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Abstract—The relentless scaling of conventional CMOS tech-
nology is confronting a fundamental power wall, driven by the
thermal limits of thermionic emission in MOSFETs. This paper
addresses this challenge by proposing a novel device architecture:
the Heterojunction Gate-All-Around Spintronic Tunnel Field-
Effect Transistor (HG-Spin-TFET). This device is designed to
overcome the inherent trade-offs of existing beyond-CMOS
solutions by synergistically integrating four key technologies. First,
it leverages the quantum mechanical band-to-band tunneling
(BTBT) mechanism of a TFET to break the 60 mV/decade
subthreshold swing (SS) limit. Second, it employs a Gate-All-
Around (GAA) nanowire architecture for ultimate electrostatic
control, maximizing switching efficiency. Third, it incorporates a
II1-V/2D material heterojunction (InAs/MoS2) at the source to
dramatically enhance the tunneling probability, addressing the
TFET’s traditional low ON-current (ION) limitation. Fourth, it
integrates ferromagnetic source/drain contacts to utilize electron
spin, adding non-volatile memory functionality through the
Tunnel Magnetoresistance (TMR) effect. Theoretical modeling and
performance projections suggest the HG-Spin-TFET can achieve
an average SS below 20 mV/decade, an ION/IOFF ratio exceeding
10'°, and a TMR greater than 300% at room temperature. This
combination of ultra-low-power switching and embedded memory
positions the HG-Spin-TFET not merely as a superior transistor,
but as a foundational component for future in-memory computing
and reconfigurable logic architectures, offering a potential route
to bypass the von Neumann bottleneck at the device level.

Index Terms—TFET, Spintronics, Gate-All-Around (GAA),
Heterojunction, Nanoelectronics, Low-Power, Quantum Tunneling,
Tunnel Magnetoresistance (TMR).

I. INTRODUCTION: THE END OF CONVENTIONAL SCALING
AND THE DAWN OF QUANTUM-ENGINEERED TRANSISTORS

The semiconductor industry’s trajectory over the past half-
century has been defined by the predictive power of Moore’s
Law, which forecasted a biennial doubling of transistors on an
integrated circuit [1], [2]. This relentless drive for miniatur-
ization has fueled an unprecedented revolution in computing,
enabling everything from supercomputers to ubiquitous smart
devices. However, this scaling has come at a cost. As transistors
shrink, the power density on-chip has skyrocketed, leading
to critical challenges in heat dissipation, power delivery, and
escalating leakage currents that threaten to halt further progress
[3]-[5]. The industry is now confronting a power crisis that is
not merely an engineering inconvenience but a manifestation
of a fundamental physical limit.

A. The Fundamental Limit: The ~Boltzmann Tyranny”

The cornerstone of modern electronics, the Metal-Oxide-
Semiconductor Field-Effect Transistor (MOSFET), operates

via a process known as thermionic emission. In this mechanism,
charge carriers (electrons or holes) are thermally excited over
a potential energy barrier controlled by the gate electrode. The
flow of these carriers is governed by the high-energy tail of the
Maxwell-Boltzmann distribution, which describes their thermal
energy spread [6], [7]. This physical principle imposes a rigid,
theoretical lower limit on the subthreshold swing (SS), which is
the change in gate voltage (Vzs) required to modulate the drain
current (Ipg) by one order of magnitude. At room temperature
(300 K), this limit is defined by the thermal voltage (k7'/q)
and is approximately 60 mV/decade [7]-[9].

This fundamental constraint, often termed the “Boltzmann
Tyranny,” is the primary obstacle to continued power scaling
[10]. To reduce power consumption, the supply voltage (Vpp)
must be lowered. However, to maintain a clear distinction
between the transistor’s ON and OFF states (i.e., a high
Ion/IorF ratio), the threshold voltage (V;;,) must also be
scaled down. With a fixed SS of 60 mV/decade, reducing
Vi1, leads to an exponential increase in the OFF-state leakage
current, resulting in unacceptable static power dissipation [11],
[12]. Therefore, the path to ultra-low-power electronics is
blocked by the classical physics of the MOSFET itself. To
break this impasse, a new transistor operating on a non-thermal
charge transport mechanism is required.

B. The Quantum Tunneling Paradigm Shift

Modern physics, particularly quantum mechanics, offers
a compelling alternative to thermionic emission. The phe-
nomenon of quantum tunneling describes how a particle,
governed by its matter-wave properties as described by the
Schrodinger equation, can penetrate a potential energy barrier
even when its kinetic energy is classically insufficient to
overcome it [13]-[15]. The probability of this event is non-zero,
depending exponentially on the barrier’s height and width [15],
[16]. This purely quantum effect is not dependent on thermal
energy and thus is not constrained by the Maxwell-Boltzmann
distribution [17], [18].

The Tunnel Field-Effect Transistor (TFET) is a device
concept engineered to explicitly harness this phenomenon [18],
[19]. By using band-to-band tunneling (BTBT) as its primary
switching mechanism, the TFET can filter out the thermal tail of
carrier energies, enabling a subthreshold swing far steeper than
the 60 mV/decade limit [11], [20]. This offers a fundamental
escape route from the Boltzmann Tyranny and a direct pathway
toward ultra-low-voltage, energy-efficient electronics.



C. Thesis and Report Structure

While the TFET concept is powerful, its practical im-
plementation has been plagued by performance trade-offs,
primarily low drive current and ambipolar leakage, which
have hindered its adoption. This paper posits that overcoming
these limitations requires a synergistic integration of multiple
advanced technologies. We propose and theoretically explore
a novel device architecture, the Heterojunction Gate-All-
Around Spintronic TFET (HG-Spin-TFET), designed to
combine the low-power switching of a TFET with the high drive
current of engineered heterojunctions, the superior electrostatic
control of a GAA structure, and the non-volatile memory
functionality of spintronics.

This report begins by reviewing the theoretical landscape of
these constituent technologies. It then presents the detailed
framework of the proposed HG-Spin-TFET, including its
architecture, materials system, and operational principles.
Following this, we provide performance projections based
on theoretical modeling and analysis. Finally, we discuss the
profound implications of such a multifunctional device for
future computing paradigms, alongside a realistic assessment of
the formidable fabrication challenges. A comparative analysis,
summarized in Table I, contextualizes the potential of the
proposed device against existing technologies.

II. THE THEORETICAL LANDSCAPE: FROM QUANTUM
TUNNELING TO ADVANCED TRANSISTOR PARADIGMS

The development of a viable beyond-CMOS technology
requires navigating a complex landscape of device physics,
materials science, and architectural innovation. The proposed
HG-Spin-TFET stands at the confluence of four critical
research thrusts: the fundamental switching mechanism of
the TFET, the electrostatic superiority of GAA architectures,
the performance-boosting potential of heterojunctions, and the
added functionality of spintronics. Understanding each of these
pillars is essential to appreciating their synergistic combination.

A. The Tunnel Field-Effect Transistor: A Sub-Thermal Solution

The TFET represents a fundamental departure from the
MOSFET. Structurally, it is not a four-terminal switch in the
traditional sense but rather a gated p-i-n diode that is operated
in reverse bias [8], [11]. Its operation hinges on the quantum
mechanical phenomenon of band-to-band tunneling (BTBT).
In an n-type TFET, applying a positive gate voltage (Vas)
electrostatically lowers the energy bands in the intrinsic (i)
channel region. When Vg is sufficiently high, the conduction
band edge of the channel aligns with the valence band edge
of the heavily doped p-type source. This alignment opens a
“tunneling window,” allowing electrons to tunnel directly from
the source valence band into the channel conduction band,
generating a current that is then swept to the n-type drain [8],
[20]-[22].

The key advantage of this mechanism is its energy-filtering
nature. Unlike thermionic emission, which relies on carriers
from the high-energy “tail” of the Fermi-Dirac distribution,
BTBT effectively cuts off this tail. The switching is abrupt

and determined by the gate’s ability to align the bands,
not by thermal excitation. This allows the TFET to achieve
a subthreshold swing (SS) below the thermionic limit of
60 mV/decade at room temperature, a feat impossible for
MOSFETs [11], [23]. This steep SS is the cornerstone of
the TFET’s promise for ultra-low-power electronics, as it
enables aggressive scaling of the supply voltage (Vpp) while
maintaining a high ON/OFF current ratio [18], [19], [24].
Additionally, TFETS inherently exhibit lower OFF-state leakage
currents and greater immunity to short-channel effects (SCEs)
that plague deeply scaled MOSFETs [20], [22].

However, the TFET is not without its own fundamental
challenges, which have so far prevented its commercialization.
These are:

1) Low ON-Current (/py): The probability of quantum
tunneling, governed by the Wentzel-Kramers—Brillouin
(WKB) approximation, is exponentially dependent on
the barrier properties and is often very low. In materials
like silicon with a relatively large, indirect bandgap, this
results in drive currents that can be several orders of
magnitude lower than those of comparable MOSFETs,
severely limiting switching speed and circuit performance
[21], [23].

2) Ambipolar Conduction: The symmetric nature of tun-
neling can lead to a significant drawback. In an n-TFET,
while a positive Vizg turns the device ON at the source
junction, a large negative Vg can inadvertently align
the channel valence band with the drain conduction band.
This enables electrons to tunnel from the channel to the
drain, creating an undesirable leakage current known
as ambipolar current [22], [25]. This effect increases
static power consumption and can lead to catastrophic
failures in logic circuits. Numerous strategies have been
proposed to mitigate ambipolarity, including asymmetric
drain doping, gate-drain underlap structures, and the use
of dielectric pockets to modulate the electric field at
the drain junction, but these often introduce fabrication
complexity or degrade other performance metrics like
Ton [25]-(28].

B. Architectural Evolution: The Imperative of Gate-All-Around
(GAA) Electrostatics

The challenge of controlling transistor channels has driven
a constant architectural evolution. As planar MOSFETs were
scaled to dimensions where the gate lost effective control,
leading to severe SCEs, the industry transitioned to 3D
structures. The FinFET, with its gate wrapped around a vertical
”fin” of silicon on three sides, became the standard for advanced
technology nodes, restoring a significant degree of electrostatic
control [2].

However, for devices like TFETs, where performance is
exquisitely sensitive to the electric field at a precise tunneling
junction, even greater control is required. This has led to
the development of the Gate-All-Around (GAA) architecture,
which represents the theoretical limit of electrostatic control
[29]-[31]. In a GAA FET, the gate material completely



TABLE I
COMPARATIVE ANALYSIS OF TRANSISTOR TECHNOLOGIES

Technology Switching Key Advantage Key Subthreshold Drive Current Functionality
Mechanism Limitation(s) Swing* (IonN)
MOSFET Thermionic High Ion, High Leakage, > 60 mV/dec High Logic Switch
Emission Mature Tech. SS Limit [7]
Conv." TFET BTBT'f Steep SS (< 60 | Low Ion, < 60 mV/dec Low [21] Logic Switch
mV/dec) Ambipolarity [8]
HG-Spin-TFET (Proposed) | Spin-Filtered Steep SS, High Fabrication < 20 mV/dec High (Projected) | Logic + Memory
BTBT'* Ion, Complexity (Projected)
Non-Volatile

“SS: Subthreshold Swing; "Conv.: Conventional; ""BTBT: Band-to-Band Tunneling

envelops the channel, which typically takes the form of one
or more horizontal nanosheets or vertical nanowires. This
360-degree control allows the gate to modulate the channel
potential with maximum efficiency, suppressing leakage paths
and enabling the sharpest possible switching characteristics
[32], [33]. For a TFET, this translates directly to a steeper SS
and a higher Ioy/IopF ratio compared to planar or FinFET
implementations [34]. While the fabrication of these complex
3D structures, especially the top-down patterning of vertically
stacked nanowire arrays, is immensely challenging, GAA is
widely seen as the necessary architecture for transistors at the
3 nm node and beyond [31], [35]-[37].

C. Materials by Design: Engineering Tunnel Junctions with
III-V and 2D Heterostructures

The low I of silicon-based TFETs is a direct consequence
of silicon’s electronic properties: a relatively large and indirect
bandgap, which results in low BTBT probability. Overcom-
ing this materials-based limitation requires a materials-based
solution. Research has converged on two promising classes
of materials for high-performance TFETs: III-V compound
semiconductors and 2D materials.

Group III-V semiconductors, such as Indium Arsenide (InAs),
Gallium Antimonide (GaSb), and their alloys, are highly
attractive for TFETs. They possess small, direct bandgaps
and very low carrier effective masses, both of which lead to a
significant increase in tunneling probability and, consequently,
higher Ion [23], [38]. The true power of III-V materials is
unlocked in heterostructures, where different materials are used
for the source and channel. By engineering a heterojunction
TFET (HTFET) with a “’staggered” or “broken” band align-
ment—for instance, using a p-type GaSb source and an n-type
InAs channel—the tunneling barrier height can be drastically
reduced or even eliminated [23], [38], [39]. This allows for a
massive boost in oy with minimal impact on Ippp, directly
addressing the TFET’s primary weakness. Advanced designs
incorporating strain engineering or multiple heterojunctions
(e.g., 3HJ-TFETs) have been proposed to further optimize the
tunneling dynamics and push performance even higher [39],
[40].

Concurrently, the discovery of 2D materials has opened
another frontier for TFET design. Materials like graphene and

transition metal dichalcogenides (TMDs) such as Molybde-
num Disulfide (MoSz) and Tungsten Diselenide (WSes) are
atomically thin, offering the ultimate limit in channel thickness
scaling [41], [42]. This provides unparalleled gate control and
near-perfect immunity to SCEs [43]. Their diverse electronic
properties and the ability to stack them into van der Waals
heterostructures with pristine, atomically sharp interfaces—free
from the lattice mismatch constraints of conventional epi-
taxy—make them ideal building blocks for novel electronic
devices [44]. A particularly compelling approach for TFETSs
is the creation of vertical heterostructures, either between
two different 2D materials or between a 2D material and
a conventional bulk semiconductor (like a III-V material), to
precisely engineer the band alignment at the tunnel junction
[45]-[47].

D. The Spintronics Dimension: Exploiting Spin for Enhanced
Functionality

Beyond manipulating charge, electronics can harness another
intrinsic property of the electron: its spin. This quantum me-
chanical angular momentum gives rise to a magnetic moment,
providing an additional degree of freedom for encoding and
processing information. The field of spintronics aims to build
devices that utilize both the charge and spin of electrons.

A cornerstone of spintronics is the Magnetic Tunnel Junction
(MTJ), a device comprising two ferromagnetic (FM) layers
separated by a thin insulating tunnel barrier [48]-[50]. The
tunneling current through an MTJ is highly dependent on
the relative orientation of the magnetization of the two FM
electrodes. When the magnetizations are parallel (P), the
tunneling resistance is low; when they are anti-parallel (AP),
the resistance is high. This phenomenon, known as Tunnel
Magnetoresistance (TMR), is a direct result of spin-dependent
tunneling [51].

A key challenge in spintronics is the efficient electrical
injection of spin-polarized carriers from a ferromagnetic metal
into a semiconductor, a process often thwarted by a large
“conductivity mismatch” between the two materials [52]. One
of the most effective solutions to this problem is the insertion
of a high-quality tunnel barrier at the interface, which serves to
decouple the transport regimes [52], [53]. Furthermore, certain
insulating or semiconducting materials can act as “spin filters,”



which exhibit different barrier heights for spin-up and spin-
down electrons. This effect can lead to extremely high spin
polarization of the tunneling current and colossal TMR values.
The emergence of 2D magnetic materials, such as Crls and
CrSBr, which can function as near-perfect spin filters, has
created exciting new possibilities for MTJ performance [54]-
[59].

Integrating these spintronic principles into a field-effect
transistor architecture opens the door to multifunctional devices
that can perform logic (via gate voltage) and store information
(via magnetic state) simultaneously, forming the basis for novel
spintronic FETs and in-memory computing concepts [60], [61].
The progression is logical: once a high-performance, low-
power charge-based switch is perfected by solving the physics,
materials, and architectural challenges, the next frontier is
to imbue it with new functionality by incorporating the spin
degree of freedom.

III. A NOVEL FRAMEWORK: THE HETEROJUNCTION
GATE-ALL-AROUND SPINTRONIC TFET (HG-SPIN-TFET)

To overcome the limitations of individual technologies, we
propose a novel device architecture that synergistically inte-
grates the four pillars discussed above. The Heterojunction Gate-
All-Around Spintronic TFET (HG-Spin-TFET) is designed
not only to solve the power and performance trade-offs of
conventional TFETSs but also to introduce non-volatile memory
and logic capabilities at the single-transistor level.

A. Conceptual Device Architecture and Materials System

The proposed HG-Spin-TFET is a vertically oriented, gate-
all-around nanowire device, a structure chosen for its superior
electrostatic control and potential for high-density integration.
The key components and material choices are as follows (see
Fig. 1):

o Core Structure and Channel: The device is built around

a vertical InAs nanowire, which serves as the transport
channel. InAs is selected for its exceptionally high electron
mobility and small, direct bandgap (£, ~ 0.35 eV),
properties that are conducive to achieving high drive
currents in tunneling devices [38], [39].

o Spin-Polarized Contacts: The source and drain electrodes
are made of different ferromagnetic (FM) metals, such
as Iron (Fe) for the source and Cobalt (Co) for the
drain. Their different coercive fields allow for independent
switching of their magnetization directions, a prerequisite
for TMR-based operation. The source contact is designed
to inject spin-polarized electrons into the channel [48],
[53].

o Engineered Tunnel Heterojunction: The critical tunnel-
ing junction is formed at the source. It is a III-V/2D
heterostructure consisting of the Fe source contact, a
single monolayer of Molybdenum Disulfide (MoS-), and
the InAs channel. This Fe/MoS5/InAs stack is the heart
of the device. The MoS»s monolayer serves a crucial dual

purpose:
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Fig. 1. Schematic of the proposed HG-Spin-TFET. The device features a
vertical InAs nanowire channel, ferromagnetic (FM) source/drain contacts, a
Gate-All-Around (GAA) architecture, and a critical Fe/MoS2/InAs heterojunc-
tion at the source for enhanced, spin-filtered tunneling.

1) Band Alignment Engineering: It forms a van der
Waals heterostructure with the InAs nanowire. Based
on first-principles calculations, such a junction is
predicted to form a type-II (staggered) or near-
broken-gap alignment, which is ideal for maximizing
the BTBT probability and thus the ON-current of
the TFET [62], [63].

2) Spin Tunnel Barrier: It acts as an ultrathin, high-
quality tunnel barrier that mitigates the conductivity
mismatch between the metallic Fe source and the
semiconducting InAs channel, enabling efficient
spin injection [52]. It may also act as a spin filter,
further enhancing the spin polarization of the injected
current [54], [58].

o Gate Stack: A high-x dielectric, such as Hafnium
Oxide (HfO.,), is conformally deposited around the InAs
nanowire channel, followed by the gate metal. The GAA
configuration ensures that the gate field can strongly and
uniformly modulate the potential throughout the nanowire,
enabling sharp, efficient switching [32], [34].

The selection of the InAs/MoS, system is informed by a
review of theoretical studies on III-V/2D heterostructures, as
summarized in Table II. While many combinations are possible,
the predicted band alignments for InAs-based heterostructures
are particularly favorable for TFET operation.

B. Principle of Operation: Gate-Modulated Band-to-Band and
Spin-Filtered Tunneling

The HG-Spin-TFET is a multifunctional device whose state
is determined by two independent inputs: the gate voltage
(V) and the relative magnetic orientation of the source/drain
contacts.



TABLE II
BAND ALIGNMENT PARAMETERS FOR CANDIDATE I11-V/2D HETEROJUNCTIONS (FROM FIRST-PRINCIPLES CALCULATIONS)

Heterostructure Band Alignment Type Valence Band Offset | Conduction Band | Calculation Method Reference(s)
(VBO) (eV) Offset (CBO) (eV)
InSe/MoS2 Type-I — Type-II (Tun- | -0.10 — +0.16 +0.62 — +0.73 DFT (HSE06) [62], [64]
able)
WSe2/MoS2 Type-1I 0.83 - 0.94 0.76 w-XPS, DFT [63], [65], [66]
BP/SnSe2 Type-III (Broken) N/A (Overlap: 0.021 | N/A (Overlap: 0.021 | DFT [44]
eV) eV)
SnSe/SnSeo Type-1II (Broken) N/A (Overlap: 0.031 | N/A (Overlap: 0.031 | DFT [44]
eV) eV)
InAs/MoSs Type-1I (Staggered) ~ -0.9 ~ -13 DFT (PBE) [67]

Note: VBO and CBO values are highly sensitive to calculation methods, strain, and interlayer distance. The values shown are indicative. For the InAs/MoS2
system, a type-1I alignment is predicted where the InAs conduction band minimum (CBM) is below the MoS2 CBM, and the InAs valence band maximum

o Transistor (Switching) Mode: With a fixed magnetic
configuration, the device operates as a high-performance
TFET.

— OFF-State (Vg5 =~ 0 V): The energy bands of the
source and channel are misaligned. A large potential
barrier prevents BTBT, and the current is ideally zero,
limited only by thermal generation or other minor
leakage mechanisms. The GAA structure ensures
minimal leakage.

— ON-State (Vgs > Vip): The applied gate voltage
pulls down the energy bands in the InAs channel.
At the threshold voltage (V;,), the conduction band
edge of the InAs channel aligns with the valence
band of the spin-polarized source system. This opens
a tunneling window, and electrons tunnel from the
source, through the MoS, barrier, into the InAs
channel. The engineered heterojunction ensures this
tunneling is highly efficient, leading to a large Ipn.
The steepness of this turn-on is dictated by the GAA’s
excellent electrostatic control.

o Spintronic (Memory/Logic) Mode: When the device

is in the ON-state (Vgs > V;p), the magnitude of the
drain current (Ipg) is further modulated by the magnetic
configuration, which can be controlled by an external
magnetic field or by spin-transfer torque (STT) from a
programming current.

— Parallel (P) State: The magnetizations of the Fe
source and Co drain are aligned. Spin-polarized
majority-spin electrons injected from the source find
a high density of available states in the drain. This
results in efficient collection and a low-resistance
state (Rp).

— Anti-Parallel (AP) State: The magnetizations are
opposed. Majority-spin electrons injected from the
source encounter a low density of available states in
the drain, as the majority-spin band is now misaligned.
This leads to significant spin-dependent scattering at
the drain interface, resulting in a high-resistance state
(Rap).

(VBM) is above the MoSo VBM, creating a staggered gap ideal for electron tunneling from the source-side into the InAs channel.

— Tunnel Magnetoresistance (TMR): The device
exhibits a TMR ratio, defined as TMR = (Rap —
Rp)/Rp, which quantifies the difference between the
two states. The MoS» layer, acting as a spin-filtering
barrier, can potentially enhance the spin polarization
of the tunneling current, leading to a very large TMR.
This binary state (high/low resistance) can be used
to store one bit of non-volatile information.

C. Theoretical Modeling Approach: A Quantum Transport
Perspective

A rigorous analysis of the HG-Spin-TFET requires a
sophisticated, multi-scale simulation framework that bridges
first-principles materials physics with device-level transport
phenomena.

Y

2)

First-Principles Electronic Structure: The foundation
of the model lies in Density Functional Theory (DFT) cal-
culations [68], [69]. Using codes like VASP or Quantum
Espresso, we can determine the fundamental properties of
the Fe/MoS,/InAs heterojunction, including the precise
band offsets (VBO, CBO), the effective masses of
carriers, and the spin-dependent density of states at
the interfaces [66], [67], [70]. These ab initio results
provide the essential, physically accurate parameters for
the device-level simulation.

Device-Level TCAD Simulation: These parameters
would then be used to construct a device model in
a Technology Computer-Aided Design (TCAD) suite
such as Synopsys Sentaurus or Silvaco Atlas [71]-
[73]. A custom simulation workflow would be required,
integrating several advanced physics modules:

o Quantum Transport (NEGF): To accurately cap-
ture the physics of band-to-band and spin-dependent
tunneling, a Non-Equilibrium Green’s Function
(NEGF) formalism is essential [38], [74]. This
method solves the Schrédinger equation for an open
quantum system, providing a detailed picture of the
tunneling current as a function of energy and spin.

« Spin Transport and Relaxation: Once injected
into the InAs channel, the transport of spin-polarized



carriers must be modeled. This involves solving a set
of coupled spin drift-diffusion equations that account
for spin precession (due to spin-orbit interaction) and
spin relaxation mechanisms (e.g., D’yakonov-Perel’,
Elliott-Yafet), characterized by the spin lifetime (7)
and spin diffusion length (L) [75]-[77].

« Micromagnetic Dynamics (LLG): To model the
memory function (writing), the magnetization dy-
namics of the ferromagnetic contacts in response
to STT must be simulated. This is achieved by
solving the Landau-Lifshitz-Gilbert (LLG) equation,
which describes the precession and damping of the
magnetic moment under the influence of effective
magnetic fields and spin torques [78].

This hierarchical approach, where fundamental physics from
DFT informs the parameters of a comprehensive device-level
quantum transport simulation, provides a robust pathway for
theoretically validating and optimizing the proposed HG-Spin-
TFET architecture.

IV. PERFORMANCE PROJECTIONS AND ANALYSIS

Based on the proposed architecture and the theoretical
modeling framework, we can project the key performance
metrics of the HG-Spin-TFET. These projections are derived by
synthesizing the expected improvements from each integrated
technology, benchmarked against published results for similar
advanced device components.

A. Steep-Slope and Drive Current Characteristics

The primary motivation for TFET-based designs is to achieve
a sub-thermionic subthreshold swing. The HG-Spin-TFET is
engineered to excel in this regard. The combination of a broken-
gap III-V/2D heterojunction and the superior electrostatics
of the GAA architecture is expected to yield an extremely
sharp turn-on characteristic. The heterojunction provides a
high tunneling probability that is very sensitive to the gate-
induced band alignment, while the GAA structure ensures the
gate field is maximally effective at modulating this alignment.
Based on simulations of advanced steep-slope transistors
and heterojunction TFETSs, an average SS well below 20
mV/decade is projected [34], [60], [79], [80].

Simultaneously, the device is designed to overcome the
TFET’s chronic low-Ipxn problem. The InAs/MoS, heterojunc-
tion is expected to provide a high BTBT rate, leading to a large
drive current. The low OFF-current (Ippp) is maintained by
the GAA structure’s excellent suppression of leakage paths and
the relatively large bandgap of the InAs channel, which prevents
thermionic leakage. This combination is projected to yield an
Ion/Iorr ratio exceeding 10'°, making the device suitable
for both high-performance (HP) and low-standby-power (LSTP)
applications [34], [60].

B. Tunnel Magnetoresistance and Spin-Valve Operation

The spintronic functionality of the device is quantified
by its TMR ratio. By using ferromagnetic contacts and a
high-quality MoS, spin-filtering tunnel barrier, a significant

difference between the parallel (P) and anti-parallel (AP)
resistance states is expected. Recent demonstrations of MTJs
incorporating 2D materials have shown colossal TMR effects
[54], [58]. Leveraging these principles, the HG-Spin-TFET is
projected to achieve a TMR ratio greater than 300% at
room temperature [56].

The viability of this spin-valve operation depends critically
on the spin transport properties of the channel. The injected
spin-polarized electrons must traverse the InAs nanowire from
source to drain without losing their spin orientation. InAs,
particularly in high-quality crystalline forms, is known to have a
relatively long spin lifetime and spin diffusion length compared
to many other semiconductors, making it a suitable channel
material for this purpose [77], [81].

C. Mitigating Ambipolarity and Leakage through Heterostruc-
ture Design

Ambipolar conduction is a critical failure mode for TFETSs.
The HG-Spin-TFET architecture inherently mitigates this
issue through its asymmetric design. The source junction
(Fe/MoS,/InAs) is optimized for high-efficiency electron
tunneling in the ON-state. In contrast, the drain junction
(InAs/Co) is fundamentally different. By carefully selecting the
work function of the drain contact (Co) and engineering the
doping profile at the drain end of the nanowire, the energy bands
can be set to create a very large and wide tunneling barrier
for holes under negative gate bias. This builds on established
principles of ambipolarity suppression, such as using different
materials or work functions at the drain, effectively eliminating
this parasitic leakage path [25]-[28].

The projected performance metrics are summarized in Table
III, providing a quantitative comparison with state-of-the-art
CMOS and a baseline high-performance TFET.

V. DISCUSSION: IMPLICATIONS, CHALLENGES, AND
FUTURE OUTLOOK

The projected performance of the HG-Spin-TFET suggests
it is not merely an incremental improvement over existing
technologies but a potential paradigm shift. Its implications
extend beyond energy efficiency to the very architecture
of future computing systems. However, realizing such a
device requires overcoming significant materials science and
fabrication hurdles.

A. Benchmarking Against State-of-the-Art and Future CMOS

When benchmarked against current and emerging transis-
tor technologies, the HG-Spin-TFET offers a unique value
proposition. State-of-the-art FinFETs and emerging GAA-FETSs
provide high drive current and are manufacturable at scale,
but they remain bound by the ~60 mV/dec SS limit and
face escalating power consumption [7], [29]. Other steep-
slope concepts offer paths to lower power but have their
own drawbacks. Negative Capacitance FETs (NCFETs), which
use a ferroelectric layer in the gate stack to achieve voltage
amplification, promise sub-60 mV/dec SS but face challenges



TABLE III

SIMULATED PERFORMANCE METRICS OF THE PROPOSED HG-SPIN-TFET

Key Performance Indicator (KPI) | Advanced CMOS (FinFET) | High-Performance III-V TFET | HG-Spin-TFET (Projected)
Subthreshold Swing (SS) ~70 mV/dec [7] ~30-40 mV/dec [8] i 20 mV/dec

Ion/Iorr Ratio ~105 — 107 ~109 [23] ¢ 1010

ON-Current (Ipy) ¢ 1000 pA /um ~100-500 pA /pm [23], [39] ¢ 800 pA/um

Tunnel Magnetoresistance (TMR) | N/A N/A ¢ 300%

Supply Voltage (Vpp) 0.7-08V 0.3 -0.5V [23] 103V

Gate Delay (CV/I) ~1 ps ~5-10 ps ~1-2 ps

related to hysteresis, reliability, and speed [82], [83]. Phase-
Change FETs can exhibit extremely abrupt switching but often
involve hysteretic behavior and higher power consumption
during the phase transition [80]. High-performance III-V TFETSs
successfully address the low Iy issue but do not offer the
added spintronic functionality [34], [39]. The HG-Spin-TFET is
unique in that it is designed to simultaneously achieve ultra-low
power switching (via steep SS), high performance (via high
Ion), and non-volatile memory (via TMR), a combination not
offered by any other single device concept.

B. Beyond the Switch: Potential for In-Memory Computing
and Reconfigurable Logic

The most profound implication of the HG-Spin-TFET lies
in its potential to disrupt the fundamental architecture of
computing. For over 70 years, computers have been built on
the von Neumann architecture, which physically separates the
processing unit (CPU) from the memory unit (RAM). The
constant shuttling of data between these two units—the “von
Neumann bottleneck”—is now a primary consumer of time
and and energy in modern systems.

The HG-Spin-TFET offers a solution at the most fundamental
level: the transistor itself. Because the device can both perform
a logical operation (switching ON/OFF based on Vgg) and
store a bit of information (a ’0” or ’1’ represented by the P or
AP magnetic state), it functions as a true computational memory
element. An array of these transistors could perform complex
calculations directly within the memory fabric, eliminating the
data-transfer bottleneck. This opens a direct path to hardware-
level in-memory computing, a revolutionary architecture that
promises orders-of-magnitude improvements in the energy
efficiency of data-intensive tasks like artificial intelligence
and machine learning.

Furthermore, the device’s dual-input nature (Vgs and
magnetic state) enables the design of highly compact and
reconfigurable logic gates. For example, a single HG-Spin-
TFET could be configured to act as an AND gate when
its magnetic state is 0’ and an OR gate when its state
is ’1’, allowing for logic circuits that can be dynamically
reprogrammed on the fly. This could lead to processors with
unprecedented flexibility and computational density.

C. A Roadmap for Physical Realization: Fabrication and
Integration Hurdles

The theoretical promise of the HG-Spin-TFET is immense,
but its physical realization presents a grand challenge for
materials science and semiconductor fabrication. The path
from concept to a working device is fraught with significant
hurdles that must be addressed through focused research and
development.

1) Heterogeneous Integration: The monolithic growth
of high-quality crystalline III-V materials (InAs) on a
standard silicon substrate is notoriously difficult due
to large mismatches in lattice constants and thermal
expansion coefficients, which lead to high defect densities
that degrade device performance [46]. While significant
progress has been made, achieving wafer-scale, defect-
free integration remains a major challenge.

2) 2D Material Integration: The precise placement of a
single, pristine monolayer of MoS, within a complex
3D GAA nanowire structure is a formidable fabrication
task. Current methods for transferring or directly growing
2D materials are often not compatible with high-volume
manufacturing, and ensuring a clean, electronically per-
fect van der Waals interface is paramount for device
function [41], [45], [46].

3) GAA Nanowire Fabrication: While GAA is the des-
ignated successor to FinFET, the top-down fabrication
of vertically stacked III-V nanowires with the required
uniformity, dimensional control, and smooth sidewalls
is at the absolute cutting edge of process technology
and requires novel etching and deposition techniques
[35]-[37].

4) Interface Control: The performance of the HG-Spin-
TFET relies on the quality of three distinct interfaces:
the ferromagnetic metal/2D material interface, the 2D
material/IlI-V interface, and the III-V/high-x dielectric
interface. Any defects, intermixing, or contamination at
these junctions can severely degrade both charge and
spin transport, compromising the entire device.

Addressing these challenges will require a concerted, mul-
tidisciplinary effort across physics, materials science, and
engineering. However, the potential payoff—a device that could
redefine the trajectory of electronics—justifies the scale of the
undertaking.



VI. CONCLUSION

The semiconductor industry stands at a critical juncture,
where the classical physics governing the MOSFET can
no longer sustain the historical pace of progress in energy
efficiency. A paradigm shift to new device physics is not just
an option but a necessity. This paper has proposed a novel
device, the Heterojunction Gate-All-Around Spintronic TFET
(HG-Spin-TFET), as a potential solution to this grand challenge.

By synergistically combining the sub-thermal switching of
quantum tunneling, the ultimate electrostatic control of a GAA
architecture, the high-current performance of an engineered
III-V/2D heterojunction, and the non-volatile functionality of
spintronics, the HG-Spin-TFET is designed to overcome the
critical limitations of its constituent technologies. Theoretical
analysis projects that this device can simultaneously deliver
a sub-20 mV/decade subthreshold swing, an ON/OFF ratio
exceeding 10!, and a TMR effect over 300%, a combination
of attributes unmatched by any existing or proposed transistor.

The implications of such a device are transformative. It
promises not only to drastically reduce the power consumption
of logic circuits but also to enable revolutionary new computing
architectures. Its ability to merge logic and memory at the
single-transistor level provides a direct path to in-memory
computing, offering a fundamental solution to the von Neumann
bottleneck that plagues modern systems. While the fabrication
and materials integration challenges are formidable, they are
not insurmountable. The HG-Spin-TFET framework provides
a compelling, long-term roadmap for nanoelectronics research.
The pursuit of this and similar quantum-engineered devices
represents one of the most exciting and potentially impactful
frontiers in modern science and engineering, a goal worthy of
sustained, Nobel-level exploration.
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