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Abstract—The change of threshold voltage and Drain
Induction Barrier Lowering (DIBL) is observed when high
dielectric constant material is used as gate oxide of the
junctionless double gate (JLDG) MOSFET. For this
purpose, an analytical threshold voltage model is proposed
using the first term of the series-type potential model
derived from the Poisson equation. The results of the model
presented in this paper are in good agreement with
threshold voltages derived from TCAD. Using this model,
the threshold voltage and DIBL were observed for the
channel length, the silicon thickness, and the gate oxide
thickness with the dielectric constant as a parameter. As a
result, when a high-x material was used as a gate oxide, the
threshold voltage increased but the rate of change with
respect to channel size and oxide thickness decreased. The
DIBL is inversely proportional to the dielectric constant,
and the DIBL was as small as 20 mV/V even at a channel
length of 15 nm when the dielectric constant was 30. In the
case of using HfO,/ZrO, (¥=25), the rate of change of
threshold voltage for oxide thickness was about 1/5 smaller
than SiO, (¥=3.9). The rate of change of DIBL for oxide
thickness in the case of La,O; was about 1/4 smaller than
SiO, (,k=3.9). The use of the high-x oxide film may increase
the design margin for the oxide thickness variation.

Index Terms—Dielectric constant, double gate, junctionless,
threshold voltage

. INTRODUCTION

In the past decade, the transistor size has entered the
age of nanotechnology. As the minimum line width of
transistors is reduced to nano units, short channel effects
and gate parasitic currents have emerged as important
factors that hinder transistor performance. In order to
solve these problems, a multi-gate structure, various types
of channel structures, various types of gate structures, and
the like have been proposed [1]-[3]. In particular, as the
channel length is reduced in nano units, there are
difficulties in the process of changing the doping
concentration and the doping pattern between the source
and channel, and the drain and channel. The device
developed to solve this problem is a junctionless gate
structure. The junctionless transistor operates only as an
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accumulation mode without the inversion that occur in
the channel region of the conventional CMOSFET. Not
only does it has the advantage of facilitating the process,
but it also reduces the gate parasitic current [4], [5].
However it was found that the parasitic current through
gate oxide increased due to the reduction of gate oxide
thickness even though the junctionless structure. A
parasitic current exceeding 1 A/cm? at 1 V flows into the
gate in the case of a SiO, layer. This is known to increase
even more if the channel length decreases to 10 nm, and
then the on-off current ratio decreases due to the increase
of parasitic current [6], [7]. The off-current and applied
voltage should be kept as low as possible in order to
improve the performance of transistors, such as especially
high-speed operation, high drive current, and low power
consumption [8]. In order to solve this problem, efforts
have been made to reduce the gate parasitic current by
using a material that has a high dielectric constant (k) as
the gate oxide film [9]-[12]. In addition, a high-k gate
oxide film can be used to continuously reduce the
transistor size while reducing the short channel effect.
Furthermore, in the case of SiO, with a thickness of 1.5
nm or less, the parasitic current passing directly through
the gate oxide film at the gate voltage over 1 V is
increased to gate limit, which then greatly affects
transistor performance [13]. Priya et al. analyzed the
subthreshold voltage characteristics when SiO,, Al,Os,
Y,0;, HfO,/ZrO,, La,Os3, TiO,, etc. were used as gate
oxide films for the junctionless transistor transistors, and
Sakshi et al. analyzed the threshold voltages of
CMOSFETs when SiO,, Al,03, HfO,, and Ta,O5 were
used as gate oxide films [14], [15]. Xie et al. also
proposed a potential model using scale length to analyze
short channel effects on junctionless double gate (JLDG)
MOSFETs but analyzed only the threshold voltage shift
[16]. Nirmal et al. also suggested that the on-off current
ratio is improved in the case of high-x gate oxide by
analyzing the on-off current when various gate oxides are
used in the double-gate MOSFET [17]. Singh et al. also
announced recently for design and analysis of high-x
silicon nanotube tunnel FET [18]. As such, efforts are
being made to improve the performance of transistors by
using high-x gate oxide films. In this paper, we use the
Xie's potential model to analyze the threshold voltage and
drain induced barrier lowering (DIBL) for the transistor
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size when the gate oxides are SiO,, Al,O3 Y03,
HfO,/ZrO,, La,0; and TiO,, respectively. For this
purpose, we propose an analytical threshold voltage
model using the Xie’s potential model.

Il. ANALYTICAL THRESHOLD VOLTAGE AND DIBL
MOoDEL FOR JLDG MOSFET

A. Analytical Threshold Voltage Model

Colinge et al. presented the fabrication of junctionless
transistor [19], and recently Kaharudin et al. introduced
the process of junctionless double gate vertical
MOSFETSs [20]. The schematic JLDG MOSFET of Fig. 1
is used to analyze the threshold voltage and DIBL in this
paper. The source and drain were heavily doped with n+
and the channel was doped with Ng=10*/cm®. The gate is
made of metal with a work function of ¢,,= 4.68 eV. The
gox 1S the permittivity of the oxide film and SiO,, Al,Os,
Y,03, HfO,/ZrO,, La,03, TiO, with dielectric constants «
of 3.9, 9, 15, 25, 30, 80, respectively, are used as the gate
oxide. In the case of a material having a high dielectric
constant, the effective oxide thickness (EOT) is expressed
as:

Ksio
EOT = —Zthigh_K )
Khigh-«

top gate
tox gate oxide &, ~K&,|

Esi A
source di
Na %D‘Vitsl Nd ,c}m
X
gate oxide
bottom gate
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Fig. 1. Schematic cross-sectional diagram of the junctionless double
gate (JLDG) MOSFET.

It can be demonstrated that gate leakage current is
effectively prevented with the same effect as using a very
thin SiO,. As can be seen from (1), in the case of
HfO,/ZrO,, when the EOT is 1 nm, the same effect may
be obtained as in the case of using SiO, of about 3.8 nm
thickness may be obtained. The &g is the permittivity of
silicon, Lg is the gate length, ty is the silicon thickness,
and t, is the oxide film thickness. The potential
distribution induced by Xie et al. can be expressed in the
following series form [16].

2 2
_ qu X +Vgs —A¢+ qutsi 1+ 4gsitox +
2¢; Esi tsigox
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P(x,y) =

n=1

cos(zx/ 4,)

Here, the Ey is the energy bandgap of silicon; Vg the
drain voltage; Vg the gate voltage; A¢ the difference
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between the work function of the gate metal and the
channel; ¢, the center potential at x=y=0. As shown in
(2), these variables directly affect the potential
distribution. As can be seen from (2), the &, has a direct
influence on the potential distribution. In addition, the
eigenvalue A, decreases rapidly as n increases, so that
sinh(zLg/%), the denominator value for the last term on
the right side of (2), increases rapidly according to n [21].
As a result, the last term on the right side of (2) is
expressed using only n = 1 in this paper. In general, such
an approximation is known to be valid when Lq> 1.51;
[3], [15]. Therefore, in this paper, an analytical model of
the threshold voltage is derived using the case of n = 1 in
(2). In order to use the ¢mn method [22] to find the
threshold voltage, the minimum value of ¢(x, y) is found
at the conduction center in (2). In other words, if ¥ = Ynin
satisfying ¢ (x, y) /0y = 0 is obtained and substituted into
(2), the value of y.i, can be obtained as the following
equation [21].

Yo = (ij cosh™*x

T
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By substituting the yp, into (2), the minimum potential
can be calculated as
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In the case of JLDG MOSFET in (2), most electrons
are transmitted along the central axis, so x = 0 is
substituted.

At this time, if Vg satisfying omi, = 0 is set as the
threshold voltage Vy,, an analytic model of the threshold
voltage Vy, can be obtained as follows:
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B. DIBL and Current-Voltage Relation

In this paper, we will observe the change of the
threshold voltage according to the dielectric constant
using (5). In addition, the DIBL indicating the change of
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the threshold voltage according to the change of the drain
voltage can be expressed by

DIBL =V, (Vy, =0.1V) =V, (V. =1.1V)  (6)

To illustrate how the DIBL changes with the dielectric
constant, the potential energy distributions are plotted
against drain voltage under the conditions given in Fig. 2,
with dielectric constants as parameters. As shown in Fig.
2, the potential energy increases as the dielectric constant
increases. In addition, it can be seen that the source side
potential energy decreases more due to the increase of the
drain voltage when the dielectric constant decreases. It
can also be seen that as the dielectric constant decreases,
the DIBL increases. This phenomenon will be quantita-
tively analyzed using (6).
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Fig. 2. Potential energy distributions for drain voltages with dielectric
constants as parameters.

Fig. 3 shows the result obtained by using the following
(7) to observe the relationship between the drain current
and the gate voltage in the subthreshold region according
to the change of the dielectric constant.
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As shown in Fig. 3, it can be seen that as the dielectric
constant increases, the subthreshold current decreases
significantly. It can also be observed that the subthreshold
swing value decreases with increasing dielectric constant
[23]. As the threshold voltage is the gate voltage when

the drain current is approximately 107 A, as shown in Fig.

3, it can be seen that the threshold voltage increases with
increasing dielectric constant [7]. Increasing the threshold
voltage is the disadvantage that appears as an increase in
dynamic power consumption due to an increase in the
supply voltage, but this can be sufficiently offset by the
decrease of static power consumption due to the
reduction of the subthreshold drain current in the region
below the threshold voltage as shown in Fig. 3 [24]. That
is, the increase in the threshold voltage is about 10 order
but the decrease in the drain current is 10° order at
Vgs=0.7 V and V4=0.1 V when the dielectric constants are
changed from 3.9 to 80, so the static power consumption
may be sufficiently reduced in the high-x oxide film due
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to low gate leakage current and low drain current in
subthreshold region.
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Fig. 3. Drain current vs. gate voltage for dielectric constants.
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TABLE I: THE PARAMETERS USED IN THIS PAPER

Parameters Ranges
Channel length <50 nm
Silicon thickness <10nm
Oxide thickness <3nm

Dielectric constant <80
Doping concentration 10%/cm?

I1l. THRESHOLD VOLTAGE AND DIBL FOR THE
DIELECTRIC CONSTANT INJLDG MOSFET

A. Threshold Voltage for the Dielectric Constant

The validity of (5) has been demonstrated by showing
good agreement with the TCAD results in the paper
already published [21]. Therefore, we use (5) to analyze
the threshold voltage and DIBL in the range of the
parameters of Table I.

Since the scale length decreases as the dielectric
constant increases, the channel length that satisfies the
condition of Ly> 1.5/, decreases further as the dielectric
constant increases. This means the approximation using n
=1 is valid for the channel length range calculated in this
paper. However, since SiO, does not satisfy the condition
of Lg> 1.54; when the oxide thickness is more than 3 nm,
this paper is limited to the case where the oxide thickness
is less than 3 nm [23].

First, in order to observe the threshold voltage shift
phenomenon, the threshold voltage shift obtained by
using the dielectric constant as a parameter is shown in
Fig. 4. It can be seen in Fig. 4 that the larger the dielectric
constant, the lower the threshold voltage shift
phenomenon. In (5), the terms related to the oxide
dielectric constant are the second and third terms. As can
be seen from the second term of (5), increasing the
dielectric constant will decrease the value of the second
term and increase the threshold voltage. In the case of the
third term, it varies not only with the dielectric constant
but also with the channel length as shown in the inset of
Fig. 4. In the inset of Fig. 4, if the channel length is
increased, the third term of (5) does not affect the
threshold voltage because it is close to 0, but if the
channel length is small, it will act as a factor to decrease
the threshold voltage. In particular, when the dielectric
constant is small, it can be observed that the variability
according to the channel length increases. This affects
the threshold voltage shift, so that the smaller the
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dielectric constant, the worse the threshold voltage shift
phenomenon. As shown in Fig. 4, when the maximum
threshold voltage shift is 0.1 V, the channel length
decreases to about 25 nm for the oxide film of SiO, (x =
3.9), but the channel length may be reduced to 15 nm for
HfO,/ZrO, (i = 25) with the same threshold voltage shift.
In other words, as the dielectric constant increases, short
channel effects such as threshold voltage shift may be

reduced.
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Fig. 4. Threshold voltage shifts for channel length with dielectric
constants as parameters.

The threshold voltage is greatly influenced not only by
the channel length but also by the thickness of the silicon
and the thickness of the oxide film. Fig. 5 shows the
threshold voltages with the dielectric constant as a
parameter, according to the silicon thickness and oxide
film thickness. As shown in Fig. 3, when the dielectric
constant increases, the threshold voltage increases [25],
[26]. It can be observed that the change of the threshold
voltage according to the thickness of the oxide film is
larger than the change of the threshold voltage due to the
change of silicon thickness when the gate oxide is SiO,.
However, it was observed that when the dielectric constant
increases, the change of the threshold voltage according to
the change of silicon thickness is almost constant, but the
change of the threshold voltage according to the change of
the oxide thickness is greatly reduced. Especially for TiO,
with a dielectric constant of 80, when the thickness of the
oxide film changes from 1 nm to 3 nm, the threshold
voltage shows a change of about 50 mV, but for SiO, with
a dielectric constant of 3.9, a large change of about 350
mV occurs. It was observed that the threshold voltage
saturates as the dielectric constant increases, as shown in
Fig. 5.
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Fig. 5. Threshold voltages for dielectric constants with (a) the silicon
thickness and (b) the oxide thickness as parameters.
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Fig. 6. Threshold voltage for (a) the channel length, (b) silicon thickness,
and (c) gate oxide thickness with dielectric constants as parameters.
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The variation of the threshold voltage according to the
channel size and oxide thickness is shown in Fig. 6 with
the dielectric constant as a parameter. As described above,
it can be seen that as the dielectric constant increases, the
threshold voltage increases. As shown in Fig. 6 (a), as the
dielectric constant increases, the channel length at which
the threshold voltage shift starts appearing decreases
greatly, and the magnitude of the threshold voltage shift
also decreases. As shown in Fig. 6 (b), the threshold
voltage is very sensitive to the variation of silicon
thickness. Unlike conventional CMOSFETS, in the case of
JLDG MOSFETS, the silicon bulk used as the channel acts
as the conduction path. In particular, when the dielectric
constant is small, the change of the threshold voltage with
respect to the silicon thickness is more significant. That is,
in the case of SiO, (x = 3.9) the change of threshold
voltage decreased byAVy/At; = —79.4 mV/nm, while for
HfO,/ZrO, (x = 25) it decreased by AVy/Ats; = —56 mV/nm.
The change in the threshold voltage for the change of
silicon thickness may reduce when the dielectric constant
increases. As observed in Fig. 6 (c), it can be seen that as
the gate oxide thickness increases, the threshold voltage
decreases. The rate of the decrease was very large when
the dielectric constant was small, and as the dielectric
constant increased, the change in threshold voltage was
greatly decreased. In other words, SiO, (x = 3.9) decreased
by AVy/Atex = =190 mV/nm, while for HfO,/ZrO, (x = 25)
it decreased byAVy/At,, = —38 mV/nm. Therefore, in the
case of SiO,, the threshold voltage is greatly changed
according to the thickness of the oxide film, and it is
necessary to pay attention to the design. On the other hand,
if the dielectric constant is large, the change of threshold
voltage according to the channel size and the thickness of
the oxide is small, which affords more the tolerance in
transistor design.

B. DIBL for Dielectric Constant

The DIBL calculated using (6) is shown in Fig. 7 for the
change of dielectric constant. The gate oxide thickness,
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which is most sensitive to the change of threshold voltage,
was used as a parameter. In general, the DIBL is expressed
as op [27]:

) ox (®)

In other words, since C,, is proportional to the dielectric
constant, the DIBL will be inversely proportional to the
dielectric constant. We can see this in Fig. 7. That is, as the
dielectric constant increases, the DIBL decreases in inverse
proportion to the dielectric constant. As mentioned in Fig.
2, the DIBL decreases as the dielectric constant increases.
This is because the source-side potential energy change
due to the increase of the drain voltage is almost negligible
at high dielectric constant. In the case of SiO, (x = 3.9), it
is found that the DIBL also changes greatly with changes
in the thickness of the oxide film. As the dielectric constant
increases, the change of the DIBL with the change of the
oxide film thickness gradually decreases. This is because
the DIBL is proportional to the oxide film thickness, but
the rate of change decreases as the denominator of (8)
increases. In particular, in the case of TiO, (x = 80), the
DIBL was very good as 20 mV/V or less regardless of the
thickness of the oxide film calculated. In the case of SiO,
(x = 3.9), note that this value can be obtained only by
fabricating an oxide film which has a thickness of 0.5 nm,
and this is difficult to implement.
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Fig. 7. DIBLs for dielectric constants with gate oxide thicknesses as
parameters.

The variation of DIBL according to channel size and
oxide film thickness is shown in Fig. 8 using the dielectric
constant as a parameter. In Fig. 8 (a), it can be seen that as
the dielectric constant increases, the rate of change of
DIBL decreases with channel length. If the dielectric
constant is increased to 30, the DIBL decreases below 20
mV/V when the channel length is more than 15 nm. It can
be seen from Fig. 8 (a) that this DIBL can be obtained
when the channel length is more than 25 nm for SiO, as
gate oxide. In particular, even when the channel length
decreases to 10 nm for the dielectric constant of 25 or more,
a very good DIBL of 80 mV/V is observed. It can also be
observed that the DIBL values are saturated as the
dielectric constant increases. This phenomenon can also be
observed in Fig. 6 (a). Observing the change of DIBL on
silicon thickness, it is shown that the rate of change of
DIBL on silicon thickness decreases as the dielectric
constant increases. It can be seen that the sensitivity of the
DIBL to silicon thickness Aop/Atg is 14.8 mV/V-nm in
case of SiO, (x = 3.9), but it decreases to 10.1 mV/V-nm in
La,O3 (x = 30). It can be also observed that the oxide rate
of change of DIBL with respect to the variation of the
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thickness also decreases as the dielectric constant increases.
That is, in case of SiO,, the sensitivity of DIBL to oxide
thickness Aop/ Aty is 38.0 mV/V-nm but it decreases to
9.1 mV/V-nm in La,O; with a dielectric constant of 30.
Observing the change of DIBL with the change of
dielectric constant, it can be seen that the change of oxide
thickness has more influence on DIBL than the change of
silicon thickness at small dielectric constant.
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Fig. 8. DIBLs for (a) the channel length, (b) the silicon thickness, and (c)
gate oxide thickness with dielectric constants as parameters.

IV. CONCLUSION

In this paper, in order to investigate the short channel
effect that occurs during the scaling of the JLDG
MOSFET, the change of threshold voltage and DIBL is
observed when a material having a higher-x than SiO; is
used. For this purpose, an analytical threshold voltage
model was proposed using the potential distribution
obtained using the Poisson equation. The analytic
threshold voltage model presented in this paper is in good
agreement with the results of two dimensional numerical
simulations. Using this model, the variation of the
threshold voltage for the channel length, silicon thickness,
and gate oxide thickness in the JLDG MOSFET was
observed using the dielectric constant as a parameter. As
a result, as the dielectric constant increased, the threshold
voltage increased, but the on-off current decreased
significantly, resulting in a significant decrease in static
power consumption. In particular, when the gate oxide
thickness was increased, the threshold voltage and DIBL
changed more significantly according to the dielectric
constant. In addition, when the dielectric constant is large,
the change of the threshold voltage and the DIBL with
respect to the change of the oxide thickness is greatly
reduced. That is, when a material with a dielectric
constant of 30 or more was used as the gate oxide film,
the threshold voltage and the DIBL value was hardly
affected by the channel size and the oxide film thickness
change. However, in the case of a material having a high
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dielectric constant, a problem is exposed such as a defect
occurring at an interface with silicon, and thus the
techniques related to direct deposition and annealing of
high-x materials for forming an excellent interface should
be developed further.
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