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Since the Moore era, the use of advanced nanomaterial device architecture has been introduced to im-
prove its electrical performance. This paper reports on the study of performance of a long channel gallium
arsenide (GaAs) nanowire Junctionless Gate-All-Around (JGAA) transistor, including the quantum me-
chanical effect. In order to include the quantum mechanical effect, the Poisson density gradient model is
used to conduct the analysis. Therefore, the channel radius (Rcrn), oxide thickness (Tox) and carrier concen-
tration (Vo) were varied to study the electrical performances of the proposed device. Through simulation, it
was found that the on-current (I») increases significantly by 54 % with a smaller oxide thickness and
channel radius. This paper also highlights the drawback of the classical model, in which it is impossible to
capture the quantum effect, where the current deviations show a 12 % difference between the classical
model and the quantum model. The results presented here indicate the possibility of using JGAA transis-

tor for future nanoelectronic device application.
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1. INTRODUCTION

For decades, the Metal Oxide Semiconductor Field
Effect Transistor (MOSFET) has become the core build-
ing block for all electronic devices. A tremendous de-
mand in electronic appliances due to massive economic
growth has enforced to provide a high-quality product
with higher processing speed, smaller size and low
power consumption devices. This evolution has led to
follow the Moore's Law, which states that the number
of transistors will double every two years on a single
chip [1]. However, as the channel length of the transis-
tor has reached a nanoscale dimension, there are sev-
eral issues that need serious attention as many per-
formances of the device start to exhibit electrical deg-
radation [2]. Therefore, new structures and materials
were introduced as an alternative to overcome this
problem following the guideline provided by Interna-
tional Roadmap for Devices and Systems (IRDS) such
as FinFET, gate-all-around, carbon nanotube, III-V
materials and graphene [3-8].

The Gate-All-Around (GAA) transistor is considered
the best structure among multigate devices where it
can be used to effectively control electrostatic electrici-
ty with less short channel effects (SCEs), and it is also
expected to replace the FInFET transistor in the semi-
conductor industry in 2021. For example, Sachdeva et
al. [9] showed GAA MOSFET as a promising solution
as it can reduce SCEs and improve the device reliabil-
ity. In another work, Jena et al. [10] revealed that a
cylindrical architecture with a surrounded gate encap-
sulating the channel body provides better gate control.
Due to their advantages in electrical performance, GAA
structures have been extended to the Junctionless
MOSFET. Recent research on nanoelectronic devices
has also been devoted to junctionless transistors [11].
This is due to the simpler process involved in the fabri-
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cation, as well as use of a simple architecture. Essen-
tially, the Junctionless transistor operated with a uni-
form heavily doped source, channel and drain. These
architectures have proven that they could improve the
on-current and high early voltage [12]. It has many
advantages such as no p-n junction which makes the
structure simple, eliminates the doping concentration
gradient and produces better SCEs.

III-V materials are predicted to be a good candidate
to replace silicon. IRDS has mentioned that this kind of
material will be used in future nanoelectronic devices
[13]. III-V materials such as GaAs have aggressively
been developed due to their unique properties to en-
hance device dimensions [14]. In addition, III-V mate-
rials are also capable in reducing the tunnelling cur-
rent due to it higher mobility. In addition, it also can
increase the drive current. Numbers of researchers
have shown the flexibility to design III-V materials as
channel and produce high performance transistor [15-
17]. Nevertheless, III-V devices suffer from SCEs. As a
solution, 3D devices such as GAA can be used. Since
the GAA structure is recognized as a device with good
electrostatic control, III-V materials incorporation in
GAA devices can further improve its electrical perfor-
mance such as the drive current (Ion), threshold voltage
(Vi) and current ratio (Ion/Iof).

Therefore, in this paper, performance of a long
channel GaAs Junctionless Gate-All-Around (JGAA)
transistor is assessed based on the inclusion of Quan-
tum Mechanical Effect (QME). In the simulator, a drift-
diffusion transport model in combination with a quan-
tum potential solver such as the density-gradient mod-
el was used to define the quantum effect. The simulat-
ed result was studied in terms of its physical variation
such as the channel radius (Rcin), oxide thickness (Tox)
and doping concentration (Ng). It should be noted that

© 2022 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.14(2).02010

M. FAIDZAL RASOL, AINUN. T ET AL.

the quantum effects are essential at a thinner channel
radius and an oxide thickness approximately less than
10 nm [18, 19]. Therefore, it is important here to vary
the physical parameters in order to study the effects on
the electrical performances. Neglecting this effect may
cause inaccuracy in describing the quantization effect
and would cause misinterpreting the data characteriza-
tion. This effect is likely to occur in both short and long
channel devices. The electrical characteristic is com-
puted to evaluate the electrical parameters focusing on
the threshold voltage (Vi), drive current (Ion) and (Lof).
In the next section, the process and device structure
development are described in detail.

2. DEVICE STRUCTURE AND SIMULATION
MODEL

The schematic diagram of the GaAs JGAA MOSFET
structure used in this simulation is shown in Fig. 1 and
Fig. 2. The 3D schematic diagram and cross-sectional
view of the GaAs JGAA transistor with a cylindrical
cross section can be seen in Fig. 1 and Fig. 2, respec-
tively. Table 1 shows the list of parameters used in the
simulation. The simulation is carried out with the Sen-
taurus device simulator, a simulator from Synopsis
TCAD. Sentaurus can analyze and predict the behavior
of devices without requiring any cost to manufacture
the real device. The gate length L¢ is fixed at 100 nm
which can be considered as long channel devices ac-
cording to IRDS specifications for the technology node
used. Silicon dioxide is used as the dielectric material.
The metal gate work function of 4.8 eV is applied to the
metal gate. The performance variations of the JGAA
transistor strongly depends on the doping concentra-
tion where the doping level must be higher. The pa-
rameters that will be varied to analyze the perfor-
mance are the channel radius (Rexn), oxide thickness
(Tox) and doping concentration (Ng). Since the cross-
section of the device is smaller and a higher doping
level is applied, the quantum effect must be considered
in the simulator. We consider the solution of the drift-
diffusion and density gradient model in the simulator
without ignoring the quantum effect. The current-
voltage characteristic of the GaAs JGAA MOSFET is
extracted and discussed in section 3.

Le

Source

Drain

Fig. 1 — Schematic structure of GaAs JGAA MOSFET
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Fig. 2 — 2D cross-sectional view of GaAs JGAA MOSFET

Table 1 — Parameters used for the simulation

Parameter

symbol Technology parameter Value
Lg Gate length 100 nm
Renn Channel radius 4-10 nm

TGans GaAs film thickness 2Rchn
Tox Oxide thickness 2-14 nm
Imp'urlty doping concen- 1 x 1015

Na tration for source, drain B
1x10¥%cm-3
and channel

3. RESULTS AND DISCUSSION

In this section, the analysis was done to study the
device performance on the long channel GaAs JGAA
MOSFET without neglecting the quantum effect. The
density gradient model was used to present the quan-
tum effect in the simulator. To validate the importance
of including quantum effects, the comparison between
the classical model and the quantum model was con-
ducted, as illustrated in Fig. 3. Fig. 3 shows the com-
parison of the current-voltage (I-V) characteristics
between these two models on long channel GaAs JGAA
MOSFET using the following parameters: Le = 100 nm,
Renn =5 nm, Tox=2nm and Ng=1 x 101 cm -3, Based
on Fig. 3, it is found that the classical model is not able
to capture the quantum effect on the device channel.
The current deviations between the classical (drift-
diffusion) model and the quantum mechanical (density
gradient) model are estimated as 12 %. This result
shows the inaccuracy of the classical model to interpret
the carrier charge moving along the channel. A similar
trend has been proven by Vimala et al. [20]. The result
demonstrated here shows the necessity to include the
quantum effect when applying a smaller channel radi-
us and thinner oxide thickness.

Further studies were carried out on the DC perfor-
mance of GaAs JGAA MOSFET to estimate the device
characteristics specifically on the on-current, threshold
voltage and Ion/loff ratio. Our TCAD results take into
account the quantum effect to describe accurately the
electrical behaviors and measure our device limits. The
14-Vg curves in the saturation region of the GaAs JGAA
transistor for two sets of radii, Recrn = 4 nm and 8 nm,
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Fig. 3 — IV characteristics in comparison between the classi-
cal (drift-diffusion) model and the quantum mechanical (den-
sity gradient) models in GaAs JGAA MOSFET

were chosen using two different oxide thicknesses
which are 2 and 14 nm, respectively, while keeping the
doping level constant at 1 x 101° cm -3 (Fig. 4). The on-
current for Tox=2nm is approximately 54 % higher
compared to Tox=14nm for both Rewn=4nm and
Renn = 8 nm. By varying the oxide thickness, the value
of the on-current is noted to be higher with decreasing
the oxide thickness. We note that the oxide thickness
should be reduced with decreasing the channel length
to have lower SCEs.

To further evaluate the electrical performance, the
value of Vi is extracted. The plot indicates that when
larger gate oxide is applied, it will induce a greater
threshold voltage roll-off. As the oxide thickness
changes from 14 to 2 nm, the threshold voltage in-
creases. The gate loses control over the channel when
the gate oxide thickness increases. It will resist the
electric field from the gate into the channel resulting in
degradation of threshold behavior. Hence, to avoid this,
a thin gate oxide is required. This may lead to better
performances, but very small oxide thickness cannot be
obtained because direct tunnelling through very thin
oxide becomes noticeable.
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Fig. 4 — Comparison of I;-V; for different channel radii with
two sets of oxide thicknesses of 100 nm GaAs JGAA MOSFET
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Fig. 5 shows the effect of varying the channel radius
at fixed Le =100 nm and Tox=2nm. As can be seen
from Fig. 5, the on-current increases while the thresh-
old voltage of GaAs JGAA MOSFET decreases when
the channel radius increases. The same figure shows
increment on the on-current by 55 % from Rcnn =5 nm
to Renn =10 nm. As the radius increases, the enhance-
ment of I is observed due to the larger volume of the
channel, allowing more current to flow. Moreover, the
unique properties of GaAs, which has higher mobility
in the gate region, help to boost the number of elec-
trons moving through the channel. There is a remarka-
ble decrease in Vi with decreasing channel radius from
10 to 5 nm. In contrast, I,» increases while Iy slightly
increases that results in higher I/l ratio as we
change the nanowire radius. As the channel radius was
reduced, this may contribute to the quantum effect.
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Fig. 5 — Comparison of Is-V; for different channel radii with
two sets of oxide thicknesses of 100 nm GaAs JGAA MOSFET
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Fig. 6 — Comparison of Is-V; for different doping levels of
100 nm GaAs JGAA MOSFET

Fig. 6 shows the Is-V; characteristics for different
doping levels of GaAs JGAA MOSFET. The following
parameters: L¢ = 100 nm, Tox =2 nm, Rcrn = 5 nm were
considered to study the effect of a wide range of doping
levels of GaAs JGAA MOSFET. Three sets of doping
levels were studied from 1 x 108 to 1 x 1019 cm -3, It is
seen, as the doping level increases, the on-current in-
creases, while the threshold voltage is reduced. For
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example, for Ng=1 x 108 cm~3, the on-current I, is
1.5 x 10-5 A and the threshold voltage Vi is 0.35V,
and for Ng=1 x 109 cm~3, the on-current is slightly
higher 2.4 x 10~ A producing smaller Vi =0.15 V. The
increment reached 37 % for the on-current and about
57 % for the threshold voltage drop. Higher concentra-
tion helps to increase the electron mobility, therefore
the on-current increases. In addition, the increment of
channel doping becomes a catalyst which increases the
degree of band bending. Thus, more carriers will be
occupied on the channel of the device.

The main contribution of this work is to study the
long channel GaAs JGAA transistor including the
quantum effect. The analysis indicates that III-V mate-
rial is one of most promising candidates due to its po-
tential to boost the electrical performances especially
on the on-current.

4. CONCLUSIONS

A GaAs Junctionless Gate-All-Around (JGAA) tran-
sistor has been studied with a wide range of perfor-
mance using Sentaurus TCAD tools. In this work, Pois-
son density gradient solver was used as a transport
device in the simulator to show that quantum effect is
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TTounnarwuu 3 emoxu Mypa, U1 TOKPAIIEHHS €JIeKTPUYHUX XaPAKTEPUCTUK 0yJI0 BBEIEHO BUKOPUCTAH-
HsI IIePEeIOBOI apXITeKTYPH IIPUCTPOIB 3 HaHOMAaTeplasiB. ¥ pobOTi MOBIAOMIISETHCS PO JOCIIIIPKEHHS Xapa-
KTepucTuK joBrokaHasibHoro GaAs JGAA TpaHsucropa, BKIOUAIOYN KBAHTOBO-MeXaHIUuHUM edext. Jlis
BKJIIOUEHHSI KBAHTOBOMEXAHIYHOrO e(EeKTy IIPU IIPOBEIeHH] aHAJI3y BUKOPUCTOBYETHCS MOJEJb TPATIEHTA
rycrunu [lyaccona. Tomy pamiye kamana (Ren), ToBmuHy okcuny (Tox) 1 KouienTpairio Hociie (Ng) 3MiHO-
BAJIA 171 BABYEHHSA €JIEKTPUYHUX XaPAKTEPUCTUK ITPOIIOHOBAHOTO IIPHUCTPOI0. 3a IOIIOMOTOK0 MOJIETIOBAHHSA
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0yJI0 BUSIBJIEHO, IO CTPYM BRJIIOUeHHS (lon) 30LIIBIIYETHCA HA 54 % IIPH MEHIIHUX TOBIIUHI OKCHIY Ta PaIlycy
KaHaJry. ¥ po0OTI TAKOK BUCBITJIIOETHCSA HEOJNIK KJIACHYHOI MO, B SIKIM HEMOKJINBO OXOIIUTH KBAHTOBUN
edeKT, e MOTOYHI BIAXWJIEHHS MOKA3YIOTh 12 % PISHUI0 MiK KJIACHYHOK MOJEJIII0 Ta KBAHTOBOI MO-
nmesutio. HaBeneni TyT peaysibraTé BKa3yoTh HA MOMKIUBICTE BUukopucTaHHsa J GAA Tpansucropa 1iist Maioy-
THIX JIOJATKIB HAHOEJEKTPOHHUX IIPUCTPOIB.

Kmiouosi cnosa: Koporkokanansui edextn, KBamroBomexamiumi ederTn, YIockoHaAJIeHHMM Marepiasa i
CTPYKTypa.
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