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Abstract: With the advancement of the semiconductor industry into the sub-10 nm regime, high-
performance, low-energy transistors have become important, and gate-all-around junctionless field-
effect transistors (GAA-JLFETs) have been developed to meet the demands. Silicon (Si) is still the 
dominant semiconductor material, but other potential alternatives like gallium arsenide (GaAs) 
provide much higher electron mobility, improving the drive current and switching speed. In this 
study, our contributions are a comparative analysis of Si and GaAs-based cylindrical GAA-JLFETs, 
using threshold voltage behavior, electrostatic control, short channel effects, subthreshold slope, 
drain-induced barrier lowering, and leakage current as the metrics in the evaluation of performance. 
A comprehensive analytical modeling approach is employed, solving Poisson's equation and 
utilizing numerical simulations to assess device characteristics using the ATLAS SILVACO tool 
under varying channel lengths and gate biases. Comparisons between Si and GaAs-based devices 
show what trade-offs exist and what the material engineering strategies are to use the advantages of 
GaAs and reduce some disadvantages. The results from the study are a valuable contribution to the 
design and optimization of next-generation FET architectures, pointing the direction for enabling 
next-generation beyond CMOS technology. 

Keywords: nanoscale short channel effects; junctionless field effect transistor; III-V materials  
 

1. Introduction 

The ability to scale intermittent semiconductor devices has continued to be a driving force in 
realizing integrated circuits that are smaller, faster, and more power-efficient in modern electronics. 
As technology advances into the sub-nanometer regime, traditional transistor technology like planar 
MOSFETs and FinFETs face critical challenges like short-channel effects (SCEs), problems with gate 
control, and higher power dissipation. These limitations preclude scaling transistors further, and 
alternative transistor architectures that yield better electrostatic control, improved performance, and 
scalability must be pursued [1]. A gate-all-around (GAA) transistor is one promising solution to all 
these challenges. A GAA transistor has a gate surrounding the channel, providing more electrostatic 
control than conventional transistor structures such as FinFETs, where the gate is controlled from 
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three sides. As the dimensions are scaled down even further, this enhanced control plays a crucial 
role in overcoming SCEs and device performance [2]. The GAA-JLFET is among the most promising 
candidates for different GAA transistor configurations. In a conventional MOSFET, the current flows 
according to control by a well-defined p-n junction, while contrarily junctionless transistors control 
current flow based upon a continuous doping profile within the channel. The absence of a sharp 
junction boundary means that fabrication is simple, and there is no need for complex high-
temperature processing and junction formation. Junctionless devices are less sensitive to the SCEs 
and are easily scalable with smaller dimensions. One strong cornerstone has been the material silicon, 
primarily used in fabrication, and the processing has matured and become highly cost-effective. The 
silicon-based GAA-JLFETs present an interesting case worth pursuing further since they may enable 
the reduction of the scaling limits and lead to better performance within the silicon CMOS ecosystem. 
In this paper, we explore the idea of GAA-JLFETs concerning silicon material and evaluate the 
advantages and disadvantages of applying this approach to next-generation semiconductor devices. 
In this paper, we take a step backward from that and aim to provide a comprehensive review of the 
basic GAA-JLFET principles, its performance, and how it overcomes the limits of conventional 
transistor design [3]. 

As much as the scaling of transistor dimensions has continued unmoved, ad infinitum, 
according to Moore's Law [4], this scaling has created fundamental difficulties with SCEs, leakage 
currents, and power dissipation in conventional MOSFETs. To overcome these problems, various 
multi-gate architectures, including so-called' Gate All Around' (GAA) transistors, are superior for the 
control of electrostatics and, thus, improve channel scaling. One of these is the JLFET, a novel device 
concept that eliminates the traditional pn junctions, is easy to fabricate and improves 
manufacturability [5]. Unlike conventional MOSFETs that conduct current through a surface channel, 
JLFETs use bulk conduction, leading to mobility degradation and better carrier transport properties. 
Moreover, Cylindrical GAA JLFETs (CGAA-JLFETs) possess even better gate-to-channel control, 
thus effectively suppressing drain-induced barrier lowering (DIBL) and leakage currents, making 
them especially suitable for ultra-low power and high-frequency applications [6]. 

Compound III-V semiconductor gallium arsenide (GaAs) has several advantages over silicon 
(Si) for electronic purposes, especially in high-frequency and optoelectronic devices. Since the 
electron mobility for GaAs is higher (~8500 cm²/V·s) than that of Si (~1400 cm²/V·s), transistor 
performance in drive current and switching speed is better for GaAs than for Si. Furthermore, GaAs 
possess a direct bandgap (1.42 eV at 300 K) and are very attractive for optoelectronic applications 
such as laser diodes and high-efficiency solar cells. However, due to its lower dielectric constant (ε = 
12.9) compared to Si (ε = 11.7), weaker electrostatic control is obtained, leading to enhanced leakage 
current and SCEs in scaled devices. However, heterostructure engineering is a primary means of 
overcoming some of the shortcomings of GaAs-based transistors in low-power applications and their 
widespread exploration for high-speed, high-frequency, and RF applications. Recent research on 
GaAs-based GAA JLFETs has been related to utilizing superior transport properties of GaAs-based 
materials while optimizing the electrostatics using advanced doping techniques and high-k gate 
dielectrics [7]. 

2. Theoretical and Simulation Framework 

With a continued push toward smaller transistor sizes and enhanced device performance, 
semiconductors have been evolving fast in this field. Traditional MOSFETs face significant challenges 
at the sub-10 nm scaling regime, and alternative transistor architectures have been proposed. The 
class of junctionless transistors (JLTs) proposed by researchers does away with a conventional p-n 
junction in the channel, instead relying on a continuous doping profile. At the same time, this design 
promises reduced fabrication complexity and augmented electrostatic control in scaled devices. In 
parallel, GAA transistor architecture has emerged as a promising candidate for overcoming some of 
the limitations of FinFETs that are mainly limited by a lack of gate control on the channel. In the GAA 
structure, the gate not only encloses the channel on the top but all the exposed sides are covered with 
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gates, making it easier to control electrostatically. Junctionless GAA transistors benefit from 
junctionless and GAA transistor designs, namely that junctionless transistors have fewer SCEs and 
better scalability [8,9].  

Because of the improved electrostatic control over all corners of junctionless transistors, 
electrostatic GAA is one of the primary motivations for adopting this architecture. In traditional 
planar MOSFET, the gate only controls part of the channel, resulting in poor electrostatic control as 
the devices scale down. A three-dimensional structure with FinFETs was introduced to overcome 
this issue; however, as the channel length continues to scale, SCEs and DIBL remain of concern. 
Junctionless GAA transistors have their gate surrounding the channel, providing superior 
electrostatic control and eliminating SCEs. According to research from Hossain et al., this superior 
control causes a reduced threshold voltage variation and steeper subthreshold slope (SS), which are 
standard for better switching characteristics. A significant reduction in subthreshold leakage currents 
and a higher on/off ratio than traditional and GAA junctionless transistors have been demonstrated 
[10]. 

The simplified fabrication process can also be another significant advantage of GAA-JLFET. 
Conventional devices create p-n junctions in the channel, but GAA-JLFET devices have uniform 
doping profiles in the channel. As a result, the fabrication complexity is significantly reduced in 
junction formation, high-temperature processing, and doping profile control. Ghosh et al. have 
shown that GAA-JLFET devices could be fabricated using relatively simpler process flows on silicon-
on-insulator (SOI) wafers, which provide better electrostatic isolation and easier control of the 
channel conductivity. The continuing low cost, well-understood manufacturing processes, and 
superior mechanical properties of silicon continue to make it the most frequently used semiconductor 
fabrication material for submicron devices. Silicon has relatively high carrier mobility and is a well-
known bandgap in terms of electrical properties. It is an ideal candidate for most semiconductor 
devices. Nevertheless, with the ongoing scaling of the transistor size, the performance of silicon-
based devices is limited due to SCEs and carrier mobility [11]. 

In recent years, the potential of silicon concerning junctionless GAA devices has been 
investigated in works by Srivastava et al. Silicon-based junctionless GAA transistors have significant 
advantages over conventional planar MOSFETs and FinFETs in terms of reduced SCEs, saturation 
current, and better scalability. Although silicon is a well-accepted material, the use of silicon in 
Junctionless GAA transistors is limited by carrier mobility limitation [12]. Compared to materials 
such as germanium, III-V compounds (e.g., InGaAs), and graphene, silicon has lower electron 
mobility and smaller current drive capabilities of devices. To tackle this issue, A. Kumari et al. 
presented strained silicon or silicon-germanium alloy as carriers of carrier mobility improvement. 
Improvements in velocity and, thus, drive current can be achieved with strained silicon created by 
introducing tensile or compressive strain in the material. Yet, applying strain to silicon devices often 
results in additional complexity and challenges, including strain-mediated mechanical stress 
management during fabrication and strain-sensitive interface defects [13]. 

Junctionless GAA devices are widely regarded as an excellent candidate for commercialization 
and ideal for SOI wafer fabrication. Insulation of the channel from the substrate enables better control 
over the channel and reduces parasitic capacitance, enabling better device performance. In addition, 
the insulating layer supplies better electrostatic isolation, which is essential for shrinking GAA-JLFET 
devices without degrading performance. Dixit et al. have shown that using SOI wafers also allows 
for higher performance of Junctionless GAA devices by preventing current leakage through the 
substrate and providing a cleaner current path [14]. However, precise patterning of the gate and 
channel affects the performance of scaled-down junctionless GAA devices. As device dimensions 
approach the nanometer scale, traditional photolithography techniques operate near their resolution 
limits. As a result, researchers have been investigating higher-resolution lithography techniques, 
such as extreme ultraviolet (EUV) lithography and nanoimprint lithography (NIL). For example, 
Results showed the use of NIL to fabricate high-quality nano-wire structures in GAA-JLFET. As a 
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result, NIL offers excellent advantages over conventional photolithography; NIL produces smaller 
feature sizes and is, therefore, a promising candidate for the future fabrication of GAA-JLFET [15]. 

The performance of Junctionless GAA devices is heavily dependent on the channel doping 
profile. These devices require the doping to be uniform across the channel to ensure continuous 
bandwidth and avoid separate p-n junctions. Uniform doping profiles have been attempted using 
ion implantation and in-situ doping techniques. Nevertheless, doping concentration gradients and 
the diffusion of dopants during high-temperature processing impeded the precision of the doping 
profile. It has been recently proven that atomic layer doping (ALD) techniques can improve the 
doping uniformity in GAA-JLFET. Numerous research studies have been conducted to compare 
Junctionless GAA transistors with conventional FinFETs and planar MOSFETs to demonstrate the 
electrostatic control, scalability, and reduction of the SCEs of Junctionless GAA transistors [16]. For 
instance, they showed that junctionless GAA transistors exhibit better threshold voltage stability 
given improved electrostatic control, reduced short channel effects resulting in lower leakage 
currents and better on/off current ratios, and successful scaling down to the 5 nm node with little 
performance degradation. Other studies, for example, reported that Junctionless GAA transistors are 
scaled further and may confront impediments to high leakage currents and power efficiency, 
particularly with silicon-based devices. Though significant advancements have been achieved in 
exploring the application perspective of GAA-JLFET, certain issues are still largely unaddressed, 
namely material constraints, technological issues, and scaling problems [17]. 

3. Methodology and Device Structure of JLFET 

For efficient prediction of the device's performance in nanoscale regimes, the cylindrical GAA-
JLFET (CGAA-JLFET) also requires analysis. Poisson's equation in cylindrical coordinates describes 
the electrostatic behavior of these transistors, that is, the potential distribution within the channel. 
Next, the threshold voltage is derived from solving the 2D Laplace equation with the proper 
boundary conditions, including the doping concentration effect, oxide thickness, and channel radius. 
The analysis of SCEs like DIBL and subthreshold slope (SS) degradation is presented by the potential 
to explore the weaker electrostatic integrity in the case of GaAs's lower dielectric constant-based 
transistors. In addition, the drain current characteristics are modeled using the drift-diffusion 
transport equation, and the higher carrier mobility of GaAs leads to higher drive currents, although 
they suffer from greater off-state leakage. An assessment of combining different channel lengths and 
optimized doping profiles to alleviate SCEs, improve the subthreshold performance, and decrease 
the leakage currents in GaAs-based CGAA-JLFETs is presented. Before this work, theories and 
experiments regarding Si and GaAs-based JLFETs were developed. This mathematical framework 
incorporates this prior work, fully compares Si and GaAs-based JLFETs, and provides key insight 
into the application space of these devices for low-power and high-frequency applications [18–20]. 
The mathematical solutions for drain current under various bias conditions are shown in Tables 1 
and 2. 

Table 1. Drain Current Equations for JLFET with Different Bias Conditions [21]. 

Bias Drain Current 𝑉 ௌ > 𝑉௣௢ 𝑉 ௌ < 𝑉ி஻ 𝑉஽ௌ <  𝑉஽ௌ௔௧ଵ 

𝐼஽       =  𝑞𝜇௕ேವ  𝐿௘௙௙௕ ቆ 1𝑛 + 1 𝑆௠௔௫ − 𝑆௠௜௡    (𝑉ி஻ − 𝑉௣௢ )௡  ቀ൫𝑉 ௌ − 𝑉௣௢൯௡ ାଵ
−  (𝑉 ௌ − 𝑉஽ௌ  − 𝑉௣௢)௡ାଵቁ + 𝑆௠௜௡𝑉஽ௌቇ 

𝑉 ௌ >  𝑉௣௢ 𝑉 ௌ < 𝑉ி஻ 𝑉஽ௌ > 𝑉஽ௌ௔௧ଵ 
 

𝐼஽       =  𝑞𝜇௕ேವ  𝐿௘௙௙௕ ቆ 1𝑛 + 1 𝑆௠௔௫ − 𝑆௠௜௡    (𝑉ி஻ − 𝑉௣௢ )௡  ቀ൫𝑉 ௌ − 𝑉௣௢൯௡ ାଵ ቁ + 𝑆௠௜௡𝑉஽ௌቇ 
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𝑉 ௌ > 𝑉ி஻ 𝑉஽ௌ <  𝑉஽ௌ௔௧ଶ 
 

𝐼஽       =  𝑞𝜇௕ேವ  𝐿௘௙௙௕   𝑆௠௔௫𝐶௢௫ + 𝜇௔௖௖ 𝐶௢௫ 𝑊௘௙௙𝐿௘௙௙௔௖௖ ൬𝑉஽ௌ (𝑉 ௌ − 𝑉ி஻) −  12 𝑉஽ௌଶ൰ 

 

Table 2. The description of the symbol used in Table 1 [21]. 

Symbol Value 𝑉௣௢0  

 
Linear pinch-off voltage at 𝑉஽ = 0𝑉  

 𝑉௣௢  

 
Pinch-off voltage 𝑉௣௢ =  𝑉௣௢0 − 𝜂𝑉஽௦  
 𝜂  

 
DIBL coefficient 

𝑊௘௙௙ Channel Perimeter 𝑆 Neutral (non-depleted) cross-section of the channel: 𝑆 = 𝑆௠௜௡ When the 
surface is inverted and 𝑆 = 𝑆௠௔௫When the surface is accumulated. 𝑉஽ௌ௔௧1 

 
Drain Saturation Voltage for the neutral bulk channel  𝑉஽ௌ௔௧1 =  𝑉 ௌ − 𝑉௣0௢

1 −  𝜂   
 𝑉஽ௌ௔௧2 

 
Drain Saturation Voltage for the accumulation channel 𝑉஽ௌ௔௧2 =  𝑉 ௌ − 𝑉ி஻ 
 𝐿௘௙௙௕ The effective length of the neutral bulk channel 𝐿௘௙௙௔௖௖ The effective length of the accumulation channel  𝜇௔௖௖  Accumulation mobilities 𝜇௕  Bulk mobilities 

In our work, we have performed a detailed analysis of silicon-based three-dimensional JLFET 
with cylindrical gate-all-around architecture. As shown in Figure 1, this proposed architecture has 
been comparatively studied with varying gate lengths of 10, 20, 30, 40, 50, and 60 nm with a constant 
radius of 14 nm. The ITRS road map has guided geometrical settings and mesh design, and finally, 
this crucial task has been provided with proper technology nodes and feature sizes as needed. With 
the help of extensive 3D simulations done in SILVACO TCAD tools, it is shown that the presented 
device exhibits better performance than the conventional MOSFETs. The 3D cylindrical design has 
radius mesh (R in µm), angle mesh (A in degrees), and length mesh (Z in µm) and five regions of 
silicon (semiconductor), SiO2 (insulator), 3 regions of conductor (Metal). The coordinates for the 
cylindrical structure involved three electrodes: drain, source, and gate. The device parameters of the 
proposed device are noted in Table 3. 
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Figure 1. 20 nm CGAA-JLFET structure with a solid view. 

Table 3. Device parameters of the CGAA-JLFET. 

Parameters For Cylindrical Gate-All-
Around JLFET 

Channel Material Silicon 
Channel region with Doping 
Concentration  

N-type – 1019 cm-3 

Source region with Doping Concentration  N-type – 1019 cm-3 
Drain region with Doping Concentration  N-type – 1019 cm-3 
Gate material  P+ Polysilicon 
Gate Workfunction  5.4 eV 
Oxide Permittivity  3.9 
Channel Length Ranges 10 nm to 60 nm 
Oxide Thickness 2 nm (radius) 
Semiconductor (Si-Substrate) Thickness 10 nm (radius) 
Device Length 60 nm 

The Shockley-Read-Hall and AUGER recombination models were used to analyze 
recombination effects for high current densities. NEWTON and GUMMEL models were incorporated 
into equations with coupled and decoupled forms. This paper describes the simulation of the 
electrical characteristics of novel transistor JLFET with gate-all-around architecture using ATLAS 3-
D device simulator for different channel lengths. 

4. Result and Discussions 

Figure 2 presents the simulated transfer characteristics of CGAA-JLFET for different channel 
lengths ranging from 10 nm to 60 nm, and P+ Polysilicon has been used to fulfill the requirement of 
high gate workfunction to achieve appropriate VTH value. The threshold voltage value decreased as 
the channel length decreased, as shown in Figure 3. These ID-VGS characteristics of the CGAA-JLFET 
have been plotted at VDS = 0.01 V, spanning a range of VGS from -0.4 to 1.2 V. The threshold voltages 
for different channel lengths have been observed to be Vth = -0.21461 V (at 10 nm), 0.216574 V (at 20 
nm), 0.37356 V (at 30 nm), 0.511143 V (at 40 nm), 0.622054 V (at 50 nm) and 0.671832 V (at 60 nm). 
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Figure 2. Transfer characteristics of Si-based CGAA-JLFET with different channel lengths. 

 

Figure 3. Threshold Voltage variations of Si-based CGAA-JLFET with different channel lengths. 

The characteristics and results of a silicon-based CGAA-JLFET show the behavior of the drain 
current as a function of the gate-to-source voltage (VGS). The transfer curve of a JLFET often rises 
sharply above when VGS crosses the threshold voltage (VTH) and then saturates in the on-state. This 
device has a steep subthreshold slope, showing that switching is efficient. As we decrease the channel 
length, SCEs arise, which force the threshold voltage (VTH) to drop; hence, it is more sensitive to a 
change in VDS. As a result, leakage current rises, and the Ion/Ioff ratio decreases, leading to 
compromised device switching efficiency [22]. Compared to other inversion devices, SCEs are less 
common in JLFETs. Equation 1 explains how the space charge area connected to the junctions 
(designated as SCE in Equation 1) and the expansion of the drain space charge region with drain 
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voltage (designated as DIBL in Equation 1) cause the threshold voltage to decrease in the junction or 
other conventional devices. Vth = Vtho − SCE − DIBL, (1)

Figure 4 shows the plot of the electric field distribution versus the distance from the gate 
electrode along the nano-wire for 10 nm and 40 nm CGAA-JLFET, respectively. Scaling and SCEs 
significantly differ in electric field distribution for a 10 nm and 40 nm CGAA-JLFET. When scaled to 
a 10 nm channel length, the electric field across the channel is highly concentrated near the source 
and drain regions, where the variations are sharp due to the strong DIBL and punch-through effects. 
Because of this scale, however, the gate electrostatic control becomes weak, resulting in a non-
uniform electric field at the channel ends where the field is higher. However, for this case of the 40 
nm channel length, the electric field distribution is uniform over the channel compared to that of the 
10 nm channel, with smaller SCEs. The gate-to-channel electrostatic coupling is stronger, allowing 
better channel control. In both cases, the CGAA-JLFET structure helps overcome some of the SCEs 
by providing better gate control on the channel, but as the channel length reduces, the field becomes 
localized, and device performance becomes more dependent on higher leakage currents and 
switching efficiency [23]. 

 

Figure 4. Electric field distribution in 10 nm and 40 nm-based CGAA-JLFET. 

Figure 5 and Figure 6 show the energy band diagrams of 10 nm and 40 nm CGAA-JLFET, 
respectively. The energy band diagram consists of a conduction band and a valence band. An energy 
band diagram for 10 nm and 40 nm CGAA-JLFET shows the effect of gate voltage, channel length, 
and SCEs on the conduction and valence bands. The band bending in the source and drain regions 
for the 10 nm CGAA-JLFET is due to DIBL and quantum confinement effects and is very significant. 
More pronounced in shorter channels, the strong electrostatic influence of the drain on the channel 
leads to a very steep band bending and, thus, reduced control over the carrier transport across the 
channel. In this case, the Fermi level near the source and drain is more affected, which causes an 
increase in leakage current. The energy band diagram shows a sharper band bending along the 
channel length for the 40 nm CGAA-JLFET, indicating relatively less severe SCEs. The energy bands 
demonstrate a smoother transition from the source to the drain, and the electrostatic control from the 
gate is more effective and, therefore, more concentrated [24]. 
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Figure 5. Energy band diagram of 10 nm Si-based CGAA-JLFET. 

 

Figure 6. Energy band diagram of 40 nm Si-based CGAA-JLFET. 

Figure 7 shows the electric potential distribution of 10 nm and 40 nm CGAA-JLFET. Variation 
of potential distribution in a 10 nm and 40 nm CGAA-JLFET is significant because of the difference 
in channel length, which subsequently leads to short channel effects. Since the DIBL and the reduced 
electrostatic control of the gate peak at the source and drain region, the potential profile exhibits a 
steep voltage gradient for the 10 nm channel. Due to the reduced size of the channel, control over the 
channel becomes difficult, reflected through the potential near the channel center trying to flatten. 
However, the device retains stronger gate electrostatic control at 40 nm, and potential distribution is 
more uniform across the channel with smoother variation from source to drain. The longer channel 
improves device performance and reduces SCEs by facilitating a more gradual change in potential. 
In both cases, the CGAA-JLFET structure yields better control on the channel than conventional 
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planar transistors, but the 10 nm device is plagued by increased leakage currents and more severe 
potential fluctuations at higher drain voltages [25]. 

 

Figure 7. Potential distribution of 10 nm and 40 nm Si-based CGAA-JLFET. 

Figure 8 illustrates the ID-VDS characteristics of the CGAA-JLFET at VGS = 1.2 V, with VDS ranges 
from 0 to 1 V for different channel lengths. This device demonstrates a high ON-state current and a 
low OFF-state current, showcasing excellent electrostatic control, with a maximum drain current of 
3.74606 × 10-5 (at 10 nm), 3.23924 × 10-5 (at 20 nm), 2.95 × 10-5 A (at 30 nm), 2.76015 × 10-5 (at 40 nm), 
2.720923 × 10-5 (at 50 nm) and 2.698054 × 10-5 (at 60 nm) and saturation slope is about to 6.43265×10-6 
(at 10 nm), 4.07531 × 10-6 (at 20 nm), 3.1868 × 10-6 (at 30 nm), 3.15754 × 10-6 (at 40 nm), 3.10029 × 10-6 (50 
nm) and 3.05913 × 10-6 (at 60 nm). It can be understood here that the maximum drain current and 
saturation slope increase as channel length decreases. As the technology scales down during different 
nodes (10, 20, 30, 40, 50, and 60 nm), the output characteristics of the silicon-based CGAA-JLFET 
follow key trends. With smaller nodes (10-30 nm), electrostatic control improves, short channel effects 
are reduced, and the subthreshold slope steepens, leading to higher current drivability and lower 
leakage. On the other hand, larger nodes (40–60 nm) suffer from more severe short channel effects, 
such as threshold voltage roll-off and higher leakage currents, resulting in reduced performance 
efficiency. The drain current is proportional to the gate voltage, and the devices have typical 
saturation behavior, with smaller nodes controlling these effects better. Figure 9 illustrates the on-
current and off-current variations of Si-based CGAA-JLFET with different channel lengths [26]. 
Mathematical expressions for subthreshold slope (SS) and drain-induced barrier lowering (DIBL) are 
explained in Equations 2 and Equation 3, respectively: Subthreshold Slope =  dVୋdlogIୈ (2)

𝐷𝐼𝐵𝐿 =  𝑉 ு@௏ௗ௦ୀହ଴௠௏         −  𝑉 ு@௏ௗ௦ୀଵ௏ (3)
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Figure 8. Output characteristics of Si-based CGAA-JLFET. 

 
Figure 9. On Current and Off Current variations of Si-based CGAA-JLFET with different channel lengths. 

The simulated results for DIBL and SS versus different channel lengths are plotted in Figure 10. 
We present distinct trends in the SS and DIBL as the technology node shrinks for silicon-based 
CGAA-JLFET. Due to the improved electrostatic control, the SS becomes steeper, typically close to 
the ideal 60 mV dec for larger nodes (40∼60 nm), and DIBL decreases, resulting in milder SCEs. 
However, smaller nodes (10∼30 nm) suffer from larger DIBL and shallower SS due to greater SCEs, 
resulting in more threshold voltage shifts and lower gate control. As a result, larger nodes (40 to 60 
nm) provide better subthreshold performance and DIBL, resulting in less electric loss. When channels 
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have extensive lengths, gate electrostatic control effectively seals leakage currents. When channels 
get shorter, the gate loses its capacity to entirely regulate current, resulting in greater leakage in off-
state mode [27]. 

 

Figure 10. SS and DIBL variations in Si-based CGAA-JLFET with different channel lengths. 

Figure 11 illustrates the channel length dependency of the Si-based CGAA-JLFET 
transconductance for different channel lengths ranging from 10 nm to 60 nm. As the technology node 
scales down, the transconductance of silicon-based CGAA-JLFET has been improved. For larger 
nodes (40-60 nm), higher transconductance is achieved because of enhanced electrostatic control and 
reduced SCEs, thereby enabling better current modulation as a function of gate voltage. However, 
smaller nodes (10–30 nm) exhibit more pronounced SCEs, resulting in lower transconductance and 
less efficient control over the channel current. Larger nodes exhibit higher transconductance because 
of better gate control and less leakage, and they are suitable for higher-end applications [28]. 
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Figure 11. Transconductance variations of Si-based JLFET with different channel lengths. 

5. Comparative DC Analysis of Si-Based ` CGAA-JLFET with Different Channel 
Lengths 

The analysis of CGAA-JLFET studies with varying channel lengths is presented in this study. 
Table 4 compares the proposed architectures with gate lengths between 10 and 60 nm in terms of 
DIBL, on and off current, saturation slope, subthreshold slope, maximum drain current, threshold 
voltage, and gate length. This study demonstrates that the subthreshold slope of CGAA-JLFET with 
channel lengths of 40, 50, and 60 nm is remarkably close to the ideal value of 60 mV/V, at roughly 66 
mV/V, 64 mV/V, and 63 mV/V, respectively. Finally, we have compared the performance of Si-based 
CGAA-JLFET with those accessible architectures in the literature in Table 5. 

Table 4. Performance comparison of the proposed CGAA-JLFET with different channel lengths. 

Lg 

(nm) 
Vth (V) Saturation 

Slope (A) 
Max. Drain 
Current (A) 

SS 
(mV/dec) 

DIBL (mV/V) Ion (µA) Ioff (µA) Ion/Ioff 

10 -0.21461 6.43265×10-6 3.74606 × 10-5 85.882 120  

 

31.91620 

 

7.30376 4.36983 

20 0.216574 4.07531 × 10-6 3.23924 × 10-5 80.164 70.1652 24.0208 0.107591 223.2615 

30 0.37356  3.1868 × 10-6  2.95 × 10-5  73.25 56.9015 20.0967 3.05421 × 

10-4 

6.5800 × 

104 

40 0.511143 3.15754 × 10-6 2.76015 × 10-5 66.1718 46.4723 17.7135 1.31798 × 

10-5 

1.343985

× 106 

50 0.622054 3.10029 × 10-6 2.720923 × 10-5 64.9612 44.8533 16.8105 4.95607 × 

10-6 

3.391905

× 106 

60 0.671832 3.05913 × 10-6 2.698054 × 10-5 63.2760 42.8955 16.7533 3.9426 

×10-6 

4.249305

× 106 
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Table 5. Performance comparison of the proposed CGAA-JLFET with other device architectures. 

Device 

Architectures 

Authors Lg (nm) SS (mV/dec) DIBL (mV/V) Ion (µA) Ioff (µA) Ion/Ioff 

Cylindrical 
Gate-all-around 
JLFET (This 
work) 

P. Srivastava 
et al. 

60 63.2760 42.8955 16.753
3 

3.9426 
×10-6 

4.249305× 10

FinFET M. A. 
Pavanello et 
al. [29] 

60 85.41 120 - - 1.61×107 

UTBB MOS43 F. Gamiz et al. 
[30] 

60 90 130 - - - 

LDMOS S. Yadav et al. 
[31] 

60 70.061 116.853 - - - 

SDMOS S. Yadav et al. 
[31] 

60 70.811 119.609 - - - 

Cylindrical 
Gate-all-around 
JLFET (This 
work) 

P. Srivastava 
et al. 

40 66.1718 46.4723 17.713
5 

1.31798 
× 10-5 

1.343985× 10

JL FinFET 
PMOS 

Kamath et al. 
[32] 

40 90 - 15.4 - 105 

JL FinFET 
NMOS 

Kamath et al. 
[32] 

40 92 - 52.3 - 107 

6. AC Analysis of Si-Based CGAA-JLFET with Different Channel Lengths 

As for semiconductor devices, the channel length of a CGAA-JLFET greatly affects its 
performance. Since high-speed, low-power devices are in high demand, their behavior as channel 
length changes should be studied. In this study, the AC analysis is done on a CGAA-JLFET with 
channel length variation from 10 nm to 60 nm. The main purpose is to analyze their change in 
transconductance, output conductance, the unity gain cut-off frequency, and capacitance when the 
channel length changes. We explore these relationships to obtain deeper insights into the trade-offs 
between high-frequency performance, power efficiency, and device scalability. This analysis of the 
scaling-based enhancement of the characteristics of CGAA-JLFET aids in the design of CGAA-JLFET 
for applications ranging from high-speed devices to low-power devices, and essentially, a more 
thorough understanding of the effects of scaling in nanoelectronics can be achieved. Figure 12 
presents the simulated transfer characteristics of CGAA-JLFET for AC analysis at different channel 
lengths ranging from 10 nm to 60 nm. These ID-VGS characteristics of the CGAA-JLFET have been 
plotted at VDS = 1.0 V, spanning a range of VGS from 0 to 1.5 V with 109 Hz frequency. Figure 13 shows 
transconductance variation against gate voltage with different channel lengths of CGAA-JLFET. The 
combined results of Figures 12 and 13 have been compiled in Table 6.  
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Figure 12. Transfer Characteristics of CGAA-JLFET with different channel lengths in AC analysis. 

 

Figure 13. Transconductance variation against gate voltage of CGAA-JLFET with different channel lengths in 
AC analysis. 

Table 6 shows the maximum drain current, maximum transconductance, and maximum 
oscillation frequency of a CGAA-JLFET with different channel lengths (10 nm, 20 nm, 30 nm, 40 nm, 
and 50 nm). Further data on how the channel length affects the transistor performance, conducting 
current, switching efficiently, and operating at high frequency are needed. It is obvious from Table 6 
that the maximum drain current slightly reduces as the channel length increases from the Table 6. 
For example, at 10 nm, the maximum drain current is 4.37285 × 10⁻⁵ A, and at 50 nm, it reduces to 
4.20062 × 10⁻⁵ A. It aligns with FETs' well-known behavior, as longer channels result in a less efficient 
current passage because of increased resistance and parasitic effects. When the channel length 
increases, the effective gate control of the channel is less, and it is hard to drive current through the 
device. The trend in the maximum transconductance is also similar. The transconductance obtained 
is 2.92304 × 10⁻⁵ Siemens at 10 nm; however, the channel length harms the transconductance. At 
maximum, for 50 nm, it provides the transconductance value in the order of 7.06235 × 10⁻⁵ Siemens. 
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Because the gate voltage controls the drain current less effectively, the device's transconductance 
decreases as the channel length increases. The channel length also decreases the maximum oscillation 
frequency. Finally, we obtained the maximum oscillation frequency of 1969.02945 GHz at 10 nm, 
which decreases as we move down to 50 nm, where the frequency becomes 477.220384 GHz.  

Therefore, based on the above discussion, it has again shown that higher channel lengths lead 
to poorer device switching speeds, which further reduces the maximum oscillation frequency of the 
device, while lower channel lengths result in higher cut-off frequencies, which allow it to be run at 
higher speeds. From the data in Table 6, we can conclude that this data agrees with the finding of the 
plot and previous analysis that shorter channel lengths (e.g., 10 nm) exhibit better high-frequency 
performance, higher transconductance, and larger drain currents, which is why these are good for 
switching speeds. On the other hand, the longer channel lengths (e.g., 50 nm) are more stable and 
have lower leakage and parasitic effects than shorter lengths, but they also run at lower frequencies 
and have reduced current driving capabilities. They show the importance of choosing an appropriate 
channel length and the trade-off between speed, power, and stability for the specific application. 

Table 6. Performance comparison of the proposed CGAA-JLFET with different channel lengths. 

Lg 

(nm) 

Max. Drain 
Current (A) 

Max. 
Transconductance 

(Siemens) 

Max Oscillation 
Frequency (GHz) 

10 4.37285 × 10-5 2.92304× 10-5 1969.02945 

20 4.28113 × 10-5 4.20951 × 10-5 1460.14232 

30 4.2689 × 10-5 4.8144 × 10-5 1044.51938  

40 4.23783 × 10-5 5.43787 × 10-5 761.921066 

50 4.20062 × 10-5 7.06235 × 10-5 477.220384 

Figure 14 illustrates how the unity gain cut-off frequency depends on the gate-to-source voltage 
of a CGAA-JLFET with different channel lengths of 10 nm, 30 nm, and 40 nm. It shows that the cut-
off frequency as a function of gate-to-source voltage reveals the effect of channel length on the 
device's high-frequency performance. Cut-off frequency, fT, can be expressed in Equation 4, where 
gm is transconductance, and Cgg is output capacitance: 𝑓 = ௚೘ଶగ஼೒೒ , (4)
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Figure 14. Unity Gain Cut-off Frequency variation against Gate Voltage for CGAA-JLFET with different channel 
lengths. 

As such, from Figure 14, it is clear that the 10 nm channel length exhibits the highest unity gain 
cut-off frequency of all gate voltages, with the voltage rising from 0 to approximately 1.5 V. This 
implies that the switch time is faster with reduced SCEs of transistors and the shorter channel length 
provides better gate control due to enhanced field penetration with effective change in work function. 
At smaller dimensions, the influence of the gate controls the channel's conductivity and improves its 
operating frequencies. Although a shorter channel length improves performance faster, it may also 
bring extra leakage currents and probably threshold voltage roll-off that may affect long-term 
operating transistors in its practical applications. However, the unity gain cut-off frequency decreases 
as the channel length increases to 30 and 40 nm. That is likely due to increased parasitic capacitances 
from the larger physical dimensions of the channel. Besides this, longer channel lengths result in 
stronger SCEs that result in less gate control over the channel, lowering the device's capability of 
switching at high frequencies. Although the 10 nm transistor has a reduced cut-off frequency, the 30 
nm and 40 nm transistors have a reduced cut-off frequency. The devices are less prone to leakages 
and provide closer to comparable dynamic stability as the 10 nm transistor, especially for higher gate 
voltages. 

Experimental results show that the CGAA-JLFET for 10 nm, 30 nm, and 40 nm follow the same 
voltage dependency curve, and the unity gain cut-off frequency increases as the gate-to-source 
voltage increases. The channel conductivity is improved as the gate voltage increases, giving the 
device the potential to function at higher frequencies. However, the cut-off frequency increases, but 
only up to a certain gate voltage threshold, after which it becomes saturated, indicating a transition 
into saturation mode where the variation in drain current concerning gate voltage is not substantial. 
Figure 14, on the whole, shows the trade-offs between channel length and high-frequency 
performance. However, shorter channels like the 10 nm device have better performance concerning 
speed and frequency response but come with problems like leakage current and problems of SCEs. 
The 30 nm and 40 nm channels appear to scale better to longer channels where slower switching 
speeds, as compared to the 10 nm and 20 nm channels, may be acceptable because of the greater 
power efficiency and stability [33–35]. 
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Figure 15. Gate Capacitance variation against Gate Voltage for 40 nm CGAA-JLFET. 

Figure 14 illustrates gate capacitive variation against gate voltage for 40 nm CGAA-JLFET. In 
CGAA-JLFET, gate capacitance (Cgg) or gate-to-channel capacitance is one of the important 
parameters. The capacitance between the transistor's gate and channel region is important in 
determining the device frequency response, switching speed, and other parameters. In CGAA-JLFET, 
Cgg depends on the 2D gate geometry, and the cylindrical gate enables stronger channel electrostatic 
control than in the planar devices. As channel length decreases, the gate capacitance increases since 
the gap between the gate and channel can be decreased. That makes the device better at controlling 
the current flow. While this increase in gate capacitance can cause higher parasitic delays, the 
resulting higher parasitic delays can be an issue for the transistor's high-frequency performance. 
Since Cgg directly affects transistor transconductance, cut-off frequency, and dynamic behavior in AC 
analysis, it is important to understand Cgg in AC analysis and to become as small as possible, which 
helps in having minimum capacitive delay in high-speed applications. 

7. Simulated Results and Discussion for GaAs-Based JLFET  

Materials that contain group III elements (such as aluminum, gallium, and indium) and group 
V elements (such as nitrogen, phosphorus, arsenic, and antimony) of the periodic table are referred 
to as group III-V materials. This material combination has a direct energy band gap and unique 
electrical and optoelectronic characteristics. A comprehensive investigation of a three-dimensional 
JLFET with a cylindrical gate-all-around architecture has also been performed using GaAs, III-V 
material. The channel material used to construct the device construction shown in Figure 16 is GaAs. 
The device gate length is 40 nm, and the radius is 14 nm. The Silvaco ATLAS tool is utilized in this 
simulation. The Shockley-Read-Hall and AUGER recombination models analyzed the recombination 
effects at high current densities. Equations with linked and decoupled forms were modified to 
integrate the NEWTON and GUMMEL models. The electrical properties of a novel transistor CGAA-
JLFET with an all-around gate layout are simulated in this paper. The recommended device 
parameters are listed in Table 7, and the different properties of silicon and GaAs are discussed in 
Table 8. 
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Figure 16. 40 nm CGAA-JLFET structure with GaAs material. 

Table 7. Device parameters of the GaAs-based CGAA-JLFET. 

Parameters GaAs-based CGAA-JLFET 

Channel Material Gallium Arsenide (GaAs) 

Mesh-Length, Angle, Radius In µm 

Region Semiconductor, Silicon Oxide, Conductor for 

Source, Channel and Gate 

Channel region with Doping 

Concentration  

N-type – I019 cm-3 

Source region with Doping Concentration  N-type – I019 cm-3 

Drain region with Doping Concentration  N-type – I019 cm-3 

Gate material  P+ Polysilicon 

Gate Workfunction  5.4 eV 

Oxide Permittivity  3.9 

Channel Length 40 nm 

Oxide Thickness 2 nm (radius) 

Semiconductor (Si-Substrate) Thickness 10 nm (radius) 

Device Length 60 nm 

Table 8. Properties of Silicon and GaAs material. 

Property Value for GaAs Comparison with Silicon 

Electron Mobility 8500 cm²/V·s 
Higher than silicon, enabling 
high-speed devices 

Band Gap 
1.42 eV (Direct Band 
Gap) 

Efficient for optoelectronics 
such as LEDs and laser diodes 

Saturation Velocity 1 × 10⁷ cm/s 
Higher than silicon, it 
contributes to faster switching 
speeds 
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Breakdown 
Voltage 

Higher than Silicon 
Suitable for high-power and 
high-voltage applications 

Crystal Structure Zinc-blende 
Similar to diamond, but with Ga 
and As in tetrahedral 
configuration 

Lattice Constant 5.653 Å 
It affects material properties and 
device performance 

Thermal 
Conductivity 

46 W/m·K 
Lower than silicon, which can be 
a disadvantage in high-power 
applications 

Thermal 
Expansion 

5.8 × 10⁻⁶ /°C 
Different from silicon, which 
may cause thermal stress 

Young's Modulus 85-90 GPa 
Relatively lower than silicon, 
making it more flexible 

Hardness Higher than Silicon 
It makes GaAs more durable and 
resistant to scratching 

Photoluminescence Excellent 
Used in optoelectronics such as 
LEDs and laser diodes 

Absorption 
Spectrum 

High in infrared 
Useful for solar cells and 
photodetectors in the infrared 
range 

Applications 

High-frequency 
devices, 
optoelectronics, 
power electronics 

Widely used in communications, 
high-speed electronics, and 
photonics 

Cost Higher than Silicon 
Manufacturing GaAs is more 
expensive than silicon 

Modern semiconductor technology values CGAA-JLFET for their simple structure design that 
does away with p-n junctions, thus making them optimal for low-power and high-frequency 
applications. A simple device structure reduces cost while improving reliability and optimizing 
current transmission in CGAA-JLFET. High-speed and high-frequency applications demonstrate 
better performance from GaAs-based CGAA-JLFET over Si-based CGAA-JLFET because GaAs offer 
superior electron mobility, higher drift velocity, and reduced leakage currents. Figure 17 illustrates 
the 40 nm GaAs-based CGAA-JLFET output characteristics at various VGS = 0.8 V, 1.0 V, and 1.2 V, 
with VDS ranges from 0 to 1 V. The output curve of the GaAs part shows significant saturation at a 
higher current level than the corresponding curve being developed here but at higher drain voltages. 
In GaAs-based CGAA-JLFET, GaAs's higher electron mobility leads to a much sharper increase in 
current with increasing drain voltage. It improves current drive and switching behavior. Due to 
GaAs's superior material properties, the output curve has generally higher saturation currents at a 
given drain voltage, particularly at smaller channel lengths. However, for the silicon-based CGAA-
JLFET, the output characteristics generally show that the output current gradually increases as the 
drain voltage increases. Due to slower electron mobility in silicon, the current drive capability is 
usually lower. 
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Figure 17. Output characteristics of 40 nm GaAs-based CGAA-JLFET. 

Figure 18 presents the simulated transfer characteristics of 40 nm GaAs-based CGAA-JLFET and 
P+ Polysilicon, which have been used to fulfill the high gate work function requirement to achieve 
appropriate VTH value. The transfer characteristics of GaAs-based CGAA-JLFET yield faster on-to-
off-state transitions because GaAs exhibit higher electron mobility than silicon-based CGAA-JLFET. 
GaAs devices demonstrate lower subthreshold swing characteristics and rapid switching processes; 
thus, they can operate effectively with reduced gate voltage requirements. However, silicon-based 
CGAA-JLFET demonstrates slower behavior between on and off states because of the decreased 
mobility of carriers. 

 

Figure 18. Transfer characteristics of 40 nm GaAs-based CGAA-JLFET. 
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The current flow lines of a 40 nm CGAA-JLFET made of silicon and a 40 nm CGAA-JLFET made 
of GaAs are depicted in Figure 19. The current flow lines of 0.45 for silicon and 0.53 for GaAs-based 
JLFET are shown in Figure 18. Both drift and diffusion phenomena affect current in silicon-based 
CGAA-JLFET, and because of the indirect energy band gap, current flow lines are directly driven by 
the voltages. Like silicon, drift and diffusion phenomena affect current in GaAs-based JLFET. 
However, GaAs has a direct energy band gap, meaning current flow lines are more concentrated and 
less dispersed than in silicon. 

  

Figure 19. Current flow lines along the channel in 40 nm Si and GaAs-based CGAA-JLFET. 

The electron concentration of a 40 nm CGAA-JLFET made of silicon and a 40 nm CGAA-JLFET 
made of GaAs is displayed in Figure 20. Understanding the carrier density or electron concentration 
is essential to comprehending any device's electrical operation. Temperature, inherent properties, 
and doping can also have an impact. The highest electron concentration, up to 1019 cm-3, for both 
silicon and GaAs-based CGAA-JLFET is displayed in Figure 20. Compared to silicon CGAA-JLFET, 
GaAs-based CGAA-JLFET has deeper and greater electron concentrations [36–38]. 
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Figure 20. Electron concentration along the channel in 40 nm Si and GaAs- based CGAA-JLFET. 

Figure 21 shows the electric fields of 40 nm silicon and GaAs-based JLFET. A key element in 
evaluating the performance of any device is the electric field distribution, which is impacted by the 
material properties, doping profiles, and device structure. However, increased current mobility in 
GaAs-based JLFET results in more concentrated and distinct electric field lines. The GaAs JLFET's 
electric field distribution is less diffused and more concentrated around the gate region, allowing it 
to control the conduction process more precisely. Due to wide bandgaps and high mobility of GaAs, 
GaAs-based devices use better electrostatic control, higher drive currents, and quicker electron 
transport than silicon devices [39,40]. 

 

Figure 21. Electric field distribution along the channel in 40 nm Si and GaAs-based CGAA-JLFET. 
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Table 9 shows the performance comparison of 40 nm GaAs and silicon-based CGAA-JLFET with 
different parameters. For the most part, GaAs-based CGAA-JLFET has better output and transfer 
characteristics, subthreshold swing (SS), and DIBL than silicon-based CGAA-JLFET owing to the 
higher electron mobility and improved material properties of GaAs. GaAs-based devices are faster-
switching devices, have a smaller subthreshold swing, and lower leakage currents, and consequently, 
they are suitable for high-speed and low-power applications. However, performance limiting issues 
such as higher leakage current, slower switching characteristics, and higher DIBL resulting in limited 
performance in some of the advanced, miniaturized applications are encountered with the silicon-
based CGAA-JLFET, which, although are cost-effective and easy to integrate with the existing CMOS 
technologies. 

Table 9. Performance comparison of 40 nm GaAs and silicon-based CGAA-JLFET according to this work. 

Si and III-V 

Material 

Vth (V) Saturatio

n Slope 

(A) 

Max. 

Drain 

Current 

(A) 

SS 

(mV/dec) 

DIBL 

(mV/V) 

Ion (µA) Ioff (µA) Ion/Ioff 

GaAs 
 

0.8196
08 

6.4123
9 ×10-7 

2.3134
5 
×10-5 

64.476
08 

30.596
2 

12.7614 1.125467 
×10-9 

1.133861 
×1010 

Si 0.5111
43 

3.1575
4 × 10-6 

2.7601
5 × 10-

5 

66.171
8 

46.472
3 

17.7135 1.31798 × 
10-5 

1.343985× 10

The CGAA-JLFET exhibits important advantages such as low power and high-frequency 
operation, and channel length is one of the key parameters to enhance performance. GaAs-based 
CGAA-JLFET outperforms silicon-based CGAA-JLFET consistently as the channel length reduces 
from 60 nm to 10 nm owing to the higher electron mobility, lower leakage currents, and higher speed 
of switching of the former, making GaAs-based CGAA-JLFET favorable for high frequency and low 
power operation. However, GaAs have the highest power efficiency and speed at channel lengths (10 
nm to 30 nm) compared to Si-based JLTs because of leakage and slow switching in the latter. 
Increasing the channel length (40 nm to 60 nm) to Si-based CGAA-JLFET makes better sense in low-
cost and low-power devices, while GaAs continue to lead on high-speed and high-frequency 
operations. Therefore, GaAs are used for high-performance, low-power devices because of their 
inherent small electron mobility, while silicon is used for general-purpose devices. 

8. Conclusion 

Therefore, in summary, CGAA-JLFET is a major step forward in semiconductor technology due 
to the elimination of the conventional p-n junctions, which helps to reduce the number of device 
layers and improve the device performance. The reduced complexity of CGAA-JLFET is the key 
advantage because it results in lower fabrication costs and higher reliability. GaAs-based CGAA-
JLFETs are advantageous over silicon-based CGAA-JLFETs due to their higher electron mobility, 
higher drift velocity, and lower leakage currents, facilitating higher speed, higher frequency, and low 
power requirements. Si-based CGAA-JLFET has become more cost-attractive and more easily 
integrated into existing manufacturing processes, but GaAs-based CGAA-JLFET has greater 
performance requirements for niche applications where higher efficiency and faster switching are 
required. Finally, choosing between silicon and GaAs junctionless transistors depends on the 
application, cost, speed, or power consumption. The characteristics of the two materials make them 
suited to different purposes, but GaAs hold the most potential concerning future high-performance 
devices. 
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