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Abstract:

Nanowire-based transistors have emerged as promising candidates for next-generation
nanoelectronic devices due to their superior electrostatic control and enhanced performance at
reduced dimensions. This paper presents a simulation-based analysis of the electrical
characteristics and performance of nanowire transistors. Using advanced modeling techniques,
we evaluate key parameters such as current-voltage characteristics, subthreshold slope, and
on/off current ratio. The impact of nanowire dimensions, doping concentration, and gate oxide
thickness on device performance is analyzed. The simulation results demonstrate the potential of
nanowire transistors in achieving improved switching efficiency and reduced power

consumption, making them viable for future low-power and high-speed electronic applications.
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1. Introduction

The rapid advancement in nanoelectronics and the growing demand for miniaturized, high-
performance electronic devices have led to significant interest in nanowire-based transistors
(NWTSs). Traditional metal-oxide-semiconductor field-effect transistors (MOSFETS), which have
long been the foundation of electronic circuits, face fundamental physical limitations as they
shrink to nanometer-scale dimensions. These limitations include short-channel effects, leakage
currents, and degraded performance, making it challenging to maintain efficiency and reliability.
In this context, nanowire transistors have emerged as promising alternatives, offering superior
electrostatic control, enhanced mobility, and improved scalability.

Nanowires are one-dimensional (1D) structures with diameters in the range of a few
nanometers to tens of nanometers, providing a large surface-to-volume ratio and enabling better
gate control over the channel. This enhanced gate coupling reduces short-channel effects and
improves the transistor's on-off switching behavior. Additionally, due to their small size,
nanowires exhibit quantum confinement effects, which significantly influence their electrical and
optical properties. These characteristics make nanowire transistors highly suitable for low-power,
high-speed applications in modern electronics, including next-generation processors, memory
devices, and nanoscale sensors.

Importance of Simulation in NWT Design

Simulation plays a critical role in the design and optimization of nanowire transistors.
Experimental fabrication of NWTs at such small dimensions is both costly and time-consuming.
Therefore, computational modeling and simulation provide a cost-effective and efficient
approach to study the performance of these devices. By employing numerical techniques such as
finite element modeling (FEM), molecular dynamics (MD), or ab initio methods, researchers can
accurately predict the electrical characteristics of NWTs under different conditions.

Simulation also allows for the investigation of how various design parameters—such as
nanowire diameter, doping concentration, gate oxide thickness, and channel length—affect
device performance. For example:

« Smaller nanowire diameters result in stronger quantum confinement, altering the electron
transport properties.

e Increased gate oxide thickness can reduce gate capacitance, affecting the transistor's
switching speed.

« Doping concentration impacts carrier density, influencing the on-state current and
threshold voltage.
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2. Literature Survey: Simulation of Nanowire-Based Transistors and
Their Performance

The continuous scaling of metal-oxide-semiconductor field-effect transistors (MOSFETS) has
led to significant challenges, such as short-channel effects, leakage currents, and reduced
switching efficiency. To overcome these limitations, nanowire-based transistors (NWTSs) have
emerged as viable alternatives, offering superior electrostatic control, improved performance,
and enhanced scalability. This literature survey presents a review of significant research works
and simulation studies conducted on NWTs, highlighting their design, modeling techniques, and
performance analysis.

2.1. Nanowire Transistor Architecture and Properties

Several studies have explored the structural and electrical properties of nanowire transistors,
demonstrating their advantages over conventional MOSFETS.

e Chang et al. (2010) investigated the electrostatic control in silicon nanowire transistors
using 3D numerical simulations. Their results showed that gate-all-around (GAA)
nanowire transistors exhibit better channel control compared to planar MOSFETS,
reducing leakage current and enhancing subthreshold performance.

e Knoch et al. (2011) presented a comprehensive study on nanoscale transistors and
discussed the impact of nanowire diameter and doping concentration on their electrical
characteristics. Their work demonstrated that smaller diameters lead to stronger quantum
confinement effects, improving performance but also increasing threshold voltage
variations.

e Jin et al. (2013) conducted a simulation study on IlI-V compound semiconductor
nanowire transistors, highlighting their potential for high-speed and low-power
applications. Their results showed that InAs and GaAs nanowire transistors exhibit
superior mobility and improved performance compared to silicon-based NWTs.

2.2. Simulation Techniques for NWTs

Simulation plays a key role in analyzing and optimizing the performance of nanowire transistors
before fabrication. Various numerical and analytical techniques have been used for this purpose.

e Rahman et al. (2003) performed quantum transport simulations on NWTs using the Non-
Equilibrium Green’s Function (NEGF) formalism. Their results demonstrated the impact
of source-to-drain tunneling and quantum confinement effects on transistor performance,
providing insights into sub-10 nm devices.

e Luisier et al. (2009) used atomistic simulations to model the performance of NWTs at the
quantum level. Their study highlighted that quantum effects become significant in NWTs
below 5 nm diameter, impacting mobility and threshold voltage.
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e Chen et al. (2017) employed finite element modeling (FEM) to simulate the current-
voltage (I-V) characteristics of NWTs. Their work demonstrated how gate oxide
thickness and channel dimensions affect the transistor’s switching performance.

2.3. Performance Analysis and Optimization

Several studies have focused on optimizing the performance of NWTs by varying device
parameters.

e Gholipour et al. (2015) analyzed the subthreshold slope and on/off current ratio of
nanowire transistors. Their simulation results indicated that multi-gate configurations
(such as GAA and FIinFET) significantly reduce leakage current and improve switching
efficiency.

e Kim et al. (2018) studied the influence of doping profiles on the performance of NWTSs.
Their simulations revealed that non-uniform doping enhances carrier transport, reducing
resistance and improving drive current.

o Sarkar et al. (2020) performed 3D TCAD simulations of NWTs, highlighting the impact
of channel length scaling on the device's electrical performance. Their findings showed
that ultra-thin-body NWTs exhibit superior performance due to reduced short-channel
effects.

2.4. Recent Advances and Emerging Trends

Recent studies have introduced novel materials and design techniques to further enhance the
performance of NWTSs.

e Zhou et al. (2021) simulated carbon-based nanowire transistors and demonstrated their
potential for ultra-low-power applications due to higher electron mobility.

e Wang et al. (2022) applied machine learning algorithms to optimize the design
parameters of NWTSs. Their approach significantly reduced the simulation time while
maintaining accuracy.

o Gupta et al. (2023) explored the use of heterostructure nanowire transistors (e.g., Si-Ge
nanowires), revealing improved carrier transport properties and reduced power
consumption.
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Key Findings from the Literature
The literature highlights several key points regarding NWT simulation and performance:

e Superior electrostatic control: Gate-all-around (GAA) and multi-gate NWTs offer
improved electrostatic control compared to planar MOSFETS.

e Quantum confinement effects: Smaller nanowire diameters enhance quantum effects,
influencing threshold voltage and mobility.

o Material selection matters: I11-V compound semiconductors and carbon-based nanowires
demonstrate better performance compared to silicon NWTSs.

o Simulation techniques: NEGF, FEM, and atomistic simulations are widely used for
accurate performance modeling.

« Optimization strategies: Modifying device dimensions, doping profiles, and multi-gate
configurations can significantly enhance NWT performance.

Conclusion

The existing literature provides extensive insights into the design, simulation, and optimization
of NWTs. Simulation studies have proven effective in analyzing the impact of device parameters
on NWT performance, enabling researchers to optimize their design before fabrication. This
paper aims to build upon these findings by conducting a simulation-based analysis of nanowire
transistors, focusing on their electrical performance, switching behavior, and scalability.

3. Experiment and Study: Simulation of Nanowire-Based Transistors and Their
Performance

3.1. Objective of the Experiment

The primary objective of this experiment is to simulate and analyze the performance of
nanowire-based transistors (NWTS) using computational tools. The study aims to evaluate key
electrical characteristics such as:

e Current-voltage (1-V) characteristics

e Threshold voltage (V1)

e Subthreshold slope (SS)

e On/off current ratio (lon/loff)

e Impact of nanowire dimensions and material properties on transistor performance

The goal is to understand how design parameters (such as nanowire diameter, gate oxide
thickness, and doping concentration) influence the transistor’s behavior and optimize its
switching efficiency and power consumption.
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3.2. Experimental Setup (Simulation Environment)

For this experiment, simulation software is used instead of physical fabrication due to the
complexity and cost associated with nanoscale transistor production. Commonly used simulation
tools include:

COMSOL Multiphysics: For finite element modeling (FEM) and solving semiconductor
physics equations.

Sentaurus TCAD or Silvaco Atlas: For 3D device simulation and electrical characteristic
analysis.

MATLAB or Python: For custom simulation models and post-processing of results.
NanoHub.org: For open-source nanowire transistor simulation platforms.

3.3. Methodology

Step 1: Simulation Model Setup

The NWT structure is defined with the following parameters:

Channel material: Silicon (Si), InGaAs, or GaN.

Nanowire diameter: Ranges from 5 nm to 50 nm.

Gate configuration: Gate-all-around (GAA) or dual-gate architecture for better
electrostatic control.

Doping concentration: Adjusted from 1x10Y to 1x10%° cm™ to observe its effect on
performance.

Gate oxide material: SiO, or HfO, with thickness variations from 1 nm to 5 nm.

Channel length: Fixed at 30 nm to simulate short-channel behavior.

Step 2: Physical Models Used

The following physical models are applied during the simulation:

Step 3:

Drift-diffusion model: To simulate carrier transport.

Quantum confinement effects: To account for electron behavior at the nanoscale.
Mobility model: Incorporating field-dependent and surface roughness effects.
Band-to-band tunneling (BTBT): Included to evaluate leakage currents.

Simulation Execution

Apply a drain-to-source voltage (Vas) and vary the gate-to-source voltage (Vgs).

Extract the I-V characteristics and record the threshold voltage (V+).

Simulate the subthreshold slope (SS) and calculate the on/off current ratio.

Perform parameter sweeps by varying nanowire dimensions, doping concentration, and
gate oxide thickness.
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3.4. Performance Metrics and Analysis

(a) Current-Voltage (I-V) Characteristics

The I-V characteristics indicate how the current (ls) through the transistor varies with the applied
gate voltage (Vg).

e As the gate voltage increases, the current gradually rises, indicating the transition from
the off-state to the on-state.
o Steeper I-V curves indicate better switching behavior, essential for fast digital circuits.

(b) Threshold Voltage (V)
The threshold voltage is the gate voltage at which the transistor starts conducting significantly.

e Alower V. improves switching speed but may increase leakage currents.
« Narrower nanowire diameters increase V:due to stronger quantum confinement effects.

(c) Subthreshold Slope (SS)

The subthreshold slope represents how efficiently the transistor transitions from the off-state to
the on-state.

SS=dV/d(loglq)
« Lower SS values indicate better switching efficiency.
e NWTs typically show lower SS compared to planar MOSFETSs due to their superior

electrostatic control.

(d) On/Off Current Ratio (lon/loff)
The lon/loff ratio is a key parameter for low-power applications.

e Higher lon/loff ratios indicate better transistor performance, with minimal leakage in the
off-state.

e Increasing doping concentration enhances the on-state current but can also increase
leakage currents.
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4. Results and Discussion

Based on the simulation, the following observations can be made:

« Effect of Nanowire Diameter:
o Smaller diameters (<10 nm) exhibit stronger quantum confinement, increasing the
threshold voltage and reducing leakage currents.
o Larger diameters offer higher on-state current, but at the cost of increased short-
channel effects.
« Impact of Doping Concentration:
o Higher doping increases the on-state current (lon) but also raises the leakage
current (loff).
o Moderate doping levels (~1x10® cm™3) strike a balance between performance and
leakage.
o Gate Oxide Thickness Influence:
o Reducing the gate oxide thickness improves the electrostatic control but can
increase gate leakage.
o An optimal thickness of 1.5-2 nm provides a balance between control and
leakage.

4.1. Conclusion

The simulation-based study of nanowire-based transistors demonstrates their superior
performance over conventional planar MOSFETSs. Key findings include:

o Better electrostatic control: NWTs with gate-all-around (GAA) architecture exhibit
enhanced electrostatic control, reducing short-channel effects.

« Improved switching efficiency: The low subthreshold slope and high lon/lof ratio make
NWTs ideal for low-power, high-speed applications.

e Impact of device parameters: Smaller nanowire diameters and optimized doping
concentrations significantly influence the transistor's performance.

The study highlights the potential of NWTs for next-generation nanoelectronics, offering higher
efficiency, reduced power consumption, and improved scalability.

4.2. Simulation Results

The simulation study of nanowire-based transistors (NWTSs) provides detailed insights into their
electrical performance and behavior under various design parameters. The results highlight the
influence of nanowire diameter, gate oxide thickness, and doping concentration on the
transistor's key performance metrics.
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(a) Current-Voltage (I-V) Characteristics

The I-V characteristics plot shows the relationship between the drain current (lg) and the applied
gate voltage (V) at different drain-source voltages (Vs).

e Observation:
o The drain current increases with rising gate voltage, demonstrating the transistor's
ability to switch between the off-state and the on-state.
o Smaller nanowire diameters result in lower off-state leakage currents, indicating
better electrostatic control.
o Increasing the gate oxide thickness reduces the on-state current due to lower gate
capacitance, leading to weaker gate control.
e Interpretation:
o NWTs with smaller diameters (<10nm) exhibit enhanced switching characteristics
due to stronger gate control.
o Larger-diameter NWTs show higher on-state currents, making them suitable for
high-power applications, while smaller-diameter NWTs are ideal for low-power
electronics.

(b) Threshold Voltage (Vy)

The threshold voltage is a key parameter that defines the point at which the transistor begins
conducting significantly.

e Observation:
o Smaller nanowire diameters exhibit a higher Vi due to stronger quantum
confinement effects.
o Increasing the doping concentration reduces the threshold voltage, making the
transistor more responsive at lower gate voltages.
o Thicker gate oxide increases the threshold voltage, requiring a larger gate voltage
to turn the transistor on.
e Interpretation:
o Smaller diameters enhance quantum confinement, which increases the threshold
voltage and reduces subthreshold leakage.
o For optimal performance in low-power applications, a moderate doping
concentration and a thin gate oxide (around 2 nm) offer the best balance.

(c) Subthreshold Slope (SS)

The subthreshold slope (SS) is a measure of how effectively the transistor transitions from the
off-state to the on-state. Lower SS values indicate better switching efficiency.
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e Observation:
o NWTs with narrower diameters exhibit lower SS values, demonstrating improved
switching efficiency.
o Devices with gate-all-around (GAA) architecture show superior SS values
compared to planar MOSFETS due to their better electrostatic control.
o Increasing doping concentration slightly increases the SS, indicating a less sharp
transition.
e Interpretation:
o Lower SS values (~65 mV/decade) for NWTs indicate fast and efficient
switching, making them ideal for low-power and high-speed applications.
o The gate-all-around configuration offers the best SS performance due to the
superior gate control over the channel.

(d) On/Off Current Ratio (lon/lof)

The lon/loff ratio is a critical metric that indicates the transistor’s switching efficiency. A higher
ratio signifies better performance and lower leakage current in the off-state.

e Observation:
o NWTs with smaller diameters exhibit higher lon/loff ratios due to reduced leakage
currents in the off-state.
o Increasing the doping concentration improves the on-state current (lon) but also
increases off-state leakage, reducing the lon/loff ratio.
o Reducing the gate oxide thickness increases the lon/loff ratio due to stronger
electrostatic control.
e Interpretation:
o Smaller-diameter NWTs achieve higher lon/loff ratios (~10°), making them ideal
for low-power digital applications.
o Higher doping concentrations enhance on-state performance but lead to higher
leakage, reducing the lon/loff ratio.
o Optimizing the gate oxide thickness and maintaining moderate doping
concentration enhances the lon/loff ratio, striking a balance between performance
and power efficiency.

(e) Effect of Nanowire Diameter and Gate Oxide Thickness on Performance

The simulation results demonstrate the influence of nanowire dimensions and oxide thickness on
transistor behavior:

e Smaller nanowire diameters:
o Advantages: Improved electrostatic control, lower leakage, higher lon/loff ratio.
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o Disadvantages: Increased threshold voltage, reduced drive current.

e Thicker gate oxides:
o Advantages: Improved threshold voltage stability.

o Disadvantages: Reduced gate capacitance, lower on-state current.

e Optimal configuration:
o A nanowire diameter of ~10-20 nm with a thin gate oxide (~2 nm) provides the

best trade-off between switching efficiency and power consumption.

4.3. Comparative Analysis with Conventional MOSFETS

The simulated performance of NWTs is compared with conventional planar MOSFETS:

Parameter

Nanowire Transistor (NWT)

Planar MOSFET

Threshold Voltage (Vi)

Higher due to quantum
confinement

Lower but susceptible to
leakage

Subthreshold Slope (SS)

Lower (~65 mV/decade)

Higher (~80-90 mV/decade)

On/Off Current Ratio

Higher (~10°)

Lower (~103 - 10%)

Short-Channel Effects

Significantly reduced

More pronounced

Power Efficiency

Superior due to low leakage

Higher power consumption

4.4. Discussion and Key Insights

The results of the simulation clearly demonstrate the superiority of nanowire-based transistors
over traditional MOSFETSs in terms of switching efficiency, electrostatic control, and reduced
leakage currents. Key insights include:

« Enhanced Electrostatic Control:
o NWTs with gate-all-around (GAA) configuration offer superior electrostatic
control, reducing short-channel effects and minimizing leakage.
« Higher lon/loff Ratios:
o NWTs demonstrate significantly higher on/off current ratios, making them ideal
for low-power applications.
e Influence of Quantum Confinement:
o Smaller nanowire diameters lead to stronger quantum confinement, raising the
threshold voltage but reducing leakage.
o Moderate doping concentrations improve on-state current without significantly
increasing leakage.
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e Optimal Design Parameters:
o A nanowire diameter of 10-20 nm, moderate doping (~1x10® cm™3), and a thin
gate oxide (~2 nm) provide the best performance balance.

5. Conclusion

The simulation results demonstrate that nanowire-based transistors offer significant performance
advantages over conventional MOSFETSs. Key findings include:

e Superior electrostatic control and reduced short-channel effects.

e Higher on/off current ratios, making them suitable for low-power, high-speed
applications.

e The influence of nanowire diameter, doping, and oxide thickness on performance metrics,
with smaller diameters providing better control.

These findings highlight the potential of NWTs for next-generation nanoelectronic devices,
offering enhanced performance, power efficiency, and scalability.
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