A Strateqic Primer: Scale, Materials, and Systems

Introduction to

Nanotechnology

Engineering at the Quantum Threshold

I There is plenty of room at the bottom. — Richard P. Feynman, 1959
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Defining the Nanoscale:
A Paradigm Shift in Physics
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Macro-Scale (Classical Physics)

» Governed by gravity, mass, and * Gravity is negligible. Governed N
Newtonian mechanics. by Brownian motion and ¢ e
electromagnetic forces. \
* Continuous energy bands. * Quantum mechanics dominate. —
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The Geometric Phenomenon: Exponential Surface Area
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The Quantum Phenomenon: Confinement and Resonance

BANDGAP SPLITTING (CONFINEMENT) EXCITON & BOHR RADIUS

Exciton
Bohr Radius

Bulk | :> Quantized
Material States

Resonance allows 90nm gold to appear blue-green,
blue-green, while 30nm gold appears bright red.

The Lycurqgus Effect: Localized Surface Plasmon

Actual exciton bohr radius

1. The Exciton Bohr Radius: At the nanoscale, physical dimensions approach the natural distance between an electron and its hole.

2. Quantization: Charge carrier motion is restricted, forcing continuous energy bands to splinter into discrete, atomic-like states.
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Dimensional Taxonomy of Nanomaterials

Internal nanoscale

at nanoscale at nanoscale at nanoscale features
Shape Shape Shape Shape
Spheres / Clusters Tubes / Rods Sheets / Plates Bulk structures with
nano-pores
Examples Examples Examples Examples
Quantum Dots, Carbon Nanotubes Graphene, MoS2 N
anosponges,

Fullerenes (Buckyballs)

(CNTs), Nanowires

Hierarchical composites
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Focus on Carbon: The Miracle Element

Key Properties | Primary Applications

Allotrope (Dimension) Structure

130 GPa tensile T
. ransparent electrodes,
Graphene (2D) strength, 9/.7% optical compgsite
transparency, zero P inTarcEmant
bandgap

High aspect ratio, Targeted drug delivery,
thermal conductivity up | photovoltaic charge

Carbon Nanotubes (1D)
to 6000 W/m-K carriers

Photochemical activity, | Electron acceptors in
soluble in organic solar cells, targeted

Fullerenes / C60 (0D)
solvents nanomedicine
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2D Electronics: The Bandgap Problem (Graphene vs. MoS?2)
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Graphene

Structure: Single layer of carbon atoms.

The Limitation: Excellent conductor, but
lacks a natural bandgap. Cannot easily be
“switched off,” hampering its use in logic
transistors.

Molybdenum Disulfide (MoS?2)

Structure: Three atoms thick (Molybdenum
layer sandwiched between Sulfur).

The Solution: Possesses a natural bandgap.
|deal for creating highly flexible thin-film

transistors, NAND gates, and sub-threshold
electronics.
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Focus on Quantum Dots (OD Semiconductors)

Concept: QDs (like CdSe or PbSe) are artificial nanocrystals whose optical and electronic bandgaps are
tuned purely by changing their physical radius.

The Blue Shift: Smaller dots emit blue light (wider bandgap); larger dots emit red light (narrower bandgap).

PbSe QDs utilize Multiple Exciton Generation (MEG),
achieving >100% quantum efficiency in advanced
solar cells.

Used in high-resolution QLED displays and as highly
efficient fluorescent labels for biological imaging.
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Dimensional Architecture: Manufacturing Techniques

Top-Down Bottom-Up
Fabrication Fabrication

Process: Carving bulk Process: Engineering atoms
materials down to nanoscale and molecules to self-assemble
using high-energy processes. Into desired patterns.

Techniques: Electron Beam Techniques: Dip-Pen
Lithography, nanoscale Nanolithography, directed
imprinting, milling. self-assembly.

Use-Case: Creating rigid Use-Case: Synthesizing ‘Mega
circuits and nanostructured Libraries’ with millions of
topographies. distinct nanoparticles.
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Assembly & Actuation: MEMS to NEMS

Micro- and Nano-Electromechanical
Systems combine mechanical
components (levers, springs,
actuators) with electrical circuits on
a single chip.

Core Concept: :"

Actuation:

Using nanoscale topography to control fluids
(nanofluidics) or direct cellular behaviors

(adhesion and gene expression).

™

) Evolution:
- MEMS (Micro): Airbag

gyroscopes, micro-mirrors.

and charge.

accelerometers, smartphone

» NEMS (Nano): Ultra-sensitive
detectors of mass, displacement,
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Transformative Applications: Solving Macro-Problems
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In-Vivo (Nanomedicine) In-Silico (Nanoelectronics & Energy)

» Goal: Overcoming biological barriers (solubility, * Goal: Overcoming Moore's Law and energy
targeted delivery). constraints.

 Action: Nanoparticles navigate the body freely, Action: Employing spintronics, memristors, and
using typical uptake mechanisms like 2D materials (replacing brittle ITO with
absorptive endocytosis to deliver therapies Graphene) to push computing power and solar

directly to target tissues. cell efficiency past classical limits.
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Nanomedicine Deep Dive: Targeted Precision

Therapeutics (Drug Delivery) Diagnostics & Tissue Engineering

Liposomes and Micelles ———
encapsulate sparingly
water-soluble drugs,

preventing degradation in

the Gl tract.

Functionalized Carbon —
/

Nanotubes penetrate cell

membranes to deliver

drugs directly to tumor

cytoplasm or nuclei.

Quantum Dots serve as
highly efficient fluorescent
labels to monitor drug
biotransformation and detect
cancer markers.

Nanotopography on
biomedical implants controls
spatiotemporal release of
growth factors to direct
cellular regeneration.
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Toxicity & The Regulatory Framework

The Challenge: Nanoparticle toxicity is heavily dependent on morphology, size, and
quantum behavior, requiring new regulatory frameworks distinct from bulk chemical safety.

& Key Hazard Vector: High-Aspect-Ratio Materials

Materials like Mitsui-7 / MWCNT-7 (thick-walled carbon
' nanotubes ~5.7 pm long). Their rigid, needle-like structures
. present specific inhalation and proinflammatory lung hazards.

Predict toxicity using
Machine Learning
algorithms.

Standardized testing Integrate circular-

nomy factors befor
for regulatory approval. ‘ economy factors before
commercialization.
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Svynthesis & The Research Frontier: The Evolutionary Arc

Generation 1:
Passive Nanomaterials

Present Foundation

- Stain-proof coatings,
graphene-reinforced
concrete, UV-blocking
cosmetics.

- Function: Exploiting basic
SAVR and mechanical
strength.




