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Abstract

The relentless of FETs devices has introduced severe Short Channel Effects (SCEs), limiting their
suitability for low power applications. GAAFETs have emerged as a strong alternative due to their
electrostatic control. In this study, a GaN-based GAAFET was simulated using the MuGFET tool with
the PADRE simulator to evaluate its performance at different gate lengths. Threshold voltage,
subthreshold swing, DIBL, and current ratio key performance parameters were extracted.
At Ly=10 nm, values of Vi, , SS, and DIBL could not be reliably extracted. This is attributed to the
device geometry, where the source/drain extension length (20 nm) is significantly larger than the gate
length. At longer length of 40 nm, the device exhibited V., of 0.37 V, SS of 74.89 mV/dec, and DIBL
suppressed to 19.4 mV/V, with current ratio in the order of 107. These results confirm the strong gate
controllability of the GaN-Based GAAFET at 40nm, with subthreshold swing value approaching the
ideal Boltzmann limit of 60 mV/dec. Overall, the findings demonstrate that GaN-based GAAFETs
provide excellent suppression of SCEs and maintain favorable electrical characteristics even at
aggressively scaled dimensions.
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INTRODUCTION

Electronic devices are the building blocks of modern technology found in everything from
mobile phones, laptops, to satellites, these devices directly rely on electronic components like
resistors, capacitors, diodes and most importantly transistors in order to perform operations
such as switching, amplifying and storying data (Gargini, 2017). To meet the growing demand
for faster processing, high memory and low power application scientist begins shrinking the
size of these component which leads us into the world of nanotechnology were materials and
devices are manipulated with dimensions in the nanometer range (Omietimi et al., 2023).

This technology has revolutionized science and engineering by designing materials and
devices that are small with unique physical, chemical, biological, and electrical properties
(Hsu et al., 2023). These advancements have brought innovations in electronics, energy-
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efficient technologies, and materials science, with applications for next-generation devices (Lu
& Franklin, 2023). One of its leading-edge applications is the manufacturing and advancement
of nanoscale transistors with smaller dimensions and unique properties to deliver better
performance and power efficiency in electronic devices (Wang et al., 2024).

The continued downscaling of electronic devices mostly semiconductor devices has
introduced significant challenges, particularly in controlling short-channel effects (SCEs) such
as threshold voltage roll-off, Drain Induced Barrier Lowering (DIBL), and Subthreshold Slope
(SS) degradation (Mohan et al., 2017; Qin et al., 2024). These effects reduce device performance,
increase leakage currents, and threaten the reliability of modern transistors at the nanoscale
(Vashishtha and Clark, 2021). To overcome this obstacles and keep shrinking these device,
engineers and researchers focused on improving the transistor architecture (Das et al., 2024).
Among the emerging architectures, Gate-All-Around Field Effect Transistor (GAAFET) with
Gallium Nitride (GaN) as channel material stands out as a promising successor due to
superior electrostatic gate control and scalability (Singh ef al., 2025).

As these FETs get smaller, the variations in gate length become a critical issue that can affect
the SCEs in GAAFET devices (Das et al., 2024). To mitigate the impacts of short channel effects
(SCEs) in GAAFET, various researchers have conducted extensive investigations. Kumar et
al., (2024) investigated the performance of Si GAAFET with the improved architecture of
negative capacitance (NC) using Sentaurus TCAD, by comparing with the base line GAAFET
the 3D simulated NC-GAAFET exhibited better results in term of current ration and low DIBL.

Moreover, experimental work by Iannaccone et al., (2023) confirmed that replacing Si with
GaN as the channel material helps to reduce leakages even in aggressively scaled gate lengths
below 10 nm. Similarly Anupama et al., (2024) simulated GaN GAAFETs using Silvaco TCAD,
also replaced Silicon Oxide (5iO2) with high-k dielectric material which is Aluminium Oxide
(Al,03) and observed improvement on drain current, subthreshold swing, gate capacitance,
and transconductance performance. However, their analysis was limited to a fixed gate
length. Similarly, (Benjelloun et al., 2023) employed Sentaurus TCAD to model GaN GAAFETs
but focused on doping profiles and diameter of the device rather than other geometric scaling.
These findings help to reduces SCEs of these vulnerable FET devices.

From this review, it is evident that while GaN-based GAAFETs show considerable promise,
there is a lack of focused investigations into how gate length scaling affects key SCE
performance parameters such as threshold voltage (V;,), subthreshold slope (SS), DIBL, and
current ratio while keeping all other device parameters constant. Additionally, most of the
existing simulation studies rely on complex TCAD platform, with limited use of simpler and
educational tools like MuGFET that offers open-source access to core device physics
simulations. This paper addresses this research gap by conducting a comparative study of
GaN GAAFETs at varying gate lengths (40 nm, 30 nm, 20 nm, and 10 nm), using PADRE
simulation via the MuGFET tool. This also allows a clear and isolated understanding of the
impact of gate length on SCE in GaN FETs devices, providing a valuable insight into their
scaling limitations and performances.

METHODOLOGY

Simulation Platform

This study employed the MuGFET simulation tool, an educational TCAD platform developed
by Purdue University and hosted on nanoHUB.org the core simulator within MuGFET is
PADRE (Poisson and Drift-diffusion Equation), a 2D or 3D device-level solver that accurately
models semiconductor transport behavior. PADRE solves the coupled Poisson and drift-
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diffusion equations self-consistently to capture electrostatic and carrier transport
characteristics in nanoscale devices which explore the fundamental physic of field effect
transistors (FETs) (Shehu et al., 2023).

Device Structure and Parameters

The simulation assumes a cylindrical nanowire geometry fully surrounded by the gate
electrode to ensure optimal electrostatic control illustrated in figure 1. The simulation
performed under constant oxide thickness of 0.7 nm and a channel diameter of 10 nm. All
simulations were performed under fixed thermal condition (at room temperature), with only
the gate length (L) varied from 10 to 40 nm to study the impact on short channel performance.
The simulation parameter are listed in Table 1.

Table 1: Parameters Specification

Parameters Values
Channel Material GaN
Dielectric Material Si0o,
Oxide Thickness (Tox) 0.7 nm
Gate lengths (L) 40 nm, 30 nm, 30 nm, and 10 nm
Channel Diameter 10 nm
Source/Drain extension length 20 nm
Source/Drain Doping Concentration 1 x 102°cm™
Channel Doping Concentration 1 x 10 cm™
Drain Voltage (V) 07V
Gate voltage (V) 1V
Temperature 300 K
Channel affinity 41ev
Gate

Oxide
Wire

B

Drain
Extension

Source
Extension

Figure 1: GaN-Based Nanowire device

RESULTS AND DISCUSSION

The simulations were performed under four unique gate lengths that is 40, 30, 20, and 10 nm
using a consistent setup to examine the impact of scaling on device performance. The impact
of gate length on SCE of the proposed devices with GaN and Si0, as channel and dielectric
materials respectively is presented by the figures of this section. The important metrics delved
into are DIBL, SS, Threshold Voltage, OFF-current, ON-current and current ratio were
extracted and discussed. However, from our results at gate length of 10 nm, the extraction of
SS, DIBL, and V;;, was not feasible even though SS and DIBL are the key parameters of SCEs.
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This possibly occur when the gate length exceeded the source and drain extension length, the
gate loses electrostatic control over the channel, leading to a strong SCE. Under such
conditions, the subthreshold slope becomes poorly defined, DIBL becomes excessive, and the
transfer characteristics no longer exhibit a distinct subthreshold region. Consequently, the
conventional extraction of Vy;, SS, and DIBL becomes unreliable. This observation is consistent
with the recent reports in nanoscale device research, where aggressive scaling below 10 nm
has been shown to cause the overlap of source and drain depletion regions, suppressing the
barrier control of the gate and distorting transfer characteristics. Lanka et al., (2024)
demonstrated that in sub-10 nm GAAFETs, short channel effects dominate such that
conventional definitions of SS and DIBL break down. Similarly, (Georgiev et al., 2017) reported
that once the source and drain extension length is larger than the gate length, threshold
voltage extraction becomes ambiguous due to excessive leakage currents. These findings
support our result that the absence of reliable SS, DIBL, and V,;, values at Lg of 10 nm is a
direct consequence of severe short channel effects.

Ion, lopr and Ipy /Ippr Current Ratio

To capture the switching behavior and leakage trends the extracted drain current and gate
voltage data in both linear and log I-V characteristics was plotted. Figure 2 (a) and (b) presents
the 14~V characteristics of the NW device in linear and log respectively at a constant V; of 0.7
V.

The results have clearly shown a dramatic increase in leakage current which is caused by
reduction in gate length. As the gate length scales down from 40 nm to 10 nm, the drain
current rises, but the leakage component increasingly becomes dominant. This reflects a
fundamental behavior on device scaling, shorter gate length increases drive current (/o ) and
leakage (Iprr) (Das and Bhattacharyya, 2020).
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Figure 2: (a) I4-V 4 characteristics in linear (b) I4-V 4 characteristics in log

The drain current performance metrics were extracted from the curves, the trends are
summarized in Table 2. At 40, 30, and 20 nm gate length, the driven current (Ipy ) remains in
the range of 1073 A/um, and the leakage current (Iygr) reaches 2.3 X 1071% A/um at 40 nm Lg
however, as the gate length decreases, leakage current rises steeply, increasing the leakage by
one order of magnitude at 30 nm and further by three order at 20 and 10 nm. This reflect that
shorter Ly, improve Iy but significantly worsen leakages (Das and Bhattacharyya, 2020).

Table 2: Current Performance Matrices

S/N Lg (nm) Ion (A/pm) lorr (A/pm)

1 40 5.6 X 1073 2.3 x 10710
2 30 6.4 %1073 3.0x107°
3 20 8.0x 1073 40x10°°
4 10 1.3 x 1072 3.0%x 1073

Current ratio is one of the electrical matrices to consider for achieving high performance while
minimizing leakages in FET devices, normally large current ratio defend on the device gate
type, were more gate indicate better control over the channel given larger current ratio. The
Ion/Iorr ratio defend on the influence by the Vy, of the device , as impact of both the ON-state
and OFF-state currents is based on its position directly (Totorica et al., 2023). For evaluation,
current ratio is extracted at constant V; of 0.7 V (at maximum supply voltage), V; of 1 V (ON
state), and V; of 0 V (OFF state). It is expressed as:

. I
current ratio = log;o—2- (1)

OFF

The impact of gate length (L,) on the Iy /IopF ratio is illustrated in Figure 3, this clearly shows
that the current ratio of the proposed device depend on device Ly. The results reveal that the
ratio improves as L, increases from 10 nm to 40 nm. However, beyond 20 nm, the ratio begins
to increase rapidly from 2.0 X 103 to 2.1 x 10° at 20 and 30 nm respectively, maximum ratio
of 2.4 x 107 is achieved at 40 nm which highlight the optimum performance. Achieving high
ratio is important in enhancing switching speed, increases current drive capability, and
minimizes static power dissipation causes by OFF-state leakage (Li et al., 2016).
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Figure 3: current ratio and gate length (L,) variation

Threshold Voltage (V1)

The threshold voltage (V) is the minimum gate-to-source voltage required to create a
conducting path between the source and drain in FETs (Green and Zheng, 2022). Threshold
voltage plays a critical role in determining both the switching speed and power consumption
of the device. Lowering V;;, improves ON-state performance but increases OFF-state leakage
(Sharma et al., 2024). The threshold voltage for multi-gate devices can be generalized as:

Q Q
Vth=fm+2ff+C—D—ﬁ+Vin (2)

C

where Qg is the dielectric chaor);ge, C(Z; as gate capacitance, Qp is the depletion charge, f,,5 is
the metal semiconductor work function, f; as fermi potential, and V;;, is the additional surface
potential to 2f; that is needed for ultrathin body devices to bring enough inversion charges in
to the channel region of the transistor to reach threshold point (Hasan ef al., 2023).

The impact of gate length on V,;, in nanowire GAAFET using GaN as channel material is
shown in figure 4. Based on the figure trends it can be observed that as the gate length
increases from 20 nm to 30 nm, the threshold voltage progressively increased from 0.19 to 0.34
V. by further advancing the gate length to 40 nm, the overall threshold voltage increases to
0.37 V, this shows that longer gate length leads to better electrostatic control and also reduces
short channel effect.
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Figure 4: Threshold voltage (V;;,) and gate length (L,) variation

Subthreshold slope (SS)

To determine the stability of transistor SS is used as the key parameter. It describes the
exponential relationship between the drain current and the gate voltage when the device
operates below the threshold region (Li et al., 2016). On a logarithmic scale, as illustrated in
Figure 2 (a), the rate of increase in I; with V, below V;, is determined from the expression

given as:

ov
SS(mV/dec) = 5=t "

where v; denotes gate voltage and I; denotes drain current (Dharmireddy and [jjada, 2023).
Figure 5 illustrates the variation of SS with gate length (L) for GAAFET device, the SS of
GaN-GAAFET decreases as the gate length increases. Also from the figure it was observed
that, at 40 nm the device presents lowest SS value of 74.87 mV /dec as compared to at 30 and
10 nm which are 85.78.87 mV/dec and 182.08 mV/dec. For achieving efficient operation in a
FET devices this characteristic is crucial where low SS is desirable for mitigating SCE (Kumar
et al., 2024).
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Figure 5: subthreshold slope (SS) vs Gate length (L,)

Drain-Induced Barrier Lowering (DIBL)

There is a potential barrier between the drain and the source in the weak inversion region. A
high applied voltage at the drain can reduce this barrier height, leading to a higher drain to
source current. This effect is referred to as Drain Induced Barrier Lowering, and this affects
the gate control over the channel (Kumar ef al., 2024). On the other hand, DIBL is calculated
based on the difference between V;, at linear condition and saturation condition, i.e lowest
and highest drain voltages, described in the equation below:

mv AVth
DIBL =~-= —— (4)

Low DIBL values indicate strong gate control and reduced SCE. In practice, values < 50
mV/V are desirable for robust low-power operation (Shehu et al., 2023).

The impact of gate length variations on DIBL in nanowire FETs using GaN as channel material
is visualized in Figure 6. From The figure a very high DIBL of 197.23 mV/V at 20 nm gate
length were observed, there after by increasing the gate length to 30 nm the DIBL decreases
rapidly to 39.54 mV/V this suggests minimal impact of gate length on DIBL at 30 nm. By
further increasing the gate length to 40 nm the drain induced barrier lowering were found to
be 19.41 mV/V, this shows that GaN GAAFET device performs better at 40 nm gate length as
it has the lowest DIBL value compared to other gate lengths stated.
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in semiconductor industries there is high demand of FET device with energy efficiency and
reliability for wide range of application where devices with lowest DIBL mitigate that (Shehu
et al., 2024)
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Figure 6: DIBL vs. Gate Length

Table 3: summary of GaN GAAFET electrical characteristics at different L,

Lg (nm) Ion (A/pm) Iopr (A/um) Ion/lorr SS (mV/dec) DIBL (mV/V) Ven (V)
(A/pm)
40 5.6%x10-3 2.3x10-10 2.4 %107 74.89 19.41 0.37
30 6.4x10-3 3.0x10° 2.1x 106 85.78 39.54 0.34
20 8.0x10-3 4.0x10-6 2.0x 103 182.08 197.23 0.19
10 1.3x10-2 3.0x10-3 4.333 - - -
CONCLUSION

This study demonstrated a systematic analysis of the impact of gate length scaling on short-
channel effects and leakage currents in GAAFET with GaN as channel material using the
MuGFET tool. The results revealed that Scaling down of gate length significantly increases
leakage current, particularly at 20 nm and below, due to weakened electrostatic control. The
highest current ratio was achieved at 40 nm, while aggressive scaling to 10 nm resulted in
drastic performance degradation. Threshold voltage roll-off was observed with shorter gate
lengths, indicating compromised device reliability. Both metrics worsened at sub-20 nm
dimensions, with 40 nm showing the most stable operation (SS = 74.9 mV/dec and DIBL =
19.4 mV/V). These findings highlight that while shorter gate lengths improve drive current,
they also step up leakages and SCEs, limiting practical operation. The study concludes that
GaN GAAFETs demonstrate optimal balance of performance and control at gate lengths > 30
nm. Future work should investigate the combined effect of gate length with oxide thickness
scaling and alternative high-k dielectrics to further optimize GaN-based devices for ultra-low-
power applications.
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