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ABSTRACT 

This work proposes a novel gate-engineered Mid-Insulation Gate Junctionless Transistor (MiG-JLT) and presents a comparative 
performance evaluation against the conventional Symmetric Double Gate Junctionless Transistor (SDG-JLT). Under identical physical 
parameters, the proposed MiG-JLT demonstrates a nearly 35% enhancement in ON-state current, achieving an ON current of 
approximately 2.5 × 10–5 A and an ION/IOFF ratio of about 2.5 × 108. For a silicon body thickness of 10 nm, the device exhibits a peak 
transconductance of ~7 × 10–5 S, and a drain conductance of ~1.3 × 10–4 S at low drain bias, confirming its improved analog 
performance. The effects of doping concentration, surface potential distribution, and channel width are systematically analyzed. 
Circuit-level inverter analysis further demonstrates enhanced transfer and switching characteristics. Overall, the proposed MiG-JLT 
shows strong potential for high-performance nanoscale and SPICE-compatible device applications. 
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1. INTRODUCTION 

The concept of Moore's law has been ruling the 
semiconductor industry for several decades, driving 
continuous scaling of devices into the nanometer regime. To 
align with this trend, the dimensions of the metal-oxide-
semiconductor field-effect transistor (MOSFET) have been 
progressively reduced. However, further dimensional 
scaling significantly alters the conventional behaviour of 
MOSFETs. To establish source-channel and channel-drain 
junctions, an ultra-sharp doping profile is required, 
typically achieved through rapid thermal annealing, which 
increases fabrication complexity and cost per function [1]. 
At nanoscale dimensions, leakage current and short-
channel effects (SCEs) [2, 3] severely degrade device 
performance, ultimately limiting MOSFET scalability. To 
address these challenges, researchers have explored 
advanced multi-gate architectures such as tunnelling field 
effect transistors (TFETs) [4, 5], FinFETs [6, 7], and gate-all-
around (GAA) MOSFETs [8, 9]. While TFETs suffer from low 
ON-state current and large subthreshold swing (SS), making 
them incompatible for high-performance circuits despite 
their high energy efficiency, FinFET and GAA MOSFETs, 
although effective in mitigating SCEs, and enhancing 
electrostatic control, remain inversion-mode devices and 
therefore exhibit non-negligible leakage currents and 
complex fabrication processes. 

In 2010, J.P. Colinge et al. [10] introduced a novel transistor 
architecture known as the Junctionless Transistor (JLT), 
which has gained considerable attention in very large-scale 
integration (VLSI) design. Unlike conventional MOSFETs,  
 

JLTs do not incorporate metallurgical junctions, thereby 
eliminating the need for complex doping concentration 
gradients. In this device, the source, channel, and drain are 
uniformly doped with the same doping polarity, and the 
conduction mechanism is governed by bulk current rather 
than surface potential, as in typical MOSFETs. JLTs exhibit 
several advantages, including a near-ideal subthreshold 
swing (60 mV/dec), reduced leakage current and mitigation 
of SCEs, and a simplified fabrication process. Multiple 
architectures of JLT have been reported in the literature 
[11–13]. However, because these devices are heavily doped 
to enhance current flow, they inherently suffer from leakage 
current, which degrades the ION/IOFF ratio. 

Lately, gate architectural engineering of junctionless 
transistor studies has been the focus. Ajay et al. [14] 
investigated the sensitivity of split-gate JLT for biosensing 
applications, while Sandeep Kumar et al. [15] developed a 
theoretical framework of a dielectric-modulated trench 
double-gate junctionless FET aimed at biosensing 
applications. Neha G. et al. [16] introduced a junctionless 
transistor featuring dielectric-separated independent gates, 
tailored for efficient implementation in digital logic circuits. 
Existing gate-engineered JLT models have primarily 
explored vertical gate splitting, which has been referred to 
in the literature as either parallel gated JLTs [17] or split 
gated JLTs [18]. In this work, a novel gate structure-
engineered model of a junctionless transistor is modelled 
and studied with the help of extensive 3-D TCAD 
simulations. Furthermore, an inverter circuit is designed 
using the MiG-JLT structure to study its performance over 
the other available comparable structures. 
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2. DEVICE ARCHITECTURE 

In this work, the three-dimensional configuration of the 
proposed MiG-JLT is depicted in Figure 1. 

The core innovation in our proposed device design is the 
intentional creation of a neutral region by splitting the gate 
along the width (Z-axis) through the introduction of an 
insulating oxide layer. To ensure process compatibility and 
ease of fabrication, silicon dioxide (SiO2), which already 
serves as the gate dielectric, is employed for the gate 
splitting. The silicon body of the device incorporates the 
source, channel, and drain regions, all of which are 
uniformly doped with a high donor concentration (ND) to 
ensure efficient carrier transport. The device dimensions 
are defined with a channel length of 45 nm and a silicon 
body thickness of 10 nm. Since the body thickness is limited 
to 10 nm, quantum mechanical effects are not considered in 
this study [19]. An ultra-thin SiO2 insulating layer of 1 nm is 
incorporated to maximize the drain current (ID). The device 
employs dual-gate electrodes positioned on the top and 
bottom surfaces, both fabricated from p+ polysilicon, and 
exhibiting a work function of 5.1 eV. These gates are 
simultaneously biased to maintain symmetric control over 
the channel. A fixed spacing of 10 nm is maintained between 
the mid-insulation gates on both the top and bottom to 
preserve electrostatic integrity and device performance. 

Although this work is based solely on device simulation, the 
proposed MiG-JLT is compatible in principle with a standard 
CMOS process flow. In a practical implementation, the 
device could share the same substrate preparation, channel 
doping, gate-oxide growth, and gate-stack deposition steps 
used for conventional junctionless or planar CMOS 
transistors, so no exotic material or process modules are 
required [20]. The MiG configuration would then be formed 
using an additional lithography and etch step that 
selectively removes the gate electrode in the central region 
above the channel, thereby defining the mid-insulating 
segment while preserving the two outer gate sections. This 
localized patterning is analogous to well-established gate 
recess or cavity-etch steps reported for split-gate and 
cavity-engineered junctionless devices [21, 22], indicating 
that fabrication of the proposed structure is realistically 
achievable within existing CMOS technology. The physical 
parameters used are provided in Table 1. 

Table 1. Physical parameters of the proposed device 

Parameter Symbol Value 

Channel length (nm) L 45 

Silicon thickness (nm) tSi 10 

Oxide thickness (nm) tox 1 

Doping concentration (cm–3) ND 1.2 × 1019 

Work function (eV) Φm 5.1 

Spacing between the gates (nm) d 10 

Width of the device (nm) W 50 

 

 

Figure 1. Proposed mid-insulation junctionless transistor 

3. RESULTS AND DISCUSSION 

This section presents the simulation results of the proposed 
MiG-JLT developed on silicon-on-insulator (SOI) 
technology. Device behaviour was investigated using the 
Synopsys Sentaurus TCAD device simulator, a widely 
adopted tool for semiconductor device modelling. The 
simulation framework incorporated considerations for 
prominent short-channel effects, including drain-induced 
barrier lowering (DIBL) and carrier trapping, to accurately 
reflect nanoscale device physics. Carrier transport was 
modelled using Fermi-Dirac carrier statistics with impact 
ionization accounted for, ensuring a precise representation 
of charge behaviours under various operating conditions. 
The Lombradi mobility model was implemented to account 
for the influence of doping levels as well as the transverse 
and longitudinal electric fields. To address leakage 
mechanisms, Shockley-Read-Hall (SRH) recombination was 
incorporated into the simulation framework. Quantum 
mechanical effects were deliberately omitted, as the silicon 
body thickness was restricted to 10 nm, in agreement with 
previously established findings [19]. 

Figure 2 shows the surface potential variation along the 
channel width (Z-axis) for different gate voltages (VGS) while 
drain voltage (VDS) is kept constant at 0.5 V, highlighting the 
core electrostatic behaviour investigated in this study. The 
surface potential is evaluated along the channel width at the 
longitudinal midpoint of the MiG-JLT. The extracted profiles 
display a pronounced maximum at the center of the channel, 
directly beneath the middle insulating region, and lower  
 

 

Figure 2. Surface potential curve along the position of the 
Z-axis (channel width) with varying VGS 
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potential under the two gated segments. This non-
uniformity originates from the lateral discontinuity in gate 
control: in the under-gate regions, the channel is strongly 
coupled to the metal through a thin gate dielectric, whereas 
in the central gap, the silicon is influenced only through 
fringing fields, which correspond gate-channel capacitance. 
Consequently, the gate-induced modulation of charge is 
weaker in the middle, and a higher local surface potential 
(electrostatic barrier) is required to satisfy charge balance 
in the uniformly doped junctionless channel, in agreement 
with quasi-2D Poisson-based models for split-gate and 
cavity-type junctionless FETs. As the gate bias increases, the 
entire profile shifts upward, and the curvature across the 
width progressively flattens, indicating that stronger gate 
fields enhance lateral coupling, reduce the central barrier, 
and drive the channel toward a more uniform conduction 
path, consistent with earlier analytical and simulation 
studies of split gate and cavity-engineered JL structures 
[23]. 

3.1. Analytical Electrostatic Model 

To analytically investigate the electrostatic behaviour of the 
proposed MiG-JLT, the device is assumed to operate in the 
junctionless regime, with a uniform n-type doping 
concentration throughout the source, channel, and drain 
regions. As the silicon body thickness is limited to 10 nm, it 
allows the use of a quasi-two-dimensional electrostatic 
approximation and neglects the QME [19]. In addition, the 
introduction of the mid-insulation layer creates a lateral 
discontinuity in gate electrostatic control along the channel 
width (z-direction), resulting in a non-uniform effective 
gate capacitance that plays a key role in forming the surface 
potential and electric field distribution of the proposed 
device. The quasi-two-dimensional Poisson equation: 

𝜕2𝜙(𝑥, 𝑦)

𝜕𝑥2
+
𝜕2𝜙(𝑥, 𝑧)

𝜕𝑧2
=
𝑞𝑁𝐷

𝜀𝑆𝑖
 (1) 

where 𝑞 is the charge carrier, 𝜀𝑆𝑖 is the dielectric constant of 
silicon. 

In the gate-controlled regions, the silicon-oxide interface 
boundary condition is expressed as: 

−𝜀𝑆𝑖
𝜕𝜙

𝜕𝑛
|𝑔𝑎𝑡𝑒 = 𝐶𝑜𝑥(𝑉𝐺𝑆 − 𝜙𝑆) (2) 

where 𝐶𝑜𝑥 = 𝜀𝑜𝑥/𝑡𝑜𝑥  is the gate oxide capacitance per unit 
area, 𝜙𝑆 is the surface potential under the gate. 

In the mid-insulation region, electrostatic control is 
achieved through fringing electric fields, modelled using an 
effective fringing capacitance: 

−𝜀𝑆𝑖
𝜕𝜙

𝜕𝑛
|𝑚𝑖𝑑 = 𝐶𝑓𝑟(𝑉𝐺𝑆 − 𝜙𝑆), 𝐶𝑓𝑟 ≪ 𝐶𝑜𝑥 (3) 

Solving the governing equation with the above boundary 
conditions yields the surface potential distribution along 
the channel width [25]: 

𝜙𝑆(𝑧) = 𝜙0 + 𝐴 cosh (
𝑧

𝜆
) (4) 

where the characteristic electrostatic length 𝜆 is defined as: 

𝜆 = √
𝜀𝑆𝑖𝑇𝑆𝑖
𝐶𝑒𝑓𝑓

 (5) 

𝐶𝑒𝑓𝑓 = 𝐶𝑜𝑥  in the gated regions and 𝐶𝑓𝑟 in the mid-insulation 

region. 

Since 𝐶𝑓𝑟 ≪ 𝐶𝑜𝑥 , the characteristic length 𝜆 becomes larger 

in the mid-insulation region, producing a local maximum in 
surface potential, as observed in TCAD simulations 
(Figure 2). 

The lateral electric field along the channel width is obtained 
from the gradient of the surface potential: 

𝐸𝑧(𝑧) = −
𝑑𝜙𝑆(𝑧)

𝑑𝑧
= −

𝐴

𝜆
sinh (

𝑧

𝜆
) (6) 

The reduced effective gate capacitance in the mid-insulation 
region results in a localized electrostatic barrier. As the VGS 
increases, lateral coupling strengthens, reducing this 
barrier and leading to a more uniform conduction path, 
consistent with the simulated surface-potential and transfer 
characteristics. Figure 3 shows the calibration of our 
simulation setup with the help of fabrication data available 
from the S. Barraud et al. [24] results. Here, the ID for the 
NMOS tri-gate junctionless transistor is evaluated by 
varying VGS while keeping VDS constant at both low 
(VDS = 0.04 V) and high (VDS = 0.9 V) bias conditions. The 
simulations are performed with a doping concentration of 
1.2 × 1019 cm–3 and a gate length of 13 nm. The inset labelled 
“Exp” refers to the experimental results reported by 
S. Barraud et al., whereas “Sim” corresponds to the present 
simulation outcomes. During the calibration of the 
simulation setup, our simulation demonstrated good 
agreement with reported experimental data for a 
comparable tri-gate structure. Figure 4 presents the 
comparative ID characteristics of the proposed MiG-JLT and 
the conventional SDG-JLT at different VGS. 

 

Figure 3. The calibration curve of ID variation with VGS at 
constant VDS = 0.04 V, 0.9V 
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Figure 4. Comparison curve of ID vs VGS for  
SDG-JLT and MiG-JLTs in a linear scale 

 

Figure 5. Comparison curve of ID vs VGS for  
SDG-JLT and MiG-JLTs in logarithmic scale

At VGS = 0.7 V, it is observed that the MiG-JLT architecture 
exhibits an ON-state current approximately 35% higher 
compared to the conventional SDG-JLT. This improvement 
in ION current arises from the insertion of the gate insulator 
at the midpoint of the gate width along the channel. The 
introduction of this insulating layer alters the surface 
potential distribution, leading to a non-uniform profile by 
creating a higher potential in the central region beneath the 
mid-insulator. As a result of this effect, the channel 
conduction improves, yielding a higher ION compared to 
other structures. The same behaviour is illustrated on a 
logarithmic scale in Figure 5. 

For the MiG-JLT device, the ON-state current at VGS = 0.7 V 
is approximately 2.5 × 10–5 A, while the OFF-state current is 
around 1 × 10–13 A, yielding an ION/IOFF ratio of roughly 
2.5 × 108. Its leakage current characteristics closely match 
those of SDG-JLT, with only a marginal increase detected 
around VGS = –0.2 V. As the VGS is further reduced to about 
 

–0.5 V, the current shows a slight rise due to the gate-
induced drain leakage (GIDL) effect. This behaviour can be 
attributed to band-to-band tunnelling near the drain-
channel junction, where the high electric field facilitates 
carrier generation, thereby increasing the leakage current. 
Figure 6 shows the surface potential variation along the 
channel length for different VGS while VDS is kept constant at 
0.5 V. 

When the VGS raises from 0 to 1 V, a noticeable change is 
observed in the bending of the potential curve. At VGS = 0 V, 
the curve bending is pronounced, indicating that the 
channel region is fully depleted. In contrast, at the highest 
VGS of 1 V, the potential curve flattens, signifying that the 
channel is nearing the flat-band condition. Figure 7 shows 
the ID variation with varying doping concentration (ND) at a 
constant VDS of 0.5 V for MiG-JLT presented in both linear 
and log scale. 

 

Figure 6. Surface potential profile along the channel at 
different VGS (0, 0.3, 0.5, 0.7, and 1 V) 
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Figure 7. ID versus VGS at different doping concentrations, ND for 
MiG-JLT in linear and log scale 

 

Figure 8. ID versus VDS at VGS of 0.5, 0.75, 1, and 1.25 V

An increase in doping concentration substantially enhances 
both the ON-state and the leakage currents due to the higher 
density of mobile carriers. This necessitates a stronger 
electric field for depletion, degrading the subthreshold 
behaviour of the device, increasing the OFF-state current, 
and lowering the ION/IOFF ratio. Figure 8 depicts the ID versus 
VDS for VGS (0.5, 0.75, 1, and 1.25 V) in MiG-JLT. The ID rises 
significantly with VGS once the threshold voltage is 
surpassed, particularly in the range of VGS 0.75–1.25 V. 
Figure 8 shows the ID with VDS by varying VGS (0.5, 0.75, 1, 
and 1.25 V) for MiG-JLT. The ID is found to increase with 
increasing VGS, especially once the device exceeds the 
threshold voltage, corresponding to VGS values between 
0.75–1.25 V. 

Figures 9 and 10 display the transconductance and drain 
conductance, respectively, for different silicon film 
thicknesses. For all devices, gm exhibits a broad maximum in 
the high VGS region (~1.3–1.4 V). From the simulated curves, 
the peak transconductance increases monotonically with 
TSi: devices with TSi = 8, 10, 12, and 14 nm attain 
approximate maxima of 4 × 10–5, 7 × 10–5, 8 × 10–5, and 
9 × 10–5 S, respectively, as obtained by graphical extraction  
 

at the flattest portion of each gm-VGS curve. Similarly, the gd 
is extracted from the simulated gd-VDS characteristics for the 
same set of thickness. In the near-linear region around 
VDS≈0 V, the devices with TSi = 8, 10, 12, and 14 nm exhibit 
conductance of approximately 1 × 10–4, 1.3 × 10–4, 
1.6 × 10–4, and 1.9 × 10–4 S, which decrease to about 
5.5 × 10–5, 7 × 10–5, 8.5 × 10–5, and 1 × 10–4 S respectively, 
at VDS ≈ 1 V. These values are read graphically at the 
endpoints of the gd-VDS curves and represent the 
incremental slope δID/δVDS under a fixed gate bias. As 
anticipated, both the transconductance and drain 
conductance rise in tandem with the thickness of silicon, 
highlighting the strong dependence of analog performance 
on the body thickness. 

4. CIRCUIT PERFORMANCE ANALYSIS 

In this section, the circuit performances were studied by 
designing an inverter circuit in 3-D TCAD. The voltage 
transfer characteristic (VTC) and switching characteristics 
were studied. Figure 11 shows the design of the CMOS 
inverter circuit based on the MiG-JLT structure. 

 

Figure 9. Transconductance as a function of 
TSi = 8, 10, 12, and 14 nm 

 

Figure 10. Drain conductance as function of 
TSi = 8, 10, 12, and 14 nm 
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Figure 11. CMOS inverter based on MiG-JLT using 3-D TCAD

Here, the NMOS and PMOS are realized by alternating the 
doping within the same device, enabling the design of 
complementary devices suitable for CMOS applications. For 
a fair comparison, similar structures of SDG-JLT and single-
gate JLT (SG-JLT) are also developed. All the device 
architectures are modelled using TCAD simulations to 
evaluate their performance at both device and circuit levels. 
Figure 12 shows the VTC of the symmetric double gate 
(SDG) inverter, single gate (SG) inverter, and  
MiG-JLT inverter. The results show that the MiG-JLT 
inverter exhibits performance comparable to that of the 
SDG inverter, with both achieving steeper switching slopes 
and improved noise margins compared to the SG inverter. 

Figure 13 displays the switching characteristics of the  
MiG-JLT inverter by comparing it with the SDG inverter and 
SG inverter. The results clearly indicate that the MIG-JLT  
 

inverter achieves better switching performance than its 
counterparts, the SDG and SG inverters. 

5. CONCLUSION 

This work presented a comprehensive performance 
evaluation of a MiG-JLT. The introduction of a mid-
insulating gate segment significantly modifies the 
electrostatic behaviour of the channel, resulting in 
enhanced ON-state current, improved transconductance, 
and controlled drain conductance. Analytical modelling 
based on quasi-two-dimensional electrostatics supports the 
simulation findings and explains the observed surface 
potential and electric field distributions. The proposed  
MiG-JLT demonstrates strong potential for high-
performance nanoscale and SPICE-compatible device 
applications. 

 

Figure 12. Comparison of VTC of  
MiG-JLT, SDG-JLT, and SG-JLT 

 

Figure 13. Comparison of the switching characteristics of 
MiG-JLT, SDG-JLT, and SG-JLT 
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