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Abstract— In this work, the electrical characteristics of n-
type cylindrical gate all around (GAA) nanowire junctionless
transistors (NWJLT) of different gate oxides are investigated
and analyzed. Silicon dioxide (SiO2) and two high-k dielectrics
which are silicon nitride (Si3sN4) and hafnium dioxide (HfO:)
were used in this study. GAANWIJLT of different gate lengths
(L) and nanowire diameter (dnw) were simulated, compared
and analyzed to obtain the most optimum device. SDE and
Sdevice tools of Sentaurus TCAD were used to simulate and
extract the electrical properties of the proposed devices. It was
found that GAANWJLT with high-k dielectrics significantly
exhibits better electrical properties than with SiO: due to
increase in internal fringe capacitance of the gate dielectric
layer. SCEs were considerably improved as the gate-to-channel
capacitance reduced. It was found that, for Lc of 7 nm and dnw
of 6 nm GAANWJLT, device with HfO2 exhibits better electrical
properties with more than 2-fold elevated in Ion/Iorr ratio and
about 15% improvement in SS than the conventional device
with SiOz. It proves that GAANWJLT with HfO: exhibits the
most optimum electrical characteristics among the three
devices, hence the best alternative to improve SCEs as well as to
increase the switching speed of the transistor devices.
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I. INTRODUCTION

Short channel effects (SCEs) are the main concerns in
CMOS technology scaling below 10nm [1]. Junctionless field
effect transistor (JLFET) is consider the most optimum
solution to overcome the SCEs due to the absence of the
metallurgical junctions and less thermal budget [2]. High
leakage current and SCEs such as Drain Induced Barrier
Lowering (DIBL), velocity saturation, hot carrier etc. are
remarkably reducing the electrical performance of JLFET.
JLFET is a thin highly doped semiconductor device in which
the gate electrode controls the flow of current from source to
drain [3]. The channel of the device has the same doping
concentration that can be fully depleted to turn off the device.
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Gate oxide controls the flow of electrons in the
channel. The electrical properties of the gate oxide are critical
to the realization of the conductive channel region below the
gate [4]. Silicon dioxide (SiO>) has been used as gate dielectric
material in many JLFET researches. As the size of transistor
keep decreasing in order to follow the Moore’s law, thickness
of SiO» has gradually decreased so as to increase the gate
capacitance as well as the drive current to increase the device
performance. As the oxide thickness (tox) reduce below 2 nm,
leakage currents (Iorr) significantly increase due to the
tunnelling of electrons. This results in high power
consumption and poor device reliability. To increase gate
capacitance without the associated leakage effects, high-k
material is an alternative to replace the SiO; [5]. In this work,
three GAANWILTs of different gate lengths (Lg) and
nanowire diameter (dnw) were designed and simulated using
SDE tools of Sentaurus TCAD. The first device with SiO; as
a gate dielectric layer, the second device with SizNy as a gate
dielectric layer and the third device with HfO, as a gate
dielectric layer. Electrical characteristic of each device were
extracted using the Sdevice tools of the Sentaurus TCAD. The
electrical characteristics of the 3 devices were compared and
analyzed to obtain the most optimized device.

II. PREVIOUS WORK

Previously, many scholars have contributed tremendously
on the NWJLT device by using different methods. Their work
indicated that to overcome the SCEs, NWJLT is the utmost
alternative to speed up the switching of the devices. The
conduction of current in NWIJLT is a bulk phenomenon which
normally conducts during the on-state when bias is applied
across source and drain. The gate voltage induces depletion
region in the channel to turn off the current [6]. Heavily doped
junctionless transistor uses the idea of tunneling by narrowing
the barrier between source and channel of the device to switch
the device ON and OFF [7]. Leakage current (Iorr) can be
significantly reduced due to the small cross-section of bulk
device that ensured full depletion of electrons in the channel
junction. The on-state current can be increase in NJT device

Authorized licensed use limited to;: UNIVERSITY TEKNOLOGI MALAYSIA. Downbaded on February 03,2022 at 04:18:30 UTC from IEEE Xplore. Restrictions apply.



due to the high doping concentration (Np) used in the design
to allow for high current flow in the on-state. DIBL and
subthreshold slope were also improved [8]. HfO,
demonstrated an improved Ion, lorr, DIBL and subthreshold
slope when used as gate oxide due to the high gate
capacitance, small dyw and high Np [9].

High-k diclectric used as a spacer in double gate
junctionless transistor, can improved the OFF-state current by
more than one order of magnitude thus enhanced the scaling
of the device [10]. Even though, the ON-state current can be
slightly affected by increasing dielectric constant (k) of the
spacer, but marginally decreases with spacer width.
Subthreshold Slope and DIBL decreases with increasing
spacer dielectric constant of a spacer (kgp) for SiO,, Al,O3 and
HfO, due to the enhanced fringing electric fields through the
spacer deplete the silicon beyond the gate edges for high-k
spacer in the subthreshold region. SiO;, gate oxide has the
lowest value of SS and DIBL for all spacer dielectrics
considered [10].

The gate capacitance (Cg) of junctionless transistor
depends on the Np, fin width (Wgn) and fin height (Hgn) [11]
as in Eq. (1) and (2). Cg; of NJT is lower because the channel
is buried in the center of the nanowire and the series relation
between the gate oxide capacitace (Cox) and the depletion
capacitance decreases the overall Cge [12]. The minimum gate
capacitance (Cge min) can be calculated using the equation in
[11].

_ CoxCsimin
ng.min " Cox+ Csimin (1
Where Cox is the gate oxide capacitance and Cgimin is the
minimum silicon capacitance. Cs; min can be computed using:

Es:’
Csimin = (2)

dmax

dmax 1s the maximum depletion region depth.

Junctionless double gate tunnel device improved gate
control over the channel and provides ideal subthreshold
swing and better Ion/Iorr current ratio. Using SiO, as gate
oxide material leads to high leakage current and direct
tunneling of electrons. Therefore, replacing SiO, with a highk
material such as HfO,, Al,Os;, ZrO, improve SCEs, leakage
current, high density and low energy consumption [13].

[II. SIMULATION SETUP

GAANWILT devices of different gate oxide materials, Lg
and dnw were designed and simulated using SDE tools of
Sentaurus TCAD. The electrical characteristics of the devices
were extracted using Sdevice tools of TCAD for gate voltage
of 1V and the drain to source voltage at linear region, Vps of
0.05V. The metal gate work function (¢m) of 4.8 eV was used
in all the devices as shown in table 1. High uniform channel
doping concentration of 10" cm™ was used from source to
drain. The Lg is 10 nm. Philips unified mobility and Lombardi
mobility models were used to consider field and doping
dependent mobility degradation. The dominant generation and
recombination process in silicon and other indirect energy
band gap materials was Shockley—Read—Hall (SRH).

Fig. 1 shows the uniform doping concentration of
GAANWILT from source to drain across the channel. the
High gate work function was use to achieve a suitable
subthreshold voltage value. Metal was used as a gate material

to reduce the gate resistance as well as diminish the height of

energy barrier.

Table 1 Device Parameters and Dimensions

Parameter SiO, SizNy HfO,
S n-type n-type n-type
tructure cylindrical | cylindrical cylindrical
Np 10Y%cm? 107cm? 107cm?
Nanowire diameter 6-10 6-10 6-10
(ANW) -10nm -10nm -10nm
Oxide | | |
thickness (toy) nm nm nm
Gate workfunction
4.8¢V 4.8¢V 4.8¢V
(¢m)
Gate length
ate feng 7-50nm 7-50nm 7-50nm
(Lo)
Length of S/D (LSD) 10nm 10nm 10nm
Length of S/D
contact (LSDC) 10nm 10nm 10nm
Silicon

Nanowire

Drain
Contact

Source  Gate Oxide
Contact

Fig.1 3D cross-sectional view of GAANWILT

IV. RESULTS AND DISCUSSION

Due to the high doping concentration in the channel and
small nanowire diameter of dyw = 6nm of the devices, full
depletion of the heavily doped channel was achieved resulting
in low leakage current for Lg = 7 nm, dxw = 6 nm and tox = 1
nm as shown in Fig. 2.
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Fig.2 1-V characteristics of GAANWIJLT for three different gate oxides.

Low leakage current was experienced in all the three
devices for short Lg. The leakage became high when the Lg
increases. GAANWILT with HfO, exhibits most optimized
leakage current of 2.37 x 10'A compared to SiO» and Si3N4
having 3.57 x 10"A and 2.28 x 10-'3A respectively for Lg of
7nm and dnw of 6nm. The highest leakage current
demonstrated by GAANWIJLT with SiO, was due to the high
tunnelling of electrons in the device when the t. was reduced
to 1nm.
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Fig.3 Impact of dyw variation on Vry for the three different gate oxides at
Vp of 0.05 V.

Oxide thickness (tox) of high-k dielectrics has a great
influence on the threshold voltage. Effect of high tunneling
current can be eliminated if the thickness of the dielectrics is
large [14]. Fig. 3 shows the variation of dnw against the
threshold voltage for Lg of 7 nm. Vi of Si02 15 0.506 V while
Si3N4is 0.543 V. V1y decreases with an increase in dnw.
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Fig. 4 Ion against Lg for the three different gate oxides at constant dyw of 6
nm.

High-ON state current was observed in all the three
devices due heavy doping concentration used in the devices.
GAANWILT with HfO, exhibits the most optimum Iox
among the three devices because when HfO, make contact
with n-type material, the gate capacitance of the device will
improve and the leakage current will have decreased allowing
a large ON-state current to flow. For Lg of 10nm, the Ion for
HfO5 and SiO; are 1.10 x 10°A and 1.00 x 10°A respectively.
Ion decreases as the Lg increases at constant diameter as
shown in Fig.4 due decrease in the mobility of electrons in the
device.

Fig. 5 shows the impact of variation of Lg on the DIBL for
dnw of 6nm. It was observed that for small Lg of 7nm, all the
three devices demonstrated small DIBL. The rate decreases
further as the Lg increases. GAANWILT with HfO, device
has the lowest DIBL of 11.47 mV/V than GAANWIJLT with
SiO, which has 54.74 mV/V. Fig. 4 displays that
GAANWILT with HfO; has a limited value when the Lg
exceeded 33nm. Beyond 33nm, the DIBL tends to increase
instead of to decrease further.

It is known that the oxide thickness of high-k dielectrics
demonstrated higher fringing field effect from the gate to
source and drain region causes the gate to have less control of
the channel, hence reduced the subthreshold slope [15].
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Fig. 5 Impact of variation L on DIBL at dxw of 6nm at Vi, of 0.05V.
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Fig. 6 Impact of L variation on Subthreshold Slope for constant dyw of
6nm at Vp of 0.05V for the three different gate oxides.

Fig. 6 shows the impact of variation of Lg on the
Subthreshold slope (SS). The SS trend for GAANWILT with
Si0, seems different with the other 2 devices. For Lg of 7 nm,
the SS for SizsN4 and HfO, are significantly reduced to 61.34
mV/dec and 62.7 mV/dec, respectively, which are slightly
higher than that of the theoretical limit, 60 mV/dec.
Meanwhile the SS of SiO, was found to be 73.82 mV/dec. Fig.
6 proves that all the three devices reached their limits as the
Lg increases. SS of GAANWILT with Si3N4 was observed to
be 17.85mV/dec for Lg of 10nm. As Lg increases to 20nm, the
SS increases to 58.17 mV/dec and decreases again to 50.10
mV/dec when Lg increases further to 50 nm. Similarly, the
minimum SS of GAANWIJLT with SiO, and HfO, occurs
when Lg is 20 nm as 11.49 mV/dec and 41.8 mV/dec
respectively. However, the values instead of to decrease
further, it increases to 59.49 mV/dec and 57.44 mV/dec
respectively.

Nanowire diameter has a great effect on the SCEs such as
on DIBL and subthreshold slope. It can be shown in Fig. 7 that
small dxw enhanced SCEs compared to the larger dnw. For
dnw of 8 nm, GAANWIJLT with HfO, demonstrated the
lowest DIBL and SS 0f 30.53 mV/V and 64.19 mV/dec for Lg
of 7 nm. Similarly, the SCEs becomes worse when the dnw
was increased further. Using high-k as gate dielectric slightly
increased the surface electrostatic potential in the channel
region near source region [14]. This leads to the high injection
of carriers from source to channel, hence improving the
performance of the device. In Fig. 8, the two high-k materials
show higher ON-state-to-OFF-state current ratio than the SiO»
gate oxide device. GAANWILT with HfO, significantly
improved Ion/lorr up to 4.64 x 10° while GAANWILT with
SiO, has 2.86 x 107 for Lg of 7 nm.
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Fig. 7 Effects of dxw variation on DIBL and Subthreshold slope for L of
7nm for the three gate oxides.
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Fig. 8 ON-state-to-OFF-state current ratio for different L with constant
dxw of 6nm of the three different gate oxides.
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Fig. 9 Impact of dyw variation on ON-state-to-OFF-state current ratio for
Lg of 7 nm of the three different gate oxides.

Similar, the switching speed of the 3 devices decrease
when dnw increases to 10 nm. Ion/Iorr decreases with an
increase in dyw as shown in Fig. 9. For dyw of 8 nm,
GAANWIJLT with HfO; exhibits most optimal Ion/Iorr of 3.7
x 10° than GAANWJLT with SiO, which has 2.867 x 10°.

V. CONCLUSION

In this study, GAANWILT device SiO, dielectric layer
and two others GAANWIJLTs with high-k dielectrics for
different L and dnw were successfully designed and
simulated. GAANWILT with SizN4 and HfO, are the high-k
dielectric used in this study. Electrical characteristics of all the
devices were compared and analysed. The simulation results
show that GAANWILT with high-k dielectric exhibits the
most optimal electrical characteristics than the conventional
Si0;. V1, DIBL, SS and Iorr were significantly improved by

using high-k dielectrics than using SiO, gate oxide. The Iox
and the Ion/Iorr ratio were considerably increased due to the
increases in internal fringe capacitance of the gate oxide. This
leads to the faster switching speed of the device.
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