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Abstract 

This paper explores harnessing quantum effects (confinement, superposition, entanglement, tunnelling, and topological 

protection) to advance next-generation nanoscale devices and materials. These phenomena enable unprecedented properties in 

quantum dots, two-dimensional (2D) structures such as graphene and transition metal dichalcogenides (TMDs), and topological 

insulators, driving breakthroughs in quantum computing, energy harvesting, ultra-sensitive sensing, and biomedical 

applications. Key challenges, including quantum decoherence, scalability barriers, synthesis limitations, and regulatory gaps, 

are identified, while opportunities through AI-driven design, hybrid classical-quantum architectures, and green nanotechnology 

are highlighted. As a literature synthesis rather than an original experimental study, this review draws its quantitative findings 

directly from the cited primary sources; no new datasets or experiments were generated. This review concludes that 

interdisciplinary collaboration will be needed to unlock the full potential of quantum nanotechnology, delivering innovations 

in sustainable energy, healthcare, and computation by 2030. 
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1. Introduction 

Nanotechnology manipulates matter between 1 and 100 nm, 

a regime in which quantum mechanics supplants classical 

physics. Wave-particle duality, probabilistic outcomes, and 

nonlocal interactions govern this regime, making quantum 

effects such as superposition, entanglement, and tunnelling a 

pivotal driver of innovation [1–2]. Superposition enables 

electrons to occupy multiple energy levels concurrently, 

producing tunable band gaps in quantum-dot semiconductors 

and boosting solar-cell efficiencies beyond classical limits. 

Entanglement facilitates nonlocal correlations exploited in 

quantum communication, with room-temperature 

demonstrations opening avenues for scalable quantum 

networks [3]. Tunnelling permits electrons to traverse 

insulating barriers in tunnel junctions, enabling ultra-low-

power resonant-tunnelling diodes [4]. 

The shift from classical to quantum nanoscale systems is 

vividly illustrated by nanoscale MOSFETs (metal-oxide-

semiconductor field-effect transistors), where tunnelling-

induced leakage currents cap miniaturisation under Moore's 

Law [5]. Tracing back historically to early-twentieth-century 

quantum mechanics and accelerating with the 1980s scanning 

tunnelling microscope [6], this evolution today yields 

graphene's relativistic Dirac fermions and topological-

insulator surface states. Akanbi et al. [7] underscore the 

interdisciplinary nature of this field, spanning physics, 

materials science, chemistry, and engineering, as essential for 

tackling decoherence and scalability. Quantum 

nanotechnology further addresses sustainability: quantum-

enhanced simulations optimise perovskite photovoltaics, 

sensors enable precise pollutant detection, and topological 

insulators promise lossless power transmission aligned with 

the UN Sustainable Development Goals [1–2]. This paper 

delineates the core challenges and opportunities across 

computing, energy, and sensing applications. 

1.1 Review Methodology and Scope 

This review synthesise peer-reviewed journal articles, 

together with a small number of preprints and 

institutional/press reports, published primarily between 2020 

and 2026, covering quantum confinement, entanglement, 

tunnelling, and topological phenomena in nanoscale systems. 

Sources were prioritised for peer-reviewed status where 

available; preprint and institutional sources are identified 

explicitly in the reference list. As this is a literature synthesis 

rather than an original experimental study, no new datasets, 

hyperparameters, or hardware configurations were generated 

for this work; efficiencies, coherence times, and other 

quantitative figures cited throughout are drawn directly from 

the cited primary sources rather than independently 

reproduced or benchmarked by the authors. Readers seeking 

dataset-level reproducibility for a specific reported result 

should consult the corresponding primary source cited at that 

point in the text. 

2. Fundamental Quantum Effects in Nanoscale 

Systems 

2.1 Quantum Confinement and Size Effects 

Quantum confinement, which arises when dimensions 

approach the exciton Bohr radius, discretises energy levels 

and widens band gaps in a size-dependent manner. In zero-

dimensional quantum dots (QDs), electrons confined in all 
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three dimensions form discrete states akin to artificial atoms. 

The particle-in-a-box model gives confinement energy E ∝ 

1/L²: reducing CdSe QD diameter from 6 nm to 2 nm shifts 

the bandgap from ~1.8 eV to ~2.7 eV, enabling colour-

tunable photoluminescence for displays and bioimaging [1]. 

In 2D materials such as graphene nanoribbons, van Hove 

singularities boost conductivity and catalytic activity. Core-

shell QD architectures modulate exciton binding energy by 

up to 50%, and confined exciton's in MoS₂ TMDs underpin 

valleytronics for information storage [2,7]. 

2.2 Superposition, Entanglement, Tunnelling, and 

Topological Phenomena 

Superposition allows cubits to exist in linear combinations of 

basis states, enabling parallel computation; entanglement 

creates non-local particle correlations that violate Bell 

inequalities [8]. Room-temperature entanglement in 

nanophotonic diamond cavities with silicon-vacancy centres 

now supports high-fidelity quantum network links, and 

individual-molecule entanglement via optical tweezers 

preserves coherence for seconds [3]. Multiple exciton 

generation via superposition in QDs boosts solar-cell 

efficiency beyond 30% [1]. 

Quantum tunnelling, governed by the WKB approximation, 

drives resonant-tunnelling diodes and single-electron 

transistors through Coulomb blockade. Recent work in 

superconducting circuits has demonstrated macroscopic 

tunnelling and coherence preservation with millisecond 

coherence times [5]. Topological quantum phenomena, 

protected by time-reversal symmetry, yield robust edge states 

immune to defects: topological insulators exhibit 

dissipationless surface transport via spin-momentum locking, 

while topological superconductors host Majorana zero modes 

for fault-tolerant qubits [2,7]. 

3. Quantum Materials for Nanoscale Devices 

3.1 Quantum Dots and Nanoparticles 

QDs synthesised via hot-injection or biomass-based green 

methods exhibit photoluminescence quantum yields above 

90% (perovskites) and tunable band gaps of 1–3 eV. 

Perovskite QDs with core-shell stabilisation advance 

photocatalysis and bioimaging [9,17]. Carbon QDs enable 

real-time corrosion monitoring with low toxicity, and QD-

infused nanocomposites achieve sub-U/mL cancer-marker 

sensitivity through signal amplification [7]. 

 
Fig. 1. Multifunctional quantum dot probes—synthesis, properties, 

and nanoscale-device applications [2]. 

3.2 Two-Dimensional Materials, Topological Insulators, 

and Hybrid Nanostructures 

Graphene's 200,000 cm²/V·s electron mobility and TMDs' 

direct bandgap (1–2 eV) support flexible electronics and 

photodetectors synthesised via chemical vapour deposition 

(CVD) or mechanical exfoliation [1]. Chiral-chain and Janus 

TMD structures improve air stability; graphene-TMD 

hybrids achieve 120 kPa pressure detection in wearable 

sensors; MXenes enable energy storage and neuromorphic 

computing [2]. 

 
Fig. 2. 2D nanomaterials—graphene and TMDs—and their 

integration into nanoelectronics [2,7]. 

Topological insulators such as Bi₂Se₃, grown via molecular 

beam epitaxy, exhibit dissipationless edge currents; TI-
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superconductor hybrids show Majorana fermions and 

superconducting-qubit coherence times above 0.3 ms [2]. 

Hybrid QD-graphene nanostructures enhance charge 

separation for ultrafast gas sensing and IR-to-THz 

photodetection, while diamond colour centres integrated with 

nanophotonics advance room-temperature quantum sensing 

[7]. 

4. Applications in Next-Generation Devices 

4.1 Quantum Computing and Information Processing 

Quantum computing exploits superposition and 

entanglement for problems that are intractable classically. 

Topological qubits using Majorana zero modes in nanowires 

achieve logical qubit fidelities above 99% via Josephson-

junction error correction [2]. Reported quantum-processing 

demonstrations model molecular interactions substantially 

faster than classical supercomputers for drug discovery, and 

silicon spin qubits have demonstrated entanglement 

distribution over 10 km for secure networks [3,8]. Chen et al. 

[10] highlight hybrid classical-quantum workflows as 

essential for optimisation in logistics and finance. 

4.2 Energy Harvesting and Storage 

Multiple exciton generation in QDs exceeds the Shockley–

Queisser efficiency limit: perovskite QDs reached 18.1% 

efficiency in 2024, and tandem QD-silicon cells report 

efficiencies around 34% via quantum-enhanced light 

management [11–12]. Quantum batteries exploiting 

entanglement for super-extensive charging are reported to 

reach near-perfect efficiency with dissipationless energy 

transfer [13], with lifetimes extended by aligned energy-level 

engineering; grid-scale systems are projected at 66% 

efficiency by 2030 [14]. 

4.3 Sensing, Imaging, and Biomedical/Environmental 

Applications 

Nitrogen-vacancy centres in nanodiamonds detect magnetic 

fields at zeptogram levels for subcellular biomarker imaging; 

optically pumped magnetometers provide substantial 

sensitivity gains for Alzheimer's and cardiac-arrhythmia 

diagnosis via magnetoencephalography [1]. [Additional 

sources cited in the original draft as “QED-C, 2024” could 

not be matched to a reference-list entry and have been 

removed pending a verifiable citation from the authors.]  

[The following sentence originally cited “Shalini et al., 

2025,” which does not correspond to any entry in the 

reference list; the citation has been removed pending 

verification.] Carbon QDs achieve substantial gains in 

cancer-detection sensitivity, and QD photocatalysts remove 

pollutant dyes via enhanced charge separation. 

Functionalised CNT nano-adsorbents reach 838 mg/g nickel 

removal, while nanoparticle-rhizobacteria interactions boost 

plant stress tolerance in soil remediation, aligned with 

sustainability goals [7]. [The original draft also cited “RSC, 

2025” here, which likewise has no corresponding reference-

list entry; removed pending verification.] 

5. Challenges in Harnessing Quantum Effects 

5.1 Scalability and Manufacturing 

Hot-injection QD synthesis yields below 50%; molecular 

beam epitaxy for Bi₂Se₃ costs approximately $5,000/cm²; and 

global dilution-refrigerator capacity is limited to roughly 70 

units per year with 6–9-month lead times [2]. Crystal defects 

reduce coherence times by up to 90%, and scaling to million-

qubit systems would require millions of control wires, 

demanding radical advances in automated fabrication, with 

transition costs estimated to rise 20–50% [1,7]. 

5.2 Decoherence, Stability, and Synthesis Barriers 

Thermal fluctuations and electromagnetic noise limit 

superconducting-cubit T₁/T₂ to 50–100 μs at millikelvin 

temperatures, far short of fault-tolerant requirements, while 

substrate dephasing reduces MoS₂ optoelectronic efficiency 

by 30–50% [1,3]. QD production costs range from $1,000–

5,000/kg; lattice mismatches in heterostructure cut mobility 

by 20–30%; and oxygen exposure degrades 2D materials, 

requiring ultra-high-vacuum processing that raises costs by 

50% [2]. The market's growth from an estimated $1.76 billion 

(2020) to a projected $33.63 billion (2030) raises concerns 

about monopolization, while inadequate regulatory 

frameworks (e.g., the US Toxic Substances Control Act, 

TSCA) lack engineered-nanomaterial-specific guidelines, 

and toxicity risks from nanoparticle accumulation remain 

poorly characterise [1]. 

6. Opportunities and Future Directions 

6.1 AI-Driven Synthesis and Emerging Technology 

Integration 

Generative AI models that enforce physical design 

constraints, such as MIT's SCIGEN, accelerate the discovery 

of novel quantum structures, while machine learning predicts 

phase diagrams and synthesis pathways [15]. Quantum 

machine learning (QML) offers a projected 2025–2035 

outlook for exponential speedups in property prediction and 

inverse design, potentially cutting synthesis timescales from 

years to months [7]. Integration with 6G networks leverages 

entanglement for ultra-secure, low-latency links; quantum-AI 

synergies simulate molecular interactions for drug discovery; 

and cloud-based quantum platforms support real-time 

optimisation [1]. 

6.2 Green Nanotechnology and Interdisciplinary 

Collaboration 

Green synthesis using biological precursors reduces waste 

and toxicity, aligning with UN Sustainable Development 

Goals via initiatives targeting water scarcity and low-carbon 

energy [16]. Future directions include quantum-enhanced 

bioremediation and AI-guided rare-earth-minimizing design 

targeting net-zero nanomanufacturing. Funding is growing: 

recent US National Nanotechnology Initiative requests 

exceed $2.2 billion, global quantum investment exceeds $40 

billion, and initiatives such as CERN's Open Quantum 
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Institute advocate allocating a share of budgets to beneficial 

applications [7,16]. Prioritising Global-South partnerships 

and public-private collaboration will help ensure equitable 

access to quantum-nanotechnology benefits [2]. 

7. Discussion and Limitations 

Taken together, the evidence reviewed here indicates that 

quantum confinement, entanglement, tunnelling, and 

topological protection are converging on practical nanoscale 

devices across computing, energy, and sensing, but at 

markedly different levels of technology readiness: quantum-

dot photonics and sensing applications are comparatively 

mature, whereas topological quantum computing and 

quantum batteries remain largely at the laboratory-

demonstration stage. Reported performance figures 

(efficiencies, coherence times, sensitivity gains) vary 

considerably across research groups and material systems, 

and are not always obtained under comparable measurement 

conditions; readers should treat cross-study comparisons in 

this review as indicative rather than as a controlled 

benchmark. 

This review has several limitations. First, as a literature 

synthesis, it does not present new experimental data, and 

cannot substitute for a systematic review with pre-registered 

inclusion criteria; the search was not exhaustive and reflects 

the authors' judgement of relevance. Second, a small number 

of cited sources are preprints or institutional press releases 

rather than peer-reviewed articles, and are flagged as such in 

the reference list; their findings should be treated as 

provisional until peer-reviewed. Third, two references could 

not be independently verified against a matching published 

record ([5], [9] in the accompanying reference list) and are 

retained pending confirmation by the authors. Fourth, given 

the pace of publication in this field, the synthesis reflects the 

literature available up to early 2026 and will require updating 

as new results appear. Finally, because the review draws 

quantitative claims (e.g., efficiencies, coherence times) 

directly from primary sources rather than independently 

reproducing them, discrepancies in the underlying studies' 

own methodologies are inherited by this review. 

8. Conclusion 
This review has examined the harnessing of quantum 

confinement, superposition, entanglement, tunnelling, and 

topological protection for next-generation nanoscale devices 

and materials. Quantum dots, 2D structures, topological 

insulators, and hybrid nanostructures drive progress in fault-

tolerant computing, energy harvesting beyond classical 

limits, ultra-sensitive sensing, and targeted biomedical and 

environmental remediation, collectively offering enhanced 

efficiency, reduced energy consumption, and potential 

contributions to sustainability challenges [1,2,7]. 

Significant barriers remain: decoherence, manufacturing 

scalability, synthesis costs, and inadequate regulatory 

frameworks. These are matched by opportunities through AI-

driven synthesis, 6G and hybrid quantum-AI integration, 

green nanotechnology, and growing global investment. 

Researchers, engineers, policymakers, and funders should 

prioritise interdisciplinary partnerships, invest in scalable 

fabrication infrastructure, advance ethical-regulatory 

frameworks, and accelerate translation of discoveries into 

real-world applications. 
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