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ABSTRACT 

The continuous scaling of CMOS technology has significantly improved device density and 

computational performance over the past decades. However, as device dimensions approach 

the nanometer regime, conventional MOSFET-based technologies face fundamental physical 

limitations such as short-channel effects, increased leakage current, and excessive power 

dissipation. These challenges have motivated the exploration of alternative transistor 

architectures capable of operating at ultra-low supply voltages while maintaining high 

performance. 

Tunnel Field Effect Transistors (TFETs) have emerged as promising candidates for next-

generation low-power electronic applications due to their band-to-band tunneling conduction 

mechanism. Unlike conventional MOSFETs, TFETs are capable of achieving subthreshold 

swing values below the theoretical limit of 60 mV/decade at room temperature, enabling 

reduced power consumption and improved switching efficiency. Among various TFET 

architectures, the vertical nanowire TFET offers superior electrostatic control, compact device 

footprint, and enhanced carrier transport efficiency. 

This research presents the design, simulation, and performance analysis of a Vertical Nanowire 

Tunnel Field Effect Transistor (VN-TFET) for low-power applications using TCAD-based 

device modeling. The proposed device employs a gate-all-around nanowire structure to 

improve channel control and enhance tunneling efficiency at the source-channel junction. The 

device structure is designed by carefully selecting geometric parameters, material properties, 

and doping concentrations to optimize performance. 

Comprehensive simulations are carried out to evaluate key performance metrics including 

transfer characteristics, output characteristics, ON current (ION), OFF current (IOFF), 

subthreshold swing (SS), threshold voltage, and ION/IOFF ratio. A parametric study is 

performed to analyze the effects of nanowire diameter, channel length, oxide thickness, and 

doping concentration on device performance. The optimized vertical nanowire TFET 

demonstrates improved switching behavior, reduced leakage current, and enhanced energy 

efficiency compared to conventional transistor structures. 

The results confirm that the vertical nanowire TFET architecture is a strong candidate for future 

low-power integrated circuits, IoT devices, and energy-efficient nanoelectronic systems. The 
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work contributes to the understanding of device-level optimization strategies for TFET-based 

technologies and provides a foundation for future experimental and circuit-level 

implementation. 

Keywords: Tunnel FET, Vertical Nanowire, Low Power, TCAD Simulation, Subthreshold 

Swing, Band-to-Band Tunneling, Gate-All-Around 

 

1. INTRODUCTION 

The semiconductor industry has witnessed remarkable progress following Moore's Law, which 

predicted the doubling of transistor density approximately every two years. This aggressive 

scaling has enabled unprecedented computational capabilities, reduced manufacturing costs per 

transistor, and facilitated the development of sophisticated electronic systems. Modern 

integrated circuits now contain billions of transistors operating in concert to deliver high 

performance for applications ranging from mobile computing to artificial intelligence. 

However, conventional MOSFET technology faces fundamental challenges as transistor 

dimensions shrink below 10 nanometers. The classical scaling paradigm that served the 

industry for decades encounters physical limits that cannot be overcome through dimensional 

reduction alone. Short-channel effects become increasingly pronounced, causing degradation 

in device characteristics and making it difficult to maintain adequate control over channel 

current. Drain-induced barrier lowering allows undesirable leakage paths that compromise the 

OFF state performance critical for low-power operation (Kim and Lee, 2023). 

Leakage current has emerged as a dominant concern in modern processors and mobile devices. 

As threshold voltages decrease to maintain performance at lower supply voltages, subthreshold 

leakage increases exponentially. Static power dissipation now constitutes a significant portion 

of total power consumption in advanced technology nodes. This trend proves particularly 

problematic for battery-operated devices where standby power directly impacts operational 

lifetime (Ionescu and Riel, 2021). 

The subthreshold swing represents another fundamental limitation of conventional MOSFETs. 

At room temperature, thermionic emission dictates that the minimum achievable subthreshold 

swing is approximately 60 millivolts per decade. This physical limit constrains how rapidly the 

transistor can transition between ON and OFF states, ultimately limiting the minimum supply 

voltage that can be used while maintaining adequate ION/IOFF ratios. Lower supply voltages 

would reduce both dynamic and static power consumption, but the 60 mV/decade barrier 

prevents aggressive voltage scaling (Pandey et al., 2022). 

These challenges have motivated researchers to explore alternative device architectures that 

employ different carrier transport mechanisms. Tunnel Field Effect Transistors represent one 

of the most promising approaches for overcoming the fundamental limitations of thermionic 

devices. Instead of relying on thermal emission over a potential barrier, TFETs utilize quantum 

mechanical band-to-band tunneling to inject carriers into the channel. This tunneling 

mechanism enables subthreshold swing values below 60 mV/decade, theoretically allowing 

operation at much lower supply voltages while maintaining performance (Zhang et al., 2023). 
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The vertical nanowire TFET architecture combines the advantages of tunneling transport with 

superior electrostatic geometry. The gate-all-around configuration provides excellent control 

over the channel potential, minimizing short-channel effects even at aggressive scaling. The 

vertical orientation enables high packing density and compatibility with three-dimensional 

integration schemes. The nanowire structure also facilitates strain engineering and 

heterojunction implementations that can enhance tunneling probability (Verhulst et al., 2022). 

Despite their theoretical advantages, TFETs face practical challenges that have limited 

commercial adoption. ON-state current typically remains lower than comparable MOSFETs 

due to the tunneling process's inherent characteristics. Ambipolar conduction can degrade the 

OFF state unless careful design measures are implemented. Process integration presents 

complexities related to forming abrupt doping profiles and high-quality interfaces necessary 

for efficient tunneling. These challenges require systematic investigation and optimization to 

realize TFET potential (Convertino et al., 2024). 

This research addresses these challenges through comprehensive design and simulation of a 

vertical nanowire TFET optimized for low-power applications. We employ Technology 

Computer-Aided Design tools to explore the design space systematically, investigating how 

geometric parameters and material properties influence device performance. The work aims to 

identify optimal configurations that maximize ION while minimizing IOFF and achieving 

steep subthreshold characteristics suitable for ultra-low voltage operation. 

The significance of this research extends beyond academic interest. As the Internet of Things 

expands, billions of sensor nodes require transistors capable of operating for years on small 

batteries or energy harvesting. Wearable electronics demand ultra-low power consumption to 

enable comfortable, long-lasting devices. Even high-performance computing increasingly 

prioritizes energy efficiency as power delivery and cooling become limiting factors. Vertical 

nanowire TFETs could enable these applications through their unique combination of low 

leakage and steep switching (Kumar and Singh, 2023). 

 

2. OBJECTIVES 

The primary objectives of this research are: 

• Primary Objective: Design and optimize a vertical nanowire Tunnel FET structure 

with gate-all-around architecture to achieve subthreshold swing below 60 mV/decade 

and ION/IOFF ratio exceeding 10^6 for low-power applications. 

• Objective 2: Perform comprehensive TCAD simulations to characterize electrical 

performance including transfer characteristics, output characteristics, subthreshold 

behavior, and threshold voltage extraction. 

• Objective 3: Conduct parametric analysis to determine optimal nanowire diameter, 

channel length, gate oxide thickness, and doping concentrations that maximize device 

performance while maintaining manufacturability. 

• Objective 4: Evaluate the vertical nanowire TFET performance against conventional 

MOSFET benchmarks to quantify advantages in power consumption and switching 

efficiency. 
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3. SCOPE OF STUDY 

This research encompasses: 

• Device Architecture: Focus on vertical nanowire TFET with cylindrical gate-all-

around structure using silicon-based materials and conventional gate dielectrics. 

• Simulation Approach: TCAD-based numerical simulations employing quantum 

tunneling models, drift-diffusion transport, and appropriate physical models for 

nanoscale devices. 

• Performance Metrics: Analysis limited to DC electrical characteristics including 

current-voltage relationships, subthreshold swing, threshold voltage, and ON/OFF 

current ratios. 

• Parameter Space: Investigation of geometric variations (diameter 5-20 nm, length 20-

50 nm, oxide thickness 1-3 nm) and doping concentrations (10^18 to 10^20 cm^-3). 

• Exclusions: The study does not address AC performance, circuit-level implementation, 

thermal effects, radiation hardness, or fabrication process development. 

4. LITERATURE REVIEW 

4.1 Evolution of Low-Power Transistor Technologies 

The quest for lower power consumption has driven transistor innovation throughout 

semiconductor history. Early efforts focused on reducing supply voltage and optimizing device 

dimensions within the conventional MOSFET framework. Multi-gate architectures like 

FinFETs improved electrostatic control, enabling continued scaling while managing short-

channel effects. Gate-all-around nanowire transistors pushed this concept further, surrounding 

the channel completely to maximize gate control (Kim and Lee, 2023). 

However, these approaches could not overcome the fundamental 60 mV/decade subthreshold 

swing limitation imposed by thermionic emission. This realization prompted investigation of 

alternative transport mechanisms. Several candidates emerged including impact ionization 

devices, nanoelectromechanical switches, and negative capacitance transistors. Each offered 

potential paths beyond thermionic limits but faced distinct implementation challenges (Ionescu 

and Riel, 2021). 

4.2 Tunnel FET Fundamentals and Development 

Tunnel FETs utilize band-to-band tunneling where carriers tunnel quantum mechanically 

through a potential barrier rather than surmounting it thermally. This mechanism enables the 

subthreshold swing to break the 60 mV/decade barrier since tunneling current depends 

exponentially on barrier width rather than thermal energy. The concept dates to the 1990s but 

gained significant research attention in the 2000s as CMOS scaling challenges intensified 

(Pandey et al., 2022). 

Early TFET demonstrations used planar structures with lateral source-channel junctions. These 

devices validated the tunneling concept and demonstrated sub-60 mV/decade switching in 

limited voltage ranges. However, ON currents remained disappointingly low, typically orders 

of magnitude below comparable MOSFETs. Low current stemmed from the tunneling 
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probability's strong dependence on barrier width and height, which proved difficult to optimize 

simultaneously (Zhang et al., 2023). 

Research efforts explored various approaches to enhance TFET performance. Heterojunction 

TFETs using materials like germanium or III-V semiconductors reduced the tunneling barrier 

through favorable band alignments, significantly improving ON current. Strained silicon 

implementations modified band structure to enhance tunneling. Dual-gate architectures 

provided additional control over tunneling junction electrostatics (Verhulst et al., 2022). 

4.3 Vertical Nanowire Architecture Advantages 

The vertical nanowire configuration emerged as particularly promising for TFET 

implementation. The gate-all-around geometry provides superior electrostatic control 

compared to planar or FinFET structures. Complete gate coverage eliminates fringing field 

effects and enables aggressive scaling without compromising short-channel immunity. The 

cylindrical symmetry also simplifies fabrication compared to rectangular wire cross-sections 

(Convertino et al., 2024). 

Vertical orientation offers density advantages critical for practical integration. Unlike planar 

devices that consume larger chip area, vertical nanowires stack devices in the third dimension. 

This enables high transistor density without aggressive lithographic scaling. The vertical 

structure also facilitates heterojunction implementation where different materials can be 

epitaxially grown in sequence along the wire axis (Kumar and Singh, 2023). 

The nanowire diameter represents a key optimization parameter. Smaller diameters enhance 

gate control and increase the electric field at the tunneling junction, improving ON current. 

However, excessively small diameters can introduce quantum confinement effects that widen 

the effective bandgap, potentially degrading performance. Research suggests optimal 

diameters typically range from 5 to 15 nanometers depending on material system and 

application requirements (Lattanzio et al., 2021). 

4.4 TCAD Modeling of Tunneling Devices 

Accurate simulation of TFETs requires sophisticated models that capture quantum tunneling 

physics. Direct tunneling involves quantum mechanical transmission through forbidden energy 

gaps, necessitating non-local models that account for carrier wave function penetration into 

classically forbidden regions. Several tunneling models exist with varying computational 

complexity and physical accuracy (Visciarelli et al., 2023). 

The Kane model provides a widely-used analytical approximation for band-to-band tunneling 

probability. This model expresses tunneling generation rate as a function of electric field and 

material-dependent parameters. While computationally efficient, the Kane model makes 

approximations regarding band structure that may introduce errors for some material systems. 

More sophisticated approaches like the Wentzel-Kramers-Brillouin method offer improved 

accuracy at increased computational cost (Madan et al., 2022). 

Modern TCAD tools incorporate both semi-classical transport models and quantum corrections 

to handle the mixed transport regime in nanoscale devices. Density gradient approximations 

account for quantum confinement effects without full quantum transport solution. Carefully 

calibrated models enable reasonable predictive capability when compared against experimental 



Journal of Computational Analysis and Applications                                                                           VOL. 33, NO. 5, 2024 
   

                                                                                                10.48047/jocaaa.2024.33.05.71 

                                                                                                          3564                Km Anjana Bhardwaj et al  3559-3574 

 

TFET data, though uncertainties remain regarding interface properties and defect impacts (Wu 

et al., 2024). 

4.5 Performance Optimization Strategies 

Extensive research has identified several strategies for optimizing TFET performance. Abrupt 

doping profiles at the source-channel interface prove critical for achieving high tunneling 

current. Doping gradients must remain steep over distances comparable to tunneling lengths, 

typically just a few nanometers. This requirement challenges fabrication processes but 

substantially impacts ON current (Rahman et al., 2023). 

Gate work function engineering enables optimization of threshold voltage and band alignment 

at the tunneling junction. Appropriate work function selection ensures strong gate modulation 

of tunnel barrier while maintaining adequate OFF-state performance. Dual-material gates or 

work function tuning through metal selection provide flexibility in optimizing device 

characteristics (Singh and Kumar, 2022). 

Oxide thickness represents another critical parameter affecting both ON and OFF performance. 

Thinner oxides improve gate coupling, enhancing tunneling current through stronger electric 

fields. However, excessively thin oxides increase gate leakage through direct tunneling and 

may compromise reliability. Optimal oxide thickness typically ranges from 1 to 2 nanometers 

for advanced nodes (Thompson et al., 2023). 

4.6 Research Gaps and Opportunities 

Despite extensive TFET research, several gaps remain. Most published work focuses on planar 

or FinFET geometries, with limited systematic investigation of vertical nanowire 

implementations. The interaction between nanowire diameter, channel length, and doping 

concentration in vertical structures requires comprehensive parametric exploration. 

Additionally, most studies examine individual parameters in isolation rather than exploring 

coupled optimization of multiple variables simultaneously (Borrowman et al., 2024). 

The literature also lacks consensus regarding optimal design targets for different applications. 

Low-power digital logic requires different performance trade-offs than analog circuits or 

sensors. Application-specific optimization remains underexplored, particularly for emerging 

areas like energy harvesting systems and ultra-low power Internet of Things devices. This 

research addresses these gaps through systematic vertical nanowire TFET design optimization 

targeting specific low-power application requirements. 

5. RESEARCH METHODOLOGY 

5.1 TCAD Simulation Framework 

This research employs Silvaco TCAD tools for numerical device simulation. The simulation 

framework solves coupled semiconductor equations including Poisson's equation for 

electrostatic potential and continuity equations for electron and hole transport. For TFET 

simulation, band-to-band tunneling models are activated to capture the primary conduction 

mechanism. The non-local tunneling model accounts for spatial variation in tunneling 

generation rate along the source-channel junction (Visciarelli et al., 2023). 
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Physical models incorporated include field-dependent mobility degradation, Shockley-Read-

Hall recombination, and doping-dependent bandgap narrowing. Quantum confinement effects 

are approximated through density gradient corrections that modify carrier distributions in the 

nanowire channel. Temperature is maintained at 300K throughout simulations to represent 

room temperature operation relevant for most low-power applications. 

5.2 Device Structure and Design 

The vertical nanowire TFET structure consists of a cylindrical silicon nanowire with source, 

channel, and drain regions arranged vertically. The gate electrode completely surrounds the 

channel region in a gate-all-around configuration separated by a thin oxide layer. The source 

region employs P+ doping (typically 10^20 cm^-3) while the drain uses N+ doping at similar 

concentrations. The channel region is lightly doped N-type (10^17 cm^-3) to minimize 

ambipolar behavior. 

Figure 1: Vertical Nanowire TFET Structure 

The vertical nanowire TFET structure features a cylindrical silicon nanowire oriented 

perpendicular to the substrate. At the bottom, a heavily P-doped source region (P+ at 10^20 

cm^-3) serves as the carrier injection point. Above this, a lightly N-doped channel region 

(10^17 cm^-3) extends for the specified channel length. The top section comprises a heavily 
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N-doped drain region (N+ at 10^20 cm^-3) where carriers are collected. A cylindrical gate 

electrode completely surrounds the channel region, separated by a thin high-k dielectric oxide 

layer. The gate-all-around configuration provides uniform electrostatic control around the 

entire nanowire circumference. Metal contacts attach to the source, drain, and gate terminals. 

The critical tunneling junction forms at the P+ source to N-channel interface where band-to-

band tunneling occurs under appropriate gate bias. Color coding distinguishes doping regions: 

red for P+ source, light blue for N-channel, and dark blue for N+ drain. The oxide layer appears 

in green, and the gate electrode in yellow. Dimensional annotations indicate the nanowire 

diameter (5-20 nm range), channel length (20-50 nm range), and oxide thickness (1-3 nm 

range). This three-dimensional view clearly shows the cylindrical symmetry and vertical 

stacking that characterizes the architecture. 

The baseline design parameters include nanowire diameter of 10 nm, channel length of 30 nm, 

and oxide thickness of 1.5 nm using SiO2 as gate dielectric. These parameters represent a 

starting point for parametric optimization studies. The gate work function is set to 4.5 eV, 

providing appropriate band alignment for n-type TFET operation. 

5.3 Simulation Methodology 

Simulations proceed through several stages. Initial device structure generation employs the 

TCAD structure editor to define geometry, materials, and doping profiles. Meshing discretizes 

the structure into computational elements, with finer mesh density at critical regions like the 

tunneling junction and oxide interfaces where field gradients are steep. Typical mesh sizes 

range from 0.5 nm at interfaces to 2 nm in bulk regions. 

Electrical simulations sweep gate voltage from -0.5V to 1.0V while monitoring drain current 

at fixed drain voltage (typically 0.5V) to generate transfer characteristics. Output 

characteristics vary drain voltage from 0V to 1.0V at several gate voltage values. The 

subthreshold swing is extracted from the transfer characteristics by calculating the inverse 

slope of log(ID) versus VG in the subthreshold region. 

5.4 Parametric Analysis Approach 

Systematic parametric studies investigate how each design parameter influences performance. 

For nanowire diameter analysis, simulations vary diameter from 5 nm to 20 nm while holding 

other parameters constant. This reveals the trade-off between improved gate control at small 

diameters and reduced current capability due to limited cross-sectional area. 

Channel length variations from 20 nm to 50 nm explore short-channel effects and their 

mitigation through the gate-all-around geometry. Oxide thickness studies from 1 nm to 3 nm 

examine the balance between gate coupling strength and gate leakage risk. Doping 

concentration studies vary source and channel doping independently to optimize the tunneling 

junction characteristics. 

5.5 Performance Metric Extraction 

Key performance metrics are extracted from simulation results using standardized methods. 

ON current (ION) is measured at VG = VD = 1.0V representing the maximum drive condition. 

OFF current (IOFF) is measured at VG = 0V and VD = 1.0V, representing the leakage when 
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the device should be non-conducting. The ION/IOFF ratio quantifies the switching 

performance. 

Subthreshold swing is calculated as the average inverse slope over one decade of current 

change in the subthreshold region. Minimum subthreshold swing is also reported as this 

represents the steepest switching capability. Threshold voltage is extracted using the constant 

current method, defining VT as the gate voltage where drain current reaches a specified 

threshold (typically 10^-7 A/μm). 

6. RESULTS AND ANALYSIS 

6.1 Transfer Characteristics 

The simulated transfer characteristics demonstrate the vertical nanowire TFET's superior 

switching behavior compared to conventional MOSFETs. The drain current versus gate voltage 

curve on a logarithmic scale reveals several distinct regions. At low gate voltages (VG < 0.2V), 

the device operates in the OFF state with minimal current flow dominated by reverse-biased 

junction leakage. As gate voltage increases, band-to-band tunneling initiates at the source-

channel junction, producing the characteristic steep subthreshold transition. 

The optimized device achieves an OFF current of 1.2 × 10^-15 A/μm, representing excellent 

leakage suppression. As gate voltage increases through the subthreshold region, current rises 

with a minimum subthreshold swing of 42 mV/decade, successfully breaking the thermionic 

limit. This steep switching enables rapid transition from OFF to ON states with minimal voltage 

change, facilitating low-voltage operation. 

In the ON state (VG = 1.0V), the device delivers ION of 8.5 × 10^-6 A/μm. While lower than 

high-performance MOSFETs, this current proves sufficient for low-power applications where 

minimizing standby power takes priority over maximum speed. The ION/IOFF ratio exceeds 

7 × 10^9, demonstrating exceptional switching performance that enables clear distinction 

between logic states even at reduced supply voltages. 

Table 1: Electrical Performance Comparison 

Parameter Vertical NW-TFET Conventional MOSFET Improvement 

ION (A/μm) 8.5 × 10^-6 3.2 × 10^-4 -- 

IOFF (A/μm) 1.2 × 10^-15 5.8 × 10^-12 4800× lower 

ION/IOFF Ratio 7.1 × 10^9 5.5 × 10^7 129× higher 

Min SS (mV/dec) 42 65 35% steeper 

Avg SS (mV/dec) 48 72 33% steeper 

Threshold Voltage (V) 0.35 0.42 Lower VT 

6.2 Output Characteristics 

Output characteristics plotting drain current versus drain voltage at various gate voltages reveal 

the device's operating behavior across the voltage range. At low gate voltages (VG = 0.2V), 

minimal current flows regardless of drain voltage, confirming effective OFF-state operation. 

As gate voltage increases, the family of curves shows current saturation behavior typical of 

field-effect transistors. 
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The curves demonstrate good saturation characteristics with minimal drain-induced barrier 

lowering effects. Current saturation occurs at relatively low drain voltages (VD ~ 0.3V), 

enabling operation at reduced supply voltages. The output conductance in saturation remains 

low, indicating good channel length modulation resistance that benefits analog circuit 

applications. 

The absence of significant ambipolar conduction at negative gate voltages confirms that the 

device structure effectively suppresses parasitic hole conduction from drain to source. This 

represents a critical advantage over some TFET designs that suffer from ambipolar effects 

degrading the OFF state. 

6.3 Parametric Analysis: Nanowire Diameter Effects 

Systematic diameter variation from 5 nm to 20 nm reveals important trade-offs. Smaller 

diameters enhance gate electrostatic control, producing steeper subthreshold swings and lower 

IOFF. A 5 nm diameter device achieves minimum subthreshold swing of 38 mV/decade, the 

best observed in this study. The enhanced gate control stems from reduced distance between 

the gate and the center of the nanowire, strengthening field penetration. 

However, reducing diameter decreases ION due to reduced conduction cross-section. The 5 

nm device delivers only 3.2 × 10^-6 A/μm, approximately 60% less than the 10 nm baseline. 

This current reduction could limit switching speed in applications requiring faster operation. 

Conversely, increasing diameter to 20 nm improves ION to 1.1 × 10^-5 A/μm but degrades 

minimum subthreshold swing to 55 mV/decade. 

 

Figure 2: Impact of Nanowire Diameter on Device Performance 

This figure presents dual-axis plots showing how nanowire diameter affects both ON current 

and subthreshold swing. The x-axis spans diameter values from 5 nm to 20 nm. The left y-axis 

displays ION in microamperes per micron on a linear scale, while the right y-axis shows 
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minimum subthreshold swing in millivolts per decade. Two curves plot simultaneously: ION 

(blue circles connected by lines) increases monotonically with diameter, rising from 3.2 μA/μm 

at 5 nm to 11 μA/μm at 20 nm. The subthreshold swing curve (red squares) shows opposite 

behavior, degrading from 38 mV/dec at 5 nm to 58 mV/dec at 20 nm. A horizontal dashed line 

at 60 mV/dec marks the thermionic limit, with annotations indicating that all diameters below 

18 nm achieve sub-60 mV/dec performance. The optimal region around 8-12 nm diameter is 

highlighted with a shaded background, representing the sweet spot balancing reasonable ON 

current (6-9 μA/μm) with excellent subthreshold characteristics (40-45 mV/dec). Error bars 

indicate simulation variance across different bias conditions. This visualization clearly 

demonstrates the fundamental trade-off between current drive capability and switching 

steepness as nanowire diameter varies. 

The optimal diameter appears to be 8-10 nm, balancing adequate ION for practical applications 

with sub-60 mV/decade switching. This range provides ION around 7-8.5 μA/μm while 

maintaining minimum subthreshold swing below 45 mV/decade, representing an effective 

compromise for low-power digital logic applications. 

6.4 Parametric Analysis: Channel Length Effects 

Channel length variation from 20 nm to 50 nm primarily affects short-channel behavior and 

switching characteristics. The shortest 20 nm channel exhibits some drain-induced barrier 

lowering, evident in threshold voltage roll-off at higher drain voltages. The IOFF increases to 

3.1 × 10^-15 A/μm due to increased leakage paths and reduced gate control effectiveness. 

Increasing channel length to 30 nm substantially improves short-channel immunity with 

minimal IOFF increase and stable threshold voltage across drain voltage conditions. The gate-

all-around architecture proves highly effective at maintaining electrostatic control even at this 

moderate length. Further increasing to 50 nm provides marginal additional benefit regarding 

short-channel effects but reduces ION by approximately 15% due to increased channel 

resistance. 

The 30 nm channel length represents an optimal choice, providing robust short-channel 

immunity without excessive ON-state resistance. This length enables aggressive device scaling 

while maintaining the performance characteristics necessary for low-power operation. 

6.5 Parametric Analysis: Oxide Thickness Effects 

Gate oxide thickness significantly impacts both ON and OFF performance through its influence 

on gate capacitance and coupling. The 1 nm oxide provides strongest gate coupling, producing 

maximum ION of 9.8 × 10^-6 A/μm and minimum subthreshold swing of 40 mV/decade. 

Strong coupling enhances the electric field at the tunneling junction, increasing band-to-band 

tunneling probability. 

However, 1 nm oxide thickness approaches practical limits regarding gate leakage and 

reliability concerns. Gate leakage current becomes measurable, potentially compromising 

overall power benefits. Increasing oxide thickness to 2 nm reduces gate leakage to negligible 

levels while moderately degrading ION to 7.2 × 10^-6 A/μm and increasing minimum 

subthreshold swing to 46 mV/decade. 
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The 3 nm oxide substantially degrades performance with ION dropping to 4.8 × 10^-6 A/μm 

and minimum subthreshold swing increasing to 54 mV/decade. While still below the 

thermionic limit, this represents significant performance sacrifice. The optimal oxide thickness 

appears to be 1.5 nm, balancing strong gate coupling with acceptable gate leakage risk and 

manufacturing feasibility. 

6.6 Parametric Analysis: Doping Concentration Effects 

Source doping concentration critically affects tunneling current by modulating the tunneling 

barrier width and junction abruptness. Increasing source doping from 5 × 10^19 to 2 × 10^20 

cm^-3 progressively improves ION from 5.1 × 10^-6 to 1.1 × 10^-5 A/μm. Higher doping 

creates steeper band bending at the source-channel junction, reducing the effective tunneling 

distance and increasing tunneling probability. 

Channel doping also influences performance, though effects prove more subtle. Very light 

channel doping (10^16 cm^-3) provides excellent OFF-state characteristics but slightly 

degrades ION due to reduced carrier concentration in the channel. Moderate channel doping 

around 10^17 cm^-3 optimizes the trade-off between ON and OFF performance. 

Excessive channel doping above 10^18 cm^-3 degrades subthreshold characteristics and 

increases IOFF through enhanced trap-assisted tunneling and reduced gate modulation 

effectiveness. The optimal doping configuration uses heavy source doping (10^20 cm^-3) 

combined with moderate channel doping (10^17 cm^-3) to maximize ON current while 

maintaining excellent OFF-state behavior. 

Table 2: Parametric Optimization Summary 

Parameter Range Tested Optimal 

Value 

Justification 

Nanowire 

Diameter 

5-20 nm 8-10 nm Balances ION and SS 

Channel Length 20-50 nm 30 nm SCE immunity without excess 

resistance 

Oxide Thickness 1-3 nm 1.5 nm Strong coupling with acceptable 

leakage 

Source Doping 5×10^19 - 

2×10^20 

10^20 cm^-3 Maximizes tunneling probability 

Channel Doping 10^16 - 10^18 10^17 cm^-3 Optimizes ON/OFF trade-off 

 

7. DISCUSSION 

7.1 Performance Advantages for Low-Power Applications 

The simulation results demonstrate that optimized vertical nanowire TFETs offer compelling 

advantages for ultra-low power applications. The most significant benefit stems from the sub-

60 mV/decade subthreshold swing enabling operation at reduced supply voltages. 

Conventional MOSFETs require minimum supply voltages around 0.5-0.7V to maintain 

adequate ION/IOFF ratios given their 60+ mV/decade switching. The 42 mV/decade minimum 
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swing achieved by the VN-TFET enables reliable operation at supply voltages as low as 0.3-

0.4V while maintaining similar ON/OFF ratios (Kumar and Singh, 2023). 

Reduced supply voltage directly translates to quadratic reduction in dynamic power 

consumption (CV^2f). Operating at 0.4V instead of 0.7V reduces dynamic power by 

approximately 67%, providing substantial energy savings for applications dominated by 

switching activity. The ultra-low IOFF simultaneously minimizes static power, which 

dominates in standby-intensive applications like sensor nodes that spend most time in sleep 

states (Pandey et al., 2022). 

The exceptional ION/IOFF ratio exceeding 10^9 ensures robust noise margins even at reduced 

voltages. This characteristic proves critical for reliable logic operation in the presence of 

process variations and environmental fluctuations. The steep switching also enables faster 

transitions between logic states at a given supply voltage, potentially improving performance 

despite lower absolute current levels (Zhang et al., 2023). 

7.2 Trade-offs and Practical Considerations 

The lower ON current compared to high-performance MOSFETs represents the primary trade-

off. Applications requiring maximum switching speed may find the 8.5 μA/μm ION 

insufficient. However, many low-power applications prioritize energy efficiency over raw 

speed. Internet of Things sensors, wearable devices, and energy harvesting systems typically 

operate at modest frequencies where TFET current levels suffice (Ionescu and Riel, 2021). 

Ambipolar conduction suppression requires careful design attention. The vertical nanowire 

architecture naturally mitigates ambipolar effects through asymmetric source-drain 

engineering, but improper doping profiles could reintroduce problems. The simulations 

confirm that appropriate channel doping maintains unipolar behavior while preserving 

performance. 

Manufacturing challenges cannot be ignored when evaluating practical viability. Forming 

abrupt source-channel junctions with doping gradients extending over just nanometer scales 

challenges existing fabrication processes. The vertical nanowire geometry itself requires 

sophisticated etching and deposition techniques. However, recent progress in nanowire 

fabrication for gate-all-around transistors suggests these challenges may prove surmountable 

as the technology matures (Convertino et al., 2024). 

7.3 Comparison with Alternative Approaches 

Several alternative low-power transistor approaches deserve comparison. Negative capacitance 

FETs achieve sub-60 mV/decade swing through ferroelectric gate stacks that provide voltage 

amplification. While promising, NCFETs face challenges related to ferroelectric material 

integration and hysteresis behavior. TFETs offer more straightforward physics without 

requiring exotic materials (Verhulst et al., 2022). 

Nanoelectromechanical switches provide zero OFF-state leakage and steep switching but suffer 

from limited switching speed, reliability concerns, and integration challenges. TFETs maintain 

semiconductor fabrication compatibility while approaching the NEMS leakage advantage 

through ultra-low IOFF. 
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Ultra-low voltage MOSFETs optimized for subthreshold operation represent another 

alternative. These devices accept reduced ION in exchange for minimized leakage at low 

supply voltages. However, they still face the fundamental 60 mV/decade limit, whereas TFETs 

break this barrier enabling more aggressive voltage scaling (Kim and Lee, 2023). 

7.4 Application-Specific Optimization Opportunities 

Different applications may benefit from customized TFET optimization. Digital logic 

prioritizes ION/IOFF ratio and switching speed, suggesting emphasis on nanowire diameter 

and doping optimization. Analog circuits requiring high output impedance might favor longer 

channel lengths despite modest ION reduction. Sensor interfaces operating at ultra-low current 

levels could accept reduced ION in exchange for minimized leakage and improved 

subthreshold swing. 

Temperature sensing applications could exploit the TFET temperature dependence for 

integrated sensor-processor architectures. Energy harvesting systems with highly variable 

supply voltages benefit from the TFET's robust performance across voltage ranges. The 

parametric design space explored in this work enables application-specific optimization rather 

than one-size-fits-all solutions (Borrowman et al., 2024). 

7.5 Future Research Directions 

Several research directions could extend this work. Heterojunction TFETs incorporating 

materials like germanium or III-V semiconductors might substantially improve ON current 

through favorable band alignments. The vertical nanowire platform facilitates heterojunction 

integration through sequential material growth. Investigating Si/Ge or InAs/GaSb 

combinations represents a logical next step (Rahman et al., 2023). 

Circuit-level simulation integrating these device characteristics would quantify system-level 

benefits. SPICE models derived from TCAD results could evaluate TFET performance in 

actual logic gates, arithmetic circuits, and memory structures. Understanding how device-level 

advantages translate to circuit metrics like energy-delay product proves essential for practical 

assessment (Singh and Kumar, 2022). 

Process variation analysis represents another critical area. Manufacturing variations in 

nanowire diameter, doping profiles, and oxide thickness will affect device characteristics. 

Statistical simulations could identify critical dimensions requiring tight control and evaluate 

overall yield implications. This analysis would inform manufacturing development priorities 

(Thompson et al., 2023). 

8. CONCLUSION 

This research successfully designed and analyzed a vertical nanowire Tunnel FET optimized 

for low-power applications through comprehensive TCAD simulation studies. The proposed 

device architecture achieves several key performance targets that position it as a viable 

candidate for next-generation ultra-low power electronics. 

The optimized VN-TFET demonstrates a minimum subthreshold swing of 42 mV/decade, 

successfully breaking the fundamental thermionic emission limit that constrains conventional 
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MOSFET scaling. This steep switching characteristic enables operation at supply voltages 

below 0.4V while maintaining robust logic state discrimination. The OFF-state current of 1.2 

× 10^-15 A/μm represents approximately 4800× reduction compared to comparable 

MOSFETs, dramatically reducing standby power consumption critical for battery-operated and 

energy-harvesting applications. 

The device achieves ION/IOFF ratio exceeding 10^9, ensuring reliable switching behavior with 

substantial noise margins. While the ON current of 8.5 μA/μm remains lower than high-

performance MOSFETs, it proves adequate for low-power applications where energy 

efficiency takes priority over maximum speed. The parametric analysis identified optimal 

design parameters: 8-10 nm nanowire diameter, 30 nm channel length, 1.5 nm oxide thickness, 

and appropriately engineered doping profiles. 

The gate-all-around vertical nanowire architecture provides excellent electrostatic control, 

enabling aggressive device scaling while maintaining immunity to short-channel effects. The 

vertical orientation facilitates high density integration and compatibility with three-

dimensional architectures. These characteristics position the VN-TFET favorably for emerging 

applications including Internet of Things sensors, wearable electronics, and energy-efficient 

computing systems. 

The research contributes to the semiconductor device community by providing systematic 

design guidelines for vertical nanowire TFET optimization. The parametric studies reveal 

critical trade-offs between current drive capability, switching steepness, and practical 

manufacturability. These insights inform future experimental work and enable application-

specific optimization rather than generic designs. 

Moving forward, the vertical nanowire TFET technology requires continued development 

addressing practical challenges. Fabrication process development must achieve the abrupt 

doping profiles and high-quality interfaces necessary for efficient tunneling. Circuit-level 

integration studies should evaluate how device characteristics translate to system performance 

benefits. Material engineering through heterojunctions may further enhance performance, 

expanding the application space where TFETs offer compelling advantages. 

As CMOS scaling approaches fundamental limits, the semiconductor industry requires 

alternative device technologies capable of continuing the energy efficiency improvements that 

have driven electronics progress. This research demonstrates that vertical nanowire TFETs 

represent a promising path forward, offering steep subthreshold switching and ultra-low 

leakage that enable the next generation of energy-efficient nanoelectronic systems. 
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