s potential and subthreshold swing
models. Ding et al. reported that the bottom gate oxide
thickness of a junction-based DGMOSFET operating in
an inversion model has little effect on the subthreshold
swing. The reason is that the center of conduction shifts
to the top gate with decreasing of top gate oxide film
thickness and the top gate voltage can better control the
charges in the channel of junction-based DGMOSFETSs if
the top gate oxide thickness is reduced. However, in the
case of a junctionless MOSFET operating in
accumulation mode, the influence of top and bottom gate
oxide thicknesses on the subthreshold swing will have a
different  relationship  with  the  junction-based
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DGMOSFET because the center of conduction is always
centered between the top gate and the bottom gate. We
will analyze the subthreshold swing according to the
change of top and bottom gate oxide thicknesses using
the modified model. For this purpose, the potential model
of the series type is derived from the Poisson equation,
and the top and bottom gate oxide thicknesses are used as
variables.

This paper is arranged as follows: the analytical
subthreshold swing is described in Section II; we present
the effects of the top and bottom gate oxide thicknesses
on subthreshold swing and discuss the results in Section
I11; and we conclude in Section IV.

Il. ANALYTICAL SUBTHRESHOLD SWING MODEL OF THE
ASYMMETRIC JUNCTIONLESS DGMOSFET

Fig. 1 shows a schematic diagram of the asymmetric
junctionless DGMOSFET used in this paper. The source
and the drain were doped with a high concentration and
the channel was doped with Ng=10" per cm®. The top and
bottom gate voltages are Vg and Vg, respectively. The L
is the gate length, the t; channel thickness, and t,; and

toxo the thicknesses of the oxide film at the top and bottom,

respectively. The following Poisson equation is used to
derive the potential distribution in the channel.

PP(x, y) X +*P(x, y) 1 y* =—Ny 155 (1)
In this case, we use the following boundary conditions:
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#(Lgy) =V, +V,
& 09
¢(X'0) Vi Vfbt+COXl EY o
) =V =V + o¢
¢( SI) fb + oxz ay .

where g is the dielectric constant of silicon, Vg is the

flat band voltage of the top gate, and Vy,, is the flat band
voltage of the bottom gate. The potential distribution
derived from the boundary conditions can be expressed as
the follows using the Ding’s expansion method [14]:
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Fig. 1. Schematic cross sectional diagram of an asymmetric junctionless
double gate MOSFET.
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We use ¢, = &,, for silicon dioxide.

In the asymmetric structure, the subthreshold swing
indicates the change in the top gate voltage with respect
to the drain current change in the subthreshold region. If
the electron density constituting the drain current can be
approximated by a Boltzmann distribution such as

n~ N,e¥'¥T  the following (3) can represent the
subthreshold swing:

od,
SS= =1In min 3
alogldS nd )( ]{avg] @)
In this case, to obtain @, , X=Xmin Satisfying

Op(x,t; 12)/ox=0 is required, and then 4, can be

obtained by substituting the xy, into (2). The majority
carriers in the junctionless DGMOSFET will conduct
current through the silicon body in the subthreshold
region, whereas the induced minority carriers in the
junction-based DGMOSFET flow at the region between
the gate oxide and silicon body [15]. Therefore, the most
of the electrons move through the center of the channel,
so y=tg/2 is used for the junctionless DGMOSFET.
Consequently, the subthreshold swing can be expressed

by
:.n(lo)[k_Tjr 4 (%J
q N L,
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where k is the Boltzmann constant and T is the absolute
temperature. Although the number of summation terms in
(4) is infinite, we only use n=30 instead of infinite
because A, converges fastly for n [14]. When we inspect
(4), it can be seen that the subthreshold swing changes
according to the thickness of the top and bottom oxide

films through the variables such as Cqyy1, Coxo, toxt, and toyo.

In this paper, we compare the subthreshold swings in the
symmetric junctionless DGMOSFET of ty;=t,, with
those of the asymmetric structure. In the case of an
asymmetric junctionless DGMOSFET, we will show it is
possible to further reduce the subthreshold swing by
adjusting the thickness of the top and bottom oxide films.
The gate and flat band voltages for the top and bottom
gate sides can be also used differently, in the case of an
asymmetric  junctionless DGMOSFET which can
fabricate differently the top and bottom gate oxide
thicknesses. However, in order to observe only the effect
of the top and bottom gate oxide thicknesses, we use the
same values for the top and bottom gate voltages and the
flat band voltages of top and bottom sides.

I1l. SUBTHRESHOLD SWING FOR THE TOP AND BOTTOM
GATE OXIDE THICKNESSES

In order to verify the validity of (4), the two-
dimensional simulation values and the results of (4) are
compared in Fig. 2. As shown in Fig. 2, the two-
dimensional simulation value and the values derived from
the analytical subthreshold swing of (4) proposed in this
paper are in good agreement for the range of channel
length from 20 nm to 60 nm. Therefore, we will analyze
the subthreshold swing of an asymmetric junctionless
DGMOSFETs for different top and bottom oxide film
thicknesses by using (4).
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Fig. 2. Comparison of subthreshold swings against channel length using
the analytical model and two dimensional simulation [13] under the
given conditions.

Unlike the symmetrical structure, the asymmetric
structure has an advantage that the oxide film thicknesses
at the top and bottom sides can be fabricated with

©2019 Int. J. Elec. & Elecn. Eng. & Telcomm. 294

different thickness. The contours of the subthreshold
swing is shown in Fig. 3 at channel lengths of 20 nm and
60 nm when the top gate oxide thickness and the bottom
gate oxide thickness are changed from 1 nm to 5 nm in
(4). The values not shown in the figure are the same as
those used in Fig. 2, and the dashed line in Fig. 3 is the
symmetrical case in which the top and bottom gate oxide
thicknesses are the same. As shown in Fig. 3 (b), when
the channel length increases to 60 nm, the subthreshold
swing for the top and bottom gate oxide thicknesses
hardly changes: it lies between 60-66 mV/dec for the
oxide thickness range used in the calculation. However, if
the channel length decreases to 20 nm, the subthreshold
swing will vary greatly from 90 to 160 mV/dec. It can be
seen that the symmetric structure has a single value but
the asymmetric structure shows varied values depending
on the thickness of the top and bottom gate oxide films.
Fig. 3 shows that the subthreshold swings are kept
constant when the top gate oxide thickness decreases and
the bottom gate oxide thickness increases, and vice versa.
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Fig. 3. Contours of subthreshold swings for top and bottom gate oxide
thicknesses for given conditions at (a) L,=20 nm and (b) L;=60 nm.
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Fig. 4. Contours of subthreshold swings of 80 mV/dec for top and

bottom gate oxide thicknesses for given conditions with a parameter of
the channel length.
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Fig. 4 shows the contour plot of subthreshold swing at
80 mV/dec with the channel length as a parameter. As
shown in Fig. 4, if the channel length is reduced to about
15 nm, the thicknesses of the top and bottom oxide films
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must be reduced to about 1 nm for the symmetric
structure in order to maintain a subthreshold swing of
SS=80 mV/dec or less. However, if the channel length
increases to 25 nm, film thickness may increase to 3.5 nm
for the symmetric structure to maintain subthreshold
swing of 80 mV/dec. In the case of an asymmetric
junctionless DGMOSFET with channel length of 25 nm,
it can be seen that nearly all the top and bottom oxide
film thicknesses in the range are possible to maintain a
subthreshold swing of SS=80 mV/dec or less. When the
channel length is 15 nm in Fig. 4, it can be seen that the
range of the top and bottom gate oxide thicknesses is very
narrow to maintain a subthreshold swing of 80 mV/dec or
less. However, when one of the top and bottom gate
oxide films is made thinner, the other can become thicker.
That is, when the oxide thickness of one gate is reduced
to 0.5 nm, it may be observed that the subthreshold swing
can be maintained at 80 mV/dec if the other gate oxide
films is increased to a thickness of about 2 nm.
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1.0 2.0 3.0 4.0 5.0
Top gate oxide thickness (nm)

Fig. 5. Contours of subthreshold swings of 80 mV/dec for top and
bottom gate oxide thicknesses for given conditions with a parameter of
channel thickness.

The channel thickness and the channel length are also
the important parameters in the short channel asymmetric
junctionless DGMOSFET. Therefore, the contour graph
of the subthreshold swing of 80 mV/dec for different top
and bottom gate oxide film thicknesses is shown with
channel thickness as a parameter in Fig. 5. As shown in
Fig. 5, as the channel thickness decreases, the top and
bottom gate oxide thicknesses should increase to maintain
a subthreshold swing of 80 mV/dec. That is, when the
channel thickness is reduced, the margin for the top and
bottom gate oxide film thicknesses is increased to keep
the subthreshold swing low. However, when the channel
thickness is increased to 7 nm, to keep the subthreshold
swing below 80 mV/dec the range of possible thicknesses
of the top and bottom oxide films is very small.
Comparing Fig. 5 with Fig. 4, note that subthreshold
swing is more sensitive to deviation in channel thickness
than to channel length.

Fig. 3, Fig. 4 and Fig. 5 show that there is a correlation
between the top and bottom gate oxide thicknesses in
order to keep the subthreshold swing constant. This
relationship is the same as that observed when the scale
length is proportional to the geometric mean of the
channel thickness and the oxide thickness [16], so in this
paper we analyzed the subthreshold swing for the
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geometric mean of the top and bottom gate oxide
thicknesses.

Fig. 6 shows the relationship between the geometric
mean of the top and bottom oxide thicknesses and the
subthreshold swing with the channel length as a
parameter. The results are shown as triangles, and the
results of a linear fitting of the data are shown as the
straight lines. As described above, it can be obtained that
the geometric mean of the top and bottom oxide film
thickness is linearly proportional to the subthreshold
swing as the followings:

SS =K\t utors ®)

It can be seen that the proportional constant K
increases sharply with decreasing channel length. When
the channel length is increased to 60 nm or more, the
subthreshold swing is independent of the thickness of the
top and bottom oxide films, and kept nearly constant.
However, as the channel length decreases, the
subthreshold swing is observed to be sensitive to the
geometric mean of the top and bottom oxide thicknesses
due to the rapid increase of the proportional constant K.
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Fig. 6. Subthreshold swings for the geometric mean of top and bottom
gate oxide thicknesses for given conditions with a parameter of channel
length.
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Fig. 7. Subthreshold swings for geometric mean of top and bottom gate
oxide thicknesses for given conditions with a parameter of channel
thickness

Fig. 7 shows the relationship between the geometric
mean of the top and bottom oxide thicknesses and the
subthreshold swing when the channel thickness is a
parameter. It can be seen that as the channel thickness
increases, the proportional constant K increases in (5).
That is, as the channel thickness increases, the change in
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the subthreshold swing with respect to the change in the
top and bottom oxide film thicknesses becomes more
sensitive. As can be seen from the comparison of Fig. 6
and Fig. 7, the subthreshold swing is more sensitive to the
change of the channel thickness than the channel length.
As shown in Fig. 7, as the channel thickness decreases,
the change of the subthreshold swing with respect to the
geometric mean of the top and bottom oxide film
thicknesses decreases. Therefore, it can be seen that as
the channel length increases and the channel thickness
decreases, the effect of the top and bottom oxide film
thicknesses on the subthreshold swing decreases. As
shown in Fig. 6 and Fig. 7 and (5), the proportional
constant K is a function of channel length and channel
thickness. Therefore, the subthreshold swing of the
asymmetric junctionless DGMOSFET can be calculated
by the channel size and the thickness of the top and
bottom oxide films.

IV. CONCLUSIONS

In this paper, we investigated the relationship between
the thickness of the top and bottom oxide films and the
subthreshold swing of the asymmetric junctionless
DGMOSFET. In contrast to the symmetric structure, the
asymmetric structure permits different gate oxide film
thickness at the top and bottom sides, and as a result, the
short channel effect such as the subthreshold swing can
be controlled more effectively. To analyze this, the
analytical potential distribution was derived using the
Poisson equation and an analytical subthreshold swing
model was obtained. We compared the subthreshold
swing model proposed in this paper with the two
dimensional simulation, and show good agreement for
two models. As a result of the analysis of the relationship
between the thicknesses of the top and bottom oxide films
and the subthreshold swing, it was found that the gate
oxide thicknesses at the top and bottom sides must
maintain an inversely proportional relationship in order to
exhibit a subthreshold swing equivalent to that of the
symmetric structure. In addition, in the case of the
asymmetric junctionless DGMOSFET, the subthreshold
swing is linearly proportional to the geometric mean of
the top and bottom gate oxide thicknesses, and the
proportional constant is a function of channel length and
channel thickness. These results can be used as basic data
for the fabrication of junctionless DGMOSFETs with
asymmetric structure.
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