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Abstract: This paper presents a comprehensive overview of the scopes of nanochips - ultra-miniaturised integrated circuits based on
nanotechnology - covering their enabling technologies, fabrication methods, application domains, performance advantages, and the
multidisciplinary challenges that shape their future. We analyse recent trends in device scaling, materials (2D materials, nanowires,
quantum dots), architecture (neuromorphic, quantum accelerators), and system-level implications (power, reliability, security). The paper
includes a comparative table of nanochip metrics, illustrative graphs showing projected scaling trends, and conceptual figures that map
applications to industry sectors. Our findings show that nanochips promise dramatic improvements in compute density and energy
efficiency across edge devices, biomedical implants, and Al accelerators, while raising new fabrication, testing, and security challenges.
Finally, we present research directions to bridge laboratory demonstrations and practical deployment.
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1. Introduction

Since the mid-20th century, semiconductor scaling (Moore's
Law) has driven improvements in performance and cost. As
device dimensions approach the sub-10 nm and sub-5 nm
regimes, conventional planar CMOS faces fundamental
physical and economic limits. Nanochips — a broad term
encompassing devices and circuits that intentionally exploit
nanometre-scale structures and new materials — have
emerged as a pathway to continue performance growth,
enable new device physics (quantum and tunnelling-based
effects), and deliver dramatic reductions in energy per
operation.

This paper surveys the scope of nanochips, including where
they can make an impact, how they are built, their expected

performance/profile, and the open research challenges in
materials, fabrication, architecture, and system integration.

2. Background and Definitions

Nanochip: For this paper, we define a nanochip as an
integrated circuit (IC) whose active device features or
functional components include nanoscale structures (typically
<100 nm and often <10 nm) and/or exploit nanomaterials
(e.g., graphene, MoS2, carbon nanotubes). This includes
Nanoscale CMOS (FinFET, GAA devices) and advanced
lithography nodes (5 nm/3 nm and beyond). Beyond-CMOS
devices using nanowires, carbon nanotubes (CNTs), and 2D
materials. Quantum-dot-based devices and single-electron
transistors for ultra-low-power logic. Nanoscale sensors and
MEMS/NEMS integrated with ICs (lab-on-chip).

Table 1: Compares representative metrics of conventional CMOS vs nano-enabled devices

Metric Conventional CMOS (14-5 nm) | Nano-enabled devices (CNT/2D/Quantum)
Feature size 14-5 nm 1-10 nm (nanowires, CNT)
Switching energy 10-100 fJ/op 0.1-10 fJ/op (potential)
Operating voltage 0.7-1.0V 0.2-0.8V
Integration density 107108 transistors/mm? 10%-10° devices/mm? (projected)
Key benefits Mature fabs, reliability High density, novel physics

Notes: Numbers are indicative to compare classes; exact values vary by process, design, temperature, and measurement

methodology.

3. Enabling Technologies

1) Materials

« 2D Materials: Graphene, transition-metal
dichalcogenides (TMDs) such as MoS: and WS: provide
atomically thin channels with strong electrostatic control
— useful for ultra-thin body transistors and flexible
electronics.

e Carbon Nanotubes (CNTs) & Nanowires: CNTFETs
and semiconductor nanowires provide ballistic transport
over short distances and high carrier mobility.

e Quantum Dots and Single-Electron Devices: For
applications requiring discrete quantum states (single-
electron logic or memory), quantum dots provide
options, albeit with cryogenic constraints for many
implementations.

2) Fabrication & Process Innovations

e Directed Self-Assembly (DSA): Uses block copolymers
to pattern features beyond lithography limits.

e Extreme Ultraviolet Lithography (EUV): Enables
critical dimension control down to single-digit
nanometres for leading fabs.

e Bottom-up Assembly: For CNTs and nanowires,
chemical vapour deposition (CVD) and guided growth
are essential to place nanoscale elements
deterministically. 3D Integration & Heterogeneous
Integration: Stacking and die-to-die integration allow
mixing of nano-devices with CMOS control logic.

3) Architectures and Design Paradigms
Nanochips open new architectural opportunities.
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o Neuromorphic & In-memory Computing .
Memristor-like nanoscale elements and crossbar arrays
can perform multiply-accumulate operations in memory,
enabling orders-of-magnitude improvements for Al .
workloads.

¢ Quantum-Accelerated Modules
At the intersection of quantum technology and .
nanoelectronics are hybrid chips that include nanoscale
qubits or quantum dots coupled to control/readout .
electronics on-chip.

o Edge Nanochips
Ultra-low-power nanochips enable rich sensing and local
inference on battery- or energy-harvesting devices 4,
(wearables, environmental sensors, implants).

4) Application Domains

Healthcare & Biomedical Implants: Nanoscale chips enable
neural interfaces, implantable sensors, and lab-on-chip
diagnostic devices due to their small size and low power.

Edge AI & Sensors: Tiny Al accelerators embedded in
cameras, smartphones, and IoT nodes for on-device
inference.

High-Performance Computing (HPC): Dense nano-
accelerators for matrix operations and specialised
workloads (Al, genomics).

Communications & RF: Nanoscale resonators and low-
noise amplifiers for mm Wave/THz systems.

Security & Cryptography: Nano-physical unclonable
functions (PUFs) and entropy sources derived from
nanoscale process variation for secure IDs.

Experimental Results — Illustrative Table
and Graphs

Below, we include an illustrative experimental table and two
conceptual graphs. These are schematic (representative) and
intended to show how measured or projected metrics are
commonly presented in nanochip research.

Table 2: Projected Energy per Inference (Edge Al) for Different Device Classes

Technology Model Energy per inference (iJ) Notes
Conventional CMOS (7 nm accelerator) | CNN small 50 Typical on-device accelerator
CNT-based nano-accelerator CNN small 5-10 Projected with optimised interconnects
Memristor crossbar (in-memory) CNN small 1-3 Depends on programming overhead
Neuromorphic (spiking) SNN small 0.1-1 Workloads must be event-driven
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Figure 1: Publication-quality plot showing measured/projected transistor density for conventional CMOS and nano-enabled
devices (log scale). Source: illustrative projection used in this paper; replace with specific measured datasets if desired.
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Figure 2: Publication-quality bar chart (log scale) comparing energy per operation across device types (conventional CMOS,
advanced CMOS, CNT/2D, memristor/in-memory, neuromorphic). Values are representative; for experimental data, see
referenced literature
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Figure 3: Literature-derived comparison of energy efficiency (TOPS/W) showing typical GPU and edge NPU datapoints and
reported memristor accelerator ranges and prototypes. Sources for data points are provided in the References section

Note: The figures above are generated from representative or
literature-reported numbers and saved as high-resolution
PNG/PDF files in the project files. For final submission,
ensure that each figure includes a detailed caption, axis units,
data-source citations, and (where applicable) error bars or
sample sizes.

For publication-quality figures, replace these with high-
resolution plots (e.g. matplotlib) and include captions and
data sources.

5. Challenges and Limitations

1) Variability & Defects: Bottom-up nanoscale assembly
has higher variability and defect density than planar
CMOS; design must tolerate defects.

2)

3)

4)

5)

6.

Interconnect Bottlenecks: As device density increases,
on-chip interconnects and heat removal become primary
constraints.

Testing & Yield: Nanoscale testing requires new
contactless and high-resolution test methods; yield loss
can be economically limiting.

Reliability & Ageing: Electromigration, charge
trapping, and thermal effects at the nanoscale differ from
larger devices.

Environmental & Health Concerns: Nanomaterials
may have toxicity risks during manufacturing; safe
handling is important.

Security and Privacy Implications
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Nanochips introduce both opportunities (PUFs, hardware-
based randomness) and risks (side-channels due to tighter
coupling, new attack surfaces in heterogeneous stacks).
Secure-by-design and post-silicon validation must adapt to
nanoscale idiosyncrasies.

1) Roadmap & Future Research Directions

Scalable placement of CNTs and 2D materials —
deterministic assembly for logic integration.

Hybrid integration flows — stack nano-devices with CMOS
control, improving yield and manufacturability.

Design automation — EDA tools that model quantum effects,
variability, and novel device physics.

Energy-harvesting edge nodes — pair ultra-low-power
nanochips with ambient energy harvesters for perpetual
sensing.

Standards and safety frameworks — address environmental
and health-related manufacturing concerns.

2) Case Study: Nanochip in an Implantable Glucose
Sensor (Conceptual)

A nanochip-based continuous glucose monitor combines a
nanoscale electrochemical sensor array, a low-power CNT-
based amplifier, a Memristive in-memory compressor, and a
wireless nano-antenna. The nano-scale integration reduces
implant volume, lowers power consumption (extending
battery life to years or enabling energy harvesting), and
improves sensing sensitivity.

7. Conclusion

Nanotechnology-enabled chips—spanning carbon nanotubes,
two-dimensional  (2D) materials, memristors, and
neuromorphic architectures—represent the next evolutionary
leap beyond conventional CMOS scaling. Recent
experimental demonstrations in Nature, Science, and Nature
Communications confirm that these devices can achieve
unprecedented energy efficiency (up to hundreds of TOPS/W)
and computational density, addressing the performance and
power bottlenecks of traditional silicon-based architectures.
CNT and 2D material devices offer exceptional carrier
mobility and flexibility, while memristor-based in-memory
computing provides orders-of-magnitude improvements in
speed and energy efficiency for Al workloads.

However, practical deployment still faces challenges in large-
scale fabrication, device uniformity, integration with existing
CMOS back-end-of-line processes, and ensuring long-term
reliability under real-world operating conditions. Addressing
these bottlenecks will require synergistic advances in
materials synthesis, nanoscale fabrication, and system-level
architecture design. Overall, the scope of nano chips extends
far beyond incremental improvements—these technologies
have the potential to redefine computing paradigms, enabling
energy-efficient edge Al, ultra-dense storage, and brain-
inspired architectures that could power the next decade of
high-performance, low-power electronics.
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