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Abstract - The subthreshold characteristics are analyzed for
the difference of the top and bottom flat-band voltage and
dielectric constant of the junctionless double gate (JLDG)
MOSFET. The potential distribution model of the
asymmetric JLDG MOSFET is presented, and short-channel
effects such as the degradation of subthreshold swing, the
threshold voltage shift, drain induced barrier lowering
(DIBL), and on-off current ratio are analyzed according to
the flat-band voltage and the dielectric constant. As a result,
the threshold voltage and on-off current ratio increase when
the difference of the top and bottom flat-band voltage
increases, but the subthreshold swing decreases. The DIBL
is not affected by the flat-band voltage difference. As the
constant dielectric increases, the threshold voltage and on-
off current ratio increase, but DIBL and subthreshold swing
decrease. In the case of the dielectric constant of 3.9, when
the difference of the flat-band voltage increases from Vip,-
Vier=-0.5 V to Vim-Vir=0.5 V, the threshold voltage
increases by 0.5 V, while the on-off current ratio increases
by about 10°. However, the increasing rate of the threshold
voltage remains unchanged, and the on-off current ratio
increases by about 10° when the dielectric constant is 25.

Keywords — Threshold voltage, Subthreshold swing, DIBL,
On-off current, Flat-band voltage, Dielectric constant

. INTRODUCTION

The decrease in the size of transistors is seen as the most
competitive in the semiconductor industry. Therefore, major
semiconductor companies are manufacturing transistor
structures in three dimensions to improve the integration
density of integrated circuits. Representative three-
dimensional transistors are FinFETS, double-gate MOSFETS,
cylindrical MOSFETSs, etc. [1-3]. However, due to the
limitation of the development of doping technology caused
by the size reduction, a junctionless MOSFET using the
same doping concentration and type between the
source/drain and the channel was developed rather than the
junction-based transistor using a pn junction [4-6]. Unlike
junction-based MOSFETS that operate in inverted mode, the
junctionless MOSFET operates in accumulation mode. That
is, the junctionless MOSFET depletes the channel in the
subthreshold region, but it passes over the partial depletion
region when the gate voltage increases and reaches the

HSE)

threshold voltage and enters into the accumulation mode
when the gate voltage exceeds the flat-band voltage [7-9].
Therefore, the flat-band voltage defined by the difference
between the work function of the gate metal and the silicon
used as the channel becomes an important factor in
determining the on-off state of the junctionless MOSFET.
The junctionless MOSFETs have the advantage of being
easier to process than the junction-based MOSFETSs,
enabling the fabrication of finer transistors. However, even a
junctionless MOSFET cannot completely eliminate the short
channel effects (SCEs) such as the degradation of
subthreshold swing, lower on-off current ratio, larger drain
induced barrier lowering (DIBL), and threshold voltage shift.
Therefore, research is being conducted to use high-k
materials as gate oxides to reduce such short channel effects
[10-12]. When the high-k material is used as the oxide film,
the oxide film can be made thicker than SiO,, thereby
reducing a phenomenon such as a gate parasitic current [13-
15]. As such, the characteristics of the oxide film will
directly affect the short channel effect. In this paper, the short
channel effects of the junctionless double-gate (JLDG)
MOSFET are analyzed using the high-k gate oxide according
to the difference of the top and bottom flat-band voltage. In
particular, by analyzing the short channel effect for the
asymmetric JLDG MOSFETs with the different top and
bottom flat-band voltages, the conditions having the
optimum subthreshold characteristics will be presented.

Shin et al. discussed the variation of subthreshold current
characteristics with respect to the variation of flat-band
voltage and oxide thickness for junction-based double-gate
MOSFETs with symmetric or asymmetric structures [16].
Abebe et al. analyzed the current-voltage characteristics
assuming a flat-band voltage of zero with a hyperbolic
potential distribution function [17]. In this paper, Ding’s
model, which induced potential distribution for asymmetric
junction-based double gate MOSFET using Poisson’s
equation, is modified to apply to the JLDG structure [18].
Using the potential distribution, the subthreshold swing,
threshold voltage, DIBL, and on-off current ratio are
observed for the variation of the flat-band voltage.
Particularly, the change of the short channel effect is
observed when SiO; (k=3.9) and HfO/ZrO, (k=25) are used
as gate oxide films.
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1. ANALYSIS OF SHORT CHANNEL EFFECTS FOR
THE ASYMMETRIC JLDG MOSFET

A. Potential distribution of the asymmetric JLDG MOSFET
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Fig. 1 Schematic cross-sectional diagram of the
asymmetric junctionless double gate (JLDG) MOSFET

Figure 1 shows a schematic structure of the asymmetric
JLDG MOSFET used in this paper. The source and drain are
heavily doped with n* and the channel is doped with Ng=10%°
/cm3. The flat-band voltages are examined for the difference
between the top and bottom flat-band voltages, Vib-Vir, Of
from -0.5 V t0 0.5 V. The channel length L, is fixed at 15 nm
and the silicon thickness ts at 10 nm. The tox; and toxe using 2
nm are the top and bottom gate oxide thickness, respectively.
The asymmetric junction-based potential distribution
function derived by Ding et al. is modified to meet the
boundary condition of the junctionless MOSFET as the
followings ;

\' > .
¢(XvY)=VS+Ld—X+§A1(y)Sln%, @)

g g
A, (y) = f Vit Voo s Coxar Coxa)

where Coa and Coxe are the top and bottom gate oxide
capacitances represented by €,,1/tox1 @Nd €gxz/tox2 Vo and
Vs are the drain and source voltages, and Vs and Vi
indicate the top and bottom flat-band voltages, respectively.
The dielectric constants of 3.9 and 25 for ¢,,, and ¢,,, are
used. As shown in the previously published paper [19, 20],
the An(y) is the function of Vs and Vb to indicate the top
and bottom flat-band voltages, and ¢,,, and ¢,,, to describe
the dielectric constants of the top and bottom gate oxides.
The potential distributions are changed with the flat-band
voltages and dielectric constants of the top and bottom gates,
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Fig. 2 Central potential distributions along from source
to drain with the difference of top and bottom flat-band
voltages and dielectric constants as parameters

So subthreshold characteristics are affected by those. Figure
2 shows the central potential distribution obtained with the
dielectric constants and the difference of the top and bottom
flat-band voltages as parameters, using the potential
distribution function obtained using Eg. (1). As the
difference between the top and bottom flat-band voltages Vs
-Vp increases, the central potential distribution decreases.
Decreasing the potential distribution can predict an increase
in the threshold voltage. In addition, it can be seen that the
potential distribution decreases significantly as the dielectric
constant of the top and bottom gate oxide films increases.
Thus, it can be seen that the potential distribution in the
central axis, which is the conduction path of the symmetric
JLDG MOSFET, is greatly changed by the flat-band voltage
and the dielectric constant of the gate oxide film. The change
in the potential distribution with respect to the change in the
flat-band voltage will affect the threshold voltage. This
change in the threshold voltage will directly affect the
threshold voltage shift and the on-off current ratio. Since the
change in the potential distribution affects the short channel
effects, the short channel effect will be analyzed, using the
potential distribution function of Eq. (1) in this paper.

B. Analysis of subthreshold swing

In the asymmetric structure, the subthreshold swing
represents the change of the top gate voltage with respect to
the drain current change in the subthreshold region, and if the
electron density constituting the drain current can be
approximated by Boltzmann distribution like n~Nge9® min/kT,
the subthreshold swing can be expressed by the following

Eg. (2).
oV -
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At this time, to obtain the ¢;,, find X=Xmin Ssatisfying
0 (x,ty;/2)/ 0x, and substitute Xmin into Eq. (1). Here, in
the case of the symmetrical JLDG MOSFET, most electrons
move through the center of the channel, but in the case of the
asymmetric JLDG MOSFET, the conduction path will
change according to the top and bottom flat-band voltages
and gate voltages. Therefore, the effective conduction path
Yerr 1S derived using the following equation [21].

tg G
Yo = J, YN V)Y 1] 10X, Y0l 3

The subthreshold swing can be obtained by the Eq. (2), using
the ¢,,;, obtained by substituting the Xmin and yer into Eq (1).

The change in the conduction path obtained using Eqg. (3)
is shown in Fig. 3 according to the difference of the flat-band
voltages. As shown in Fig. 3, the yer value changes as the
difference of flat-band voltage changes, indicating that the
subthreshold swing is affected by the flat-band voltage. As
shown in Fig. 3, the conduction path yerr moves to the bottom
gate in the region where the relation of the top and bottom
flat-band voltages are Vip < Vs It moves to the midpoint at
Vi = Ve , and to the top gate in the region of Vin > Vit
That is, since the change of the drain current with respect to
the top gate voltage is defined as the subthreshold swing as
shown in Eqg. (2), it can be expected that the control ability of
the conduction phenomenon by the top gate voltage is further
increased and the subthreshold swing will decrease when the
conduction path moves to the top gate.
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Fig. 3. Conduction path from the top surface for the
difference of top and bottom flat-band voltages

C. Threshold voltage and DIBL

In the conventional MOSFET structure, the threshold
voltage is proportional to the flat-band voltage. Therefore,
the difference of the top and bottom flat-band voltages in the
asymmetric double-gate MOSFET will directly affect the
threshold voltage. There are various ways to calculate the
threshold voltage, but in this paper, the SD (Second-
Derivative) method is used, which finds the minimum value
by quadratic differentiating of the drain current-gate voltage

relationship [22]. This method is conceived from the change
of drain current rapidly increasing at threshold voltage in
SPICE LEVEL 1 model, using to calculate the change of
transconductance with respect to the gate voltage. In order to
use this method, the drain current-gate voltage relationship is
derived using the following Eq. (4).

qn, 4, WKT {1— exp ( ~AVg j}
1y = ul @
¢k 1
j dx

ol

As shown in Fig. 2, the minimum value of the potential
distribution function decreases as Vmo-Vas increases in the
subthreshold region. That is, the amount of current flowing
below the threshold voltage will also decrease, thereby
increasing the threshold voltage. In addition, it can be
predicted that as the dielectric constant of the oxide
increases, the potential distribution decreases, thereby
increasing the threshold voltage. In this paper, d?l¢/dV¢? is
obtained from the current-voltage relationship obtained using
Eg. (4) to find the threshold voltage at the inflection point
from the SD method. Figure 4 shows the current-voltage
relation obtained from Eqg. (4) and the threshold voltage
obtained by using the SD method with the difference of the
flat-band voltage as a parameter in the case of the dielectric
constant of 3.9. It can be observed that the threshold voltage
changes according to the difference in the top and bottom
flat-band voltages.
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Fig. 4 (a) Drain current vs. gate voltage curve and (b)
extraction of the threshold voltage from SD method with
the difference of the top and bottom flat-band voltages as

a parameter in the case of k=3.9
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Fig. 5 (a) Drain current vs. gate voltage curve and (b)
extraction of the threshold voltage from SD method with
the difference of the top and bottom flat-band voltages as
a parameter in the case of k=25

When the dielectric constant of the gate oxide film is
increased to 25, the current-voltage characteristics and the
threshold voltages according to the flat-band voltage
difference are shown in Fig. 5. It can be seen from the
comparison with Fig. 4 that the currents drop more rapidly in
the subthreshold region when the constant dielectric
increases. From this, it can be expected that the subthreshold
swing reduces with increasing the dielectric constant of the
gate oxide. It has also been observed that the threshold
voltage derived from the SD method is increasing with the
dielectric constant.

The DIBL is a measure to indicate the effect of drain
voltage on the threshold voltage. It is demonstrated in a
previously published paper that the DIBL is linearly
proportional to oxide thickness [23, 24]. The DIBL will be
observed for the change of dielectric constant and the
difference of flat-band voltages of the top and bottom gate
oxide layers using the following Eqg. (5).

DIBL =V,,(V, =0.IV) -V, (V, =1.IV) ®)

D. Analysis of on-off current ratio

The drain current at the threshold voltage is defined as the
on-current lo, and the drain current at Vg=Vg=0 V as the off-
current low, and then the on-off current ratio lon/lorr is
obtained. A larger on-off current ratio will reduce parasitic
currents [25, 26]. The on-off current ratio increases as the
threshold voltage increases, as shown in Fig. 4 and Fig. 5.
Therefore, the increase in the static power consumption that
may occur due to the increase in the threshold voltage may
be offset by the decrease in the parasitic current caused by
the increase of the on-off current ratio [27]. However, the

increase in the threshold voltage is about a tenth of a volt,
whereas the on-off current ratio increases by several orders
of magnitude, so the increase in the on-off current ratio will
have a great effect on the reduction of parasitic current. As
described above, as Vmn-Vir increases, the threshold voltage
will increase, so the on-off current ratio will also increase. In
addition, as the dielectric constant of the oxide increases, the
threshold voltage increases, so the on-off current ratio will
also increase. The on-off current ratio is related not only to
the threshold voltage but also to the subthreshold swing as
the following Eg. (6) and Eq. (7).

SS = dVgt — Vth -0 — Vth (6)
dlog(ly) log(l,,)—log(lys) log(ly, / 1g)
Vi
loy /1, =105 )

Since the threshold voltage and the subthreshold swing will
be greatly affected by changes in the flat-band voltage and
the dielectric constant, the on-off current ratio will also be
affected by these parameters. Table 1 shows the relationship
between the threshold voltage and the on-off current ratio
obtained in Fig. 4 and Fig. 5. As can be seen from Table 1,
the threshold voltage increases by 0.5 V while the on-off
current ratio increases by about 10° times when the value of
Vib-Vior increases from -0.5 V to 0.5 V in the case of the
dielectric constant of 3.9. Also, it can be observed that the
on-current is hardly affected by the change of Vep-Ver, but
the off-current is greatly affected, and the on-off current ratio
is determined by the off-current. When the dielectric constant
of the gate oxide film is increased from 3.9 to 25, the change
in the threshold voltage according to the flat-band voltage
difference Vap-Vir from -0.5 V to 0.5 V is constant at 0.5 V,
but one of the on-off current ratios is increased from 10° to
108 times as shown in Table 1.

TABLE I. THRESHOLD VOLTAGE AND ON-OFF
CURRENT RATIOS OBTAINED INFIGS. 4 AND 5

SCE Dielectric VooV (V)
constant 05 0 05
v 39 024 052 0.74
th
\%) 25 0.64 095 114
39 174x10° | 405x10% | 1.39x10%2
Ioff (A)
25 571x102 | 390x10% | 1.35x10%
39 237x10% | 240x10% | 237x10%
Ion (A)
25 304x10% | 251x10% | 3.04x10%
39 130x10' | 590x10?2 | 1.70x10°
|or\/ |off
25 530x10° | 640x10° | 230x102
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Using this method, changes in subthreshold swing,
threshold voltage, DIBL, and the on-off current ratio will be
analyzed according to the difference in the flat-band voltage.

I1l. THE SHORT CHANNEL EFFECTS OF THE
ASYMMETRIC JLDG MOSFET

Fig. 6 Short channel effects for the difference between the
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Since the validity of Eqg. (1) is demonstrated in the
previous papers [18,19], the short channel effects will be
analyzed, such as the subthreshold swing, threshold voltage,
and DIBL and on-off current ratio derived, using Eq. (1).
Using the potential distribution of Eg. (1), the short channel
effects obtained for the differences of top and bottom flat-
band voltage with the dielectric constant of the gate oxide
film as a parameter are shown in Fig. 6.

Figure 6(a) shows the change in the subthreshold swing
with respect to the flat-band voltage difference of the top and
bottom gates. As the flat-band voltage difference increases,
the subthreshold swing decreases. As shown in Fig. 3, as the
flat-band voltage difference increases, the conduction path

will move toward the top gate direction so that the control of
the gate voltage will be improved, and the subthreshold
swing will decrease. Therefore, in order to reduce the
subthreshold swing, the corresponding gate metal that can
make the flat-band voltage of the bottom gate larger than the
flat-band voltage of the top gate should be used for the top
and bottom gates. In addition, if a material with a high
dielectric constant is used as the gate oxide film, the
subthreshold swing can be further reduced, as shown in Fig.
6(a). In particular, since the reduction rate of the
subthreshold swing due to the flat-band voltage difference is
not so large in the range of Vamo>Vir, the use of a high-k gate
oxide film in this range will help to improve the subthreshold
swing characteristics.

Figure 6(b) shows the change of threshold voltage with
respect to the difference of top and bottom flat-band voltage.
It can be seen that the threshold voltage increases in the
V>V region rather than the symmetric structure
(Vrb=Vir) but decreases in the Vmn<Vss region. In particular,
the threshold voltage is further increased when a high-k
material is used as the gate oxide film. This is due to the
reduction of the potential distribution, as illustrated in Fig. 2.
An increase in the threshold voltage will result in an increase
in static power consumption. However, if the parasitic
current in the subthreshold region is reduced, the increase in
static power consumption due to the increase in the threshold
voltage can be sufficiently offset. As can be seen in Fig. 4
and Fig. 5, it can be observed that the current also decreases
in the subthreshold region as the threshold voltage increases.

Figure 6(c) shows the variation in the DIBL for the
difference of the flat-band voltages, and it can be seen that
the DIBL is not affected by the difference of flat-band
voltages. It was also observed that the DIBL decreases when
the high-k oxide film is used.

Figure 6(d) shows the variation of the on-off current ratio
for the difference of the flat-band voltages, and It is observed
that the on-off current ratio in the region of Vamp<Vms
decreases more than in Vms=Vaf, but increases in V>V
region. In addition, the use of a high-k material in the oxide
film increases the on-off current ratio. As can be seen from
Eq. (6), the on-off current ratio is proportional to the
threshold voltage and inversely proportional to the
subthreshold swing. As can be seen in Fig. 6, as the flat-band
voltage difference increase, the threshold voltage increases,
and the subthreshold swing decreases, so the logarithm of the
on-off current ratio is linearly proportional to the flat-band
voltage difference. As can be seen from Eq. (7), the threshold
voltage increases, and the subthreshold swing decreases
when the high-k oxide film is used, thus increasing the on-off
current. As described in Table 1, the threshold voltage
increases by about 0.5 V regardless of the dielectric constant
of the oxide film when Vsy-Vir increases from -0.5 t0 0.5V,
but the on-off current ratio increases by 10° times when
k=3.9, while an increase of about 10° times at k=25 can be
observed in Fig. 6(d) when Vy-Vis increases from -0.5 to
0.5V.
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IV. CONCLUSIONS

In this paper, the short channel effects of the asymmetric
JLDG MOSFET were observed by the difference of the top
and bottom flat-band voltages and dielectric constants of an
oxide film. For this purpose, a potential analytical distribution
obtained using the Poisson’s equation is used, and the
threshold voltage, the subthreshold swing, the DIBL, and the
on-off current ratio were analyzed, using the change of
potential distribution and the conduction path corresponding to
the difference of the flat-band voltages and the change of
dielectric constants of the oxide film. As a result, it was
observed that the threshold voltage and the on-off current ratio
were greatly affected by the potential distribution, and the
subthreshold swing was greatly affected by the conduction
path. As the flat-band voltage difference increases, the
subthreshold swing decreases, but the threshold voltage and
the on-off current ratio increase. In the case of the DIBL, the
results were independent of the flat-band voltage. If the
dielectric constant of the top and bottom oxide films increases,
the subthreshold swing and DIBL decrease, but the threshold
voltage and on-off current ratio increase. As the short channel
effects may be improved or worsened according to the flat-
band voltage difference between the top and bottom and the
dielectric constant of the oxide layer, the JLDG MOSFET may
be designed by adjusting the difference between the top and
bottom flat-band voltages so that the short channel effects can
be improved, depending on the use of the device.
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