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Abstract: The ongoing pursuit of miniaturization in computing is pushing the limits of conventional materials.

Nanoparticles, ranging from 1 to 100 nanometres, offer a viable path forward. This paper reviews their application

in memory systems, transistor architecture, thermal management, display technologies, and quantum computing.

Exploiting the distinctive electrical, thermal, optical, and magnetic characteristics of nanoparticles can enhance

computing systems making them faster, more energy efficient and more scalable. The paper also addresses the

current obstacles and proposes directions for future research.
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1.

Introduction: As transistors approach atomic dimensions, traditional silicon-based technologies face growing
performance and manufacturing challenges [1]. Nanoparticles provide a promising alternative due to their
superior electrical mobility, thermal conductivity, and mechanical flexibility [2]. This paper surveys the primary

types of nanoparticles and examines their contributions to next-generation computing systems.

2. Classification of Nanoparticles

Several nanoparticle classes are integral to modern computing applications:

1.

Carbon Nanotubes (CNTs): Cylindrical carbon allotropes with exceptional electrical and thermal conductivity
[3], [2].

Graphene: A single layer of carbon atoms offering high electron mobility and thermal conductivity [4].
Quantum Dots (QDs): Semiconductor nanocrystals with discrete energy levels for display and memory
technologies [5].

Metallic Nanoparticles: Silver, gold, and copper used in interconnects and plasmonic applications [6].

Magnetic Nanoparticles: Iron oxide and cobalt nanoparticles for MRAM and spintronics [7].
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Table 1. Nanoparticle Properties and Applications

Nanoparticle Size Electrical Thermal .
.. .. Notable Applications
Type (nm) | Conductivity | Conductivity
Carb
N:loizbes 1-2 High Very High | Transistors, Interconnects
Quantum Dots 2-10 Moderate Low Displays, Multi-bit Memory
Silver 10— Stretchable Conductors
Very High High ’
Nanoparticles 100 e & Thermal Interfaces
M ti
aghe 1c' 10-50 Low Moderate MRAM, Spintronics
Nanoparticles
) . Flexible Electronics, High-
Graph ~0.3 Very High Very High . ’
rapiene ety Hig K. Speed Devices

3. Computing Applications

3.1 Nanoscale Transistor Design: Nanoscale transistors are essential for continuing Moore’s Law as silicon-based
devices reach their physical limits. Carbon Nanotubes (CNTs) and graphene are prime candidates due to their superior
electron mobility and low power requirements. CNT transistors can operate efficiently at scales below 5 nanometres,
outperforming traditional CMOS technology [2, 8]. Graphene-based FETs enable faster switching speeds and better
performance at lower voltages. These materials exhibit steep subthreshold slopes (as low as 40 mV/decade), enabling
more efficient switching than silicon (~60 mV/decade). Nanoscale transistors made from CNTs also offer higher
based nanomaterials helps reduce overheating in densely packed circuits. Low-temperature fabrication techniques
allow for 3D stacking, which enhances transistor density and performance. Despite promising results, CNT current
density, improving signal strength in compact designs. The thermal conductivity of carbon- transistor fabrication still
faces challenges in purity, alignment, and large-scale integration. Ongoing research aims to achieve CMOS-
compatible manufacturing to bridge the gap between laboratory prototypes and industrial deployment [1, 8].

Table 2. Performance Comparison of CNT Transistors & Silicon Transistors

Feature CNT Transistors Silicon Transistors

Up to 5x faster or 5x lower

Speed & Efficiency Nearing limits at sub-5 nm nodes
energy use
Current Density ~1.9% greater current capacity | Limited by short-channel leakage
o 1 Subthreshold slope| Physical threshold near
Switching Behaviour ~40 mV/decade 60 mV/decade

. .. | Excellent heat dissipation via| Lower conduction leading to heat
Thermal Conductivity .
carbon buildup

. Low-temperature fabrication| High-temperature steps complicate
3D Integration P g P P P

enables stacking 3D integration
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Table 3. Manufacturing & Scalability of CNT Transistors & Silicon Transistors.

Factor CNT Transistors Silicon Transistors
Pri ily at h tot . .
Maturity Str;;nearl y ab Tesearch of PIOOLPE! potablished mass manufacturing
. . Purification and alignment are| Refined, standardized fabrication
Purity & Alignment .
major challenges processes
. . . . Economies of scale have lowered
Cost & Yield High cost, limited yield at scale costs
CMOS CMOS integration demonstrated at| Fully compatible with existing
Compatibility lab scale infrastructure

3.2 Memory Systems: Nanoparticles are integrated into emerging memory devices:

1. MRAM: Uses magnetic nanoparticles to store data via spin states [7].

2. ReRAM: Employs resistive switching via metal-oxide nanoparticles [9].

3. PCM: Utilizes phase-change materials like GST (Ge:Sb:Tes) nanoparticles [10].

4. Quantum Dot Memory: Offers high-density storage using energy level tuning [5].

3.3 Thermal Management: Graphene and metallic nanoparticles (e.g., silver, copper) enhance thermal interface

materials by improving heat dissipation and stability [4], [11].

3.4 Display Technologies: Quantum dots (QDs) are semiconductor nanoparticles that emit specific wavelengths of
light based on their size, enabling high color precision in displays. QDs are widely used in Quantum Dot LED
(QLED) displays, offering better brightness, color gamut, and energy efficiency than traditional LCDs. The
narrow spectral emission of QDs improves color saturation, enhancing image quality in televisions, monitors,
and mobile screens. Nanoparticles like nanophosphors are used in display backlights for more vivid and stable
color reproduction. Compared to OLEDs, QD-based displays provide longer lifespans and better performance in
bright environments. Low power consumption of QD displays extends battery life in portable electronics such
as smartphones and laptops. Nanoparticles enable flexible and transparent displays, paving the way for foldable
screens and wearable devices [5].

3.5 Interconnects: CNTs and metallic nanoparticles improve electrical performance at the nanoscale, solving
electromigration issues seen in copper interconnects [6], [8].

3.6 Quantum Computing: Nanoparticles are integral to quantum hardware:

1. Quantum Dots: Act as qubits using confined electrons [12].

2. Silicon Quantum Dots: Offer CMOS-compatible qubit design [13].

3. Superconducting Nanoparticles: Form the basis of some commercial qubit processors [14].

4. Advantages of Nanoparticles

1. Miniaturization: Components below 10 nm.

2. Low Power Usage: Due to high electron mobility.

3. High Speed: Enhances switching and data transfer.

4. Thermal Performance: Supports effective cooling.
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Flexibility & Scalability: For wearable and foldable devices.

. Challenges and Mitigations

Toxicity: Some QDs (e.g., cadmium-based) raise health and ecological concerns [15].
Fabrication Consistency: Ensuring purity and uniformity remains difficult [1], [2].
Integration Issues: Hybrid interfaces between nanoparticles and CMOS are still under development [8].

Stability: Nanoparticles can aggregate or degrade; surface coatings help resolve this [16].

. Future Directions

Neuromorphic Computing: Nanoparticles used in artificial synapses for Al hardware [17].
Flexible Electronics: Inks and thin films for foldable or wearable systems [18].

3D Architectures: Layered nanoparticle circuitry to overcome Moore’s Law limits [19].
Self-Assembly: Chemical programming of nanoparticles into functional logic circuits [20].

Brain—Computer Interfaces: Biocompatible nanoparticles to interact directly with neural systems [21].

. Conclusion: Nanoparticles are revolutionizing computer architecture by overcoming key limitations in size,

speed, and energy consumption. Their influence extends across processing, memory, displays, and quantum

computing. However, challenges related to mass production, toxicity, and integration must be resolved to unlock

their full potential. Continued interdisciplinary research is vital for the advancement of nanoparticle-based

computing.
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