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ABSTRACT

The global electronic waste (e-waste) crisis has gradually converted e-wonderland into e-wasteland. This
linear 'take-make-dispose’ design philosophy poses an intractable threat to environmental stability and
resource security. Current end-of-life strategies, including conventional recycling and state-of-the-art
transient electronics, are fundamentally inadequate, limited by inefficiency, hazardous byproducts, and
reliance on non-specific, insecure degradation triggers. This paper introduces a paradigm-shifting
theoretical framework, Quantum-State-Modulated Transient Electronics (QSM-TE), which proposes
solving the e-waste problem at its source by redesigning the physical nature of electronic materials. This
research presents a quantum mechanistic model based on a tunnelling cascade, demonstrating how
nanocomposites containing periodically arranged core-shell quantum dots (QDs) embedded in a polymer
matrix can be made to break down rapidly and selectively. When a specific terahertz (THz) frequency
pulse is applied, it triggers resonant energy absorption in the QDs, which in turn lowers the energy barriers
between the QDs and the surrounding polymer. This enables electrons to tunnel from the polymer to the
QDs, initiating a chain reaction where successive tunnelling events systematically cleave the polymer’s
covalent bonds, degrading it into smaller building blocks. The process is efficient, can be precisely
controlled by the trigger frequency, and exemplifies how quantum-state modulation can enable the
transient, on-demand degradation of advanced materials. The core novelty is the engineering of materials
whose macroscopic structural integrity and electronic functionality are not passive, default properties, but
are emergent from and actively sustained by a fragile, collective quantum state. We posit that by
harnessing quantum decoherence traditionally the use of quantum computing as a constructive, engineered
event, we can create a secure and near-instantaneous trigger for systemic material disintegration. A
rigorous, multi-phase methodology is proposed, blending computational modelling (DFT, TD-DFT, and
NEGF) with a strategic plan for experimental synthesis and validation. This approach aims to
computationally design, and subsequently fabricate, a prototype material that can be "dissolved” on
command by a specific, resonant electromagnetic pulse a "quantum key" causing a catastrophic collapse
of the stabilizing quantum state and a rapid cascade of disintegration into environmentally benign
precursors. The successful realization of this framework would establish a new field of "quantum lifecycle
engineering,” enabling electronics that are truly "designed for demise.” This study lays the theoretical and
methodological foundations for a new class of matter that could fundamentally resolve the e-waste
dilemma, offer unparalleled data security and enable a true circular economy. This invites the scientific
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community to explore a visionary, albeit challenging, pathway toward a future where technologies do not
leave a permanent scar on our planet.

QUANTUM-STATE-MODULATED TRANSIENT
ELECTRONICS (QSM-TE)
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1. INTRODUCTION

The global proliferation of electronic devices has ushered in unprecedented technological convenience but
has also precipitated a mounting crisis of electronic waste (e-waste). In 2020, e-waste generation surpassed
53.6 million metric tons and is projected to reach 74 million metric tons by 2030(Baldé, C. P., et
al.,(2024)[3]), driven by rapid obsolescence, consumerism, and inadequate design for end-of-life recovery
(Forti et al., 2020[9]). Despite the embedded value of precious materials such as palladium, gold, and rare
earth elements, less than 20 percent of e-waste is formally recycled(Baldé, C. P., et al.,(2024)[3]) resulting
in an annual resource loss exceeding US$ 57 billion and posing severe environmental and health hazards
(World Economic Forum, 2019[30]; Ogunseitan et al., 2009[18]; Jain, Muskan, et al.,2023[20]).
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In 2019, e-waste volumes soared past 53.6 million metric tons and projected to escalate to 74 million
metric tons by 2030(Baldé, C. P., et al.,(2024)[3]) driven by accelerated consumption cycles, minimal
upgrade incentives, and devices engineered without end-of-life considerations (Forti et al., 2020[9];
Thomson et al., 2009[27]; Chayut, Michael. Et al.(1991)[28]). This systemic design failure perpetuates
resource depletion, pollutes ecosystems with toxic constituents such as lead and brominated flame
retardants, and undermines circular-economy aspirations as shown in image 1 below.

E-WASTE Resource loss
CHALLENGES

» Rapid obsolescence,
low recycling rate

t 2030

« Environmental and High Cost of Recovery of
resource impacts Precious Metals

Image 1 : Impact of E-waste

Traditional recycling pathways (lzatt, Reed M. et al., 2016[11]) mechanical shredding, pyrometallurgical
smelting, and hydrometallurgical leaching are energy-intensive and often release toxic byproducts (Cui
and Zhang, 2008[7]; Kiddee et al., 2013[13]). Moreover, the linear “take-make-dispose” model remains
dominant, with most electronics designed without considering disassembly or material recovery (Perkins
et al. (2014) [21]; Mishra et al., 2024[14]). Policy frameworks such as the EU’s WEEE Directive have
improved collection rates but fall short in addressing the root design flaws that perpetuate e-waste
generation (Jain, Muskan, et al.,2023[20]).

While innovations in transient electronics, utilizing biodegradable polymers and dissolvable substrates,
represent a crucial step forward, they remain tethered to the fundamental limitations of classical physics
and chemistry. Their degradation mechanisms rely on ‘blunt’ triggers such as changes in pH, temperature,
or moisture which are inherently non-specific and insecure. This creates an irresolvable paradox: a device
sensitive enough to dissolve on command is too fragile for reliable real-world use, while a robust device
cannot be made to disappear with the required precision and immediacy. Consequently, this field has
reached a conceptual impasse. Incremental improvements to classical materials cannot deliver the ideal
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characteristics for a "designed-for-demise™ technology: a trigger that is both externally addressable and
infinitely specific, and a degradation process that is systemic, rapid, and complete. This fundamental gap
necessitates a paradigm shift, forcing us to look beyond conventional material properties and toward a
domain where control is not based on bulk chemistry, but on precise, fragile, and addressable
informational states. It is in the quantum realm where phenomena such as coherence, tunnelling, and
decoherence offer near-instantaneous, collective state changes triggered by specific resonant energies that
we find a toolkit perfectly suited to overcome this classical impasse and engineer the secure, on-demand
transience that the e-waste crisis demands.

Transient electronics, that employ biodegradable polymers (e.g., polylactic acid) or dissolvable substrates
(e.g., silk fibroin) have a programmable device lifecycle (Gross and Kalra, 2002[10]; Hwang et al.,
2012[12]; Zhang, Yamin et al., (2023)[24]). However, their triggers moisture, heat, or pH are blunt, slow-
acting, and ill-suited for mainstream consumer hardware, risking incomplete degradation and micro-
contaminant release (Perkins et al., 2014[21]; Zhang, Yamin et al., (2023)[24]).

Overcoming these limitations requires for a conceptual leap: embedding end-of-life functionality at the
quantum level, where device existence is bound to fragile informational states. By repurposing quantum
decoherence the use of quantum computation as a precise, non-ionizing trigger for material disintegration,
we can reframe device fragility as an engineering asset. Quantum sensing techniques, such as nitrogen-
vacancy centres in diamond, enable nanoscale detection of strain and chemical signatures (Degen et al.,
2017[8]; Burgler, Beat, et al, 2023[25]). Quantum annealing and quantum-enhanced machine learning
promise exponential speedups in logistics and sorting optimization (Biamonte et al., 2017[5]; Malviya et
al., 2023[15]; Preskill, 2018[22]).

2. LITERATURE REVIEW

This review synthesizes insights from three distinct but converging fields: environmental science,
materials engineering, and quantum physics. We first establish the intractable nature of the electronic
waste (e-waste) crisis, highlighting the systemic failures of current management strategies. We then
identify the state-of-the-art in transient electronics, and identify the fundamental limitations that
prevent their widespread adoption. Finally, we introduce key quantum phenomena, re-contextualizing
them not for computation or sensing, but as a potential toolkit for the direct physical control of matter.
This structured analysis as represented in Image 2, reveals a profound research gap at the intersection
of these fields, motivating the novel framework proposed in this work.

2.1. The E-Waste Crisis: A Systemic Failure of Linear Design

The global proliferation of electronic devices has precipitated an environmental crisis (Jain, Muskan,
et al.,2023[20]) of unprecedented scale and complexity. As documented by Forti et al. (2020) [9],
global e-waste generation surpassed 53.6 million metric tons in 2019 and is on an untenable trajectory
to reach 74 million tons by 2030. This crisis, as outlined by Ogunseitan et al. (2009) [18], is
multifaceted, and representing a simultaneous failure in resource management, environmental
protection, and design philosophy.
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First, the economic losses are staggering. Less than 20% of e-waste is formally collected and recycled,
resulting in an annual loss of recoverable materials including gold, palladium, copper, and rare earth
elements valued at over US$ 57 billion (World Economic Forum, 2019 [30]; Baldé et al., 2017 [4]).
This perpetuates reliance on virgin mining, an energy-intensive and environmentally destructive
practice that is often linked to geopolitical instability.

Second, environmental and health toxicities are acute(Jain, Muskan, et al.,2023[20]). E-waste streams
contain a cocktail of hazardous substances, such as mercury, lead, and brominated flame retardants
(BFRs). When managed improperly, particularly through informal recycling practices(lzatt, Reed M.
et al., 2016[11]) common in developing nations, these toxins leach into the soil and groundwater and
are released into the atmosphere, posing severe risks to ecosystems and human health, a global hazard
detailed by Perkins et al. (2014) [21] and Kiddee et al. (2013) [13].

Third, the conventional end-of-life solutions are inadequate. Traditional recycling pathways(lzatt,
Reed M. et al., 2016[11]) such as mechanical shredding, pyrometallurgical smelting, and
hydrometallurgical leaching are energy-intensive, often fail to recover materials with high purity, and
can generate secondary toxic byproducts, as reviewed by Cui and Zhang (2008) [7]. Policy
interventions such as the WEEE Directive in Europe have improved collection rates but do not address
the core issue: most electronics are designed within a linear 'take-make-dispose' paradigm, with no
consideration for disassembly, material recovery, or end-of-life fate (Debnath et al., 2022 [19]). This
systemic design failure, a central theme in the recent waste management literature (Mishra et al.,
2024[14]), necessitates a paradigm shift from managing waste to designing it out of existence.

The e-waste Transient Quantum
crisis electronics phenomena
» Systemic * Blunt triggers » Coherence and
mismanagment (Rogers et. al. 33) decoherence
(Ogunseitan et. al,, « Slow (Zurek, 2003)
20039) degradation * Tunneling
 Toxicity (Hwang et. al., (Degen et al.2017)
(Perkins et al., 2014) 2012) - Entanglement
* Incomplete (Amico et al, 2008)
dissolution

(Rogers et al.2015)

>

Image 2 : Literature Review
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2.2. State-of-the-Art: The Promise and Peril of Transient Electronics

In response to this design challenge, the field of transient or "dissolvable™ electronics has emerged,
offering a viable alternative to persistent waste. This research area aims to develop devices that can
degrade in a controlled manner at the end of their functional life. Pioneering work by Hwang et al.
(2012) [12] demonstrated functional silicon-based electronics on silk substrates that dissolve in
biological fluids, whereas Zhang et al., (2023)[24] extensively explored devices built on
biodegradable polymer substrates that degrade over predictable timescales.

However, a critical analysis of the state-of-the-art methods reveals fundamental limitations that have
prevented their widespread application in consumer goods:

Passive and Blunt Triggers: Most transient systems are passive, with degradation programmed by
material composition and thickness. Triggered systems often rely on blunt, non-specific
environmental cues such as moisture, heat, or changes in pH (Rogers et al., 2013 [23]). These triggers
lack the precision and security required for devices that must be robust during their operational life
but disappear on command.

Slow and Uncontrolled Kinetics: Degradation is typically a slow process that occur over hours,
days, or months. This process is often a surface erosion phenomenon, which may not be uniform and
lacks the immediacy needed for secure data destruction or rapid material harvesting.

Risk of Incomplete Degradation: The breakdown of these materials can be incomplete, potentially
releasing micro-contaminants or oligomeric byproducts whose long-term environmental fate is not
well understood (Perkins et al., 2014 [21]).

Lack of Security: Because triggers are common environmental factors, there is a persistent risk of
accidental, premature degradation, rendering the technology unsuitable for high-value or mission-
critical applications.

While the vision of transient electronics is compelling, its mechanisms are still bound by the rules of
classical chemistry and material science. The field requires a trigger mechanism that is precise, rapid,
secure, and complete, calling for a conceptual leap to a fundamentally non-classical mechanism.

2.3. Quantum Phenomena as a Toolkit for Material Control

Although the foregoing limitations are rooted in classical physics, quantum mechanics offers a
fundamentally new toolkit for manipulating and controlling matter. Although typically leveraged for
computation (Nielsen and Chuang, 2010 [17]) and sensing (Degen et al., 2017 [8]), several quantum
phenomena have unexplored potential for direct, physical material control.

Quantum Coherence and Decoherence: Coherence, is the nature of quantum systems that exist in
a superposition of states and, is the basis of quantum computing's power. Its loss, known as
decoherence, occurs through interaction with the environment and causes the system to collapse into
a single classical state, a process thoroughly explained by Zurek (2003) [32]. While decoherence is
the primary obstacle in quantum computing (Preskill, 2018 [22]), we re-contextualize it as a potential
asset: a deterministic, extremely sensitive, and near-instantaneous switch.
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Quantum Tunnelling: This phenomenon allows particles to pass through an energy barrier that
cannot be surmounted. The probability of tunnelling is exponentially sensitive to the height and width
of the barrier. This exquisite sensitivity suggests that if inter-atomic or inter-molecular barriers within
a material could be modulated by an external field, tunnelling could be switched "on" or "off,"
potentially initiating a cascade of chemical or structural changes.

Macroscopic quantum states: Phenomena such as entanglement link the fates of multiple particles
into a single collective state, a subject of extensive review by Amico et al. (2008) [1]. Although
challenging to create, such states can inspire a system with collective properties that do not exist at
the individual particle level. The hypothesis that the material's structural integrity of a material could
be an emergent property of a macroscopic entangled state is a radical but logical extension of these
principles.

Thus far the application of these phenomena has been confined to the information realm. Their
potential to serve as the foundational mechanism for the physical lifecycle of bulk materials remains
unexplored.

In summary, the literature reveals that the current state-of-the-art in transient electronics, while
visionary, is fundamentally constrained by the principles of classical materials science. This leads to
a set of critical, interconnected limitations that prevent their practical and secure application:

e Insecure and "Blunt"” Triggers: Reliance on non-specific environmental cues such as moisture
or pH makes devices vulnerable to accidental degradation and lacks the precision for on-
demand control.

e Slow and Uncontrolled Kinetics: Degradation is typically a slow surface erosion process that,
occurs over hours or days and is insufficient for applications requiring immediate data
destruction or rapid material recovery.

e Robustness-vs-Transience Paradox: A fundamental conflict exists where materials robust
enough for everyday use are too stable to degrade quickly, and materials that degrade quickly
are too fragile for reliable operation.

These are not merely engineering challenges to be optimized; they represent a conceptual dead end
for classical systems. This is precisely why a pivot to the quantum realm is not just an alternative, but
a necessity. Quantum phenomena provide a direct and specific toolkit for overcoming these
limitations:

1. To solve the trigger problem, the exquisite sensitivity of quantum decoherence offers a
"quantum key" a trigger mechanism that is near-instantaneous, deterministic, and can be
activated by a unique, complex signal that is statistically impossible to occur by chance.

2. To solve the kinetic problems, a quantum tunnelling cascade provides a mechanism for
systemic, volumetric disintegration that propagates at electronic speeds, replacing slow
chemical reactions with a rapid chain reaction of bond cleavage.

3. Tosolve this paradox, the concept of a macroscopic quantum state allows for a material whose
structural integrity is not a passive default property but an actively sustained state. This creates
a system that is inherently robust while maintaining its stability, however it is designed for
catastrophic, complete failure once the sustaining state collapses.
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Thus, the proposed QSM-TE framework is not an arbitrary leap but a direct, logical response to the
specific, intractable limitations inherent in all existing transient electronic systems.

3. A Quantum Toolkit for Physical Material Control

The limitations inherent in classical systems necessitate the exploration of fundamentally different
mechanisms to control matter. While typically leveraged for computation and sensing, the principles
of quantum mechanics offer a toolkit with properties such as non-local correlation, exquisite
sensitivity, and probabilistic behavior which hold unexplored potential for direct physical control.
Here, we introduce three key phenomena not as a pre-ordained solution, but as fundamental principles
of nature whose characteristics are uniquely suited to address the challenges of material transience.

3.1. Quantum Coherence and Decoherence: A Near-Instantaneous Natural Switch

At its core, a quantum system can simultaneously exist in a superposition of multiple states, a property
known as coherence. This fragile state is the basis of quantum computing power. However, any
interaction with the surrounding environment (e.g., a stray photon or thermal vibration) can cause this
superposition to collapse into a single, definite classical state. This coherence loss, known as
decoherence, is a deterministic, extremely sensitive, and near-instantaneous process. While
decoherence is the primary obstacle to building a stable quantum computer, its properties make it a
perfect candidate for a high-fidelity natural "switch.” The transition from a coherent (quantum) state
to a decoherent (classical) state is not gradual; it is a rapid, systemic collapse triggered by a specific
interaction.

3.2. Quantum Tunnelling: Breaching Barriers Without Force

In the classical world, a particle requires sufficient energy to overcome a physical energy barrier.
However, quantum mechanics allows for tunnelling, a phenomenon in which a particle can pass
through an energy barrier that it classically should not be able to surmount. The probability of this
event was exponentially sensitive to the height and width of the barrier. This principle suggests that
if the energy barriers between molecules or atoms within a material can be subtly modulated by an
external field, tunnelling can be switched "on," potentially initiating a cascade of charge transfer or
chemical changes without the need for brute force or high temperatures.

4. RESEARCH GAP AND MOTIVATION

4.1. The Conceptual one ended Classical Transience

The literature review reveals a critical and consequential disconnect at the intersection of materials
science, environmental engineering, and quantum physics. The e-waste crisis, a problem rooted in the
linear design philosophy of permanent materials (Debnath et al., 2022 [19]), has driven the
development of transient electronics. However, this promising field has reached a conceptual dead
end. While innovative state-of-the-art approaches, remain fundamentally constrained by the
principles of classical chemistry and physics. Their reliance on passive degradation or non-specific
environmental triggers (e.g., pH, temperature, moisture), as highlighted in the work of Rogers et al.
(2013) [23], creates an inherent and irresolvable conflict: the very mechanisms that enable transience
also compromise the material's robustness, security, and predictability during its functional life.
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Consequently, a profound gap exists between the requirements for a true "designed-for-demise™
material and the capabilities of existing classical systems (as shown in Fig. 3).
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Image 3: Research Gap and Motivation
4.2. Delineating the Research Gap

This overarching gap can be deconstructed into three, interconnected deficiencies in the current
scientific landscape:

e Trigger Specificity Gap: There existing mechanism for material degradation that is
simultaneously secure, specific, and externally addressable on-demand. Classical triggers are
inherently promiscuous: a device designed to dissolve in water cannot distinguish between a
controlled end-of-life signal and accidental exposure to rain. The need is for a "quantum key"
a trigger that is so complex and specific that its accidental occurrence is statistically
impossible.

e Disintegration Mechanism Gap: Current transient materials degrade via slow, surface-level
chemical reactions (Hwang et al., 2012 [12]). This falls short of the ideal for rapid, systemic,
and complete disintegration. For applications in secure data destruction or efficient resource
recovery, a mechanism that can induce a near-instantaneous, catastrophic failure of the
structural integrity of the material throughout its entire volume, not just at its surface.

The Paradigmatic Gap in Material Design: The prevailing paradigm is to design materials for
maximum passive stability and then, as an afterthought, attempt to engineer pathways to instability.
A fundamentally different approach remains unexplored: designing materials whose stability is not a
passive, default state, but an active, sustained property. This inverts the design philosophy, tying a
material's very existence to a continuously maintained or initialized state, the removal of which
guarantees its demise.
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4.3. Motivation: Harnessing Quantum Fragility as an Engineering Asset

While the materials science community has overcome these limitations, the field of quantum physics
offers a toolkit that directly addresses these gaps. Quantum phenomena such as coherence,
entanglement, and tunnelling are characterized by their exquisite sensitivity, non-local correlations,
and probabilistic nature (Zurek, 2003 [32]; Amico et al., 2008 [1]). Decoherence the loss of a quantum
state owing to environmental interaction is the use of quantum computing, a challenge extensively
documented by Preskill (2018) [22]. However, this fragility presents an unprecedented opportunity
when viewed through an engineering lens.

This research was motivated by a central, transformative question: Can quantum decoherence,
traditionally viewed as a system failure, be repurposed as a deterministic, ultra-precise, and
triggerable mechanism for the complete physical disintegration of a bulk material?

To realize this vision, we introduce quantum-state-modulated transient electronics (QSM-TE), a
framework that harnesses macroscopic quantum coherence and its controlled collapse as the
foundational mechanism for secure, on-demand device decommissioning and material recovery. This
paper bridges the identified research gaps by introducing a novel theoretical framework: Quantum-
State-Modulated Transient Electronics (QSM-TE). We posit that by tethering a material's
macroscopic structural integrity and electronic functionality to a fragile, collective quantum state, we
can create a new class of materials. In this paradigm, a material is robust only if its quantum state is
actively maintained. Upon the application of a specific, resonant "decoherence trigger,"” the collective
state collapses, simultaneously "bricking™ the device and initiating a cascaded, rapid structural
collapse into environmentally benign precursors. By engineering dopant networks or quantum-dot
superlattices within biodegradable matrices, we tether the conductivity and structural integrity to
externally sustained quantum states. A tailored electromagnetic pulse induces rapid decoherence,
instantaneously bricks the device and triggering cascade degradation into benign precursors (Zurek,
2003[33]; Amico et al., 2008[1]; Tonouchi, 2007[29]).

Quantum-enabled sustainability offers transformative potential across several domains. Quantum
simulation frameworks can model material behavior at the nanoscale level, enabling the predictive design
of transient architectures (Brandbyge et al., 2002[6]; Miller et al., 1984[16]; Nielsen and Chuang,
2010[17]). This study builds upon the foundational principles of quantum mechanics (Arute et al., 2019[2];
Amico et al., 2008[1]) to propose a scalable, secure, and sustainable approach to e-waste mitigation. By
embedding end-of-life functionality into the quantum fabric of materials, QSM-TE offers a blueprint for
electronics that are not only high-performance but also designed for controlled demise.

We detail the theoretical foundation of QSM-TE, propose a dual computational-experimental pathway
leveraging density functional theory and Terahertz THz-trigger experiments, and assess its environmental
(Jain, Muskan, et al.,2023[20]) and economic ramifications within circular-economy models. By inverting
the quantum fragility into a tool for closure, QSM-TE charts a radical route towards sustainable electronics
designed for controlled demise (Thomson et al., 2009[27]; Chayut, Michael. Et al.(1991)[28]; Zurek et
al., 2003[31]).
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Therefore, this study marks a departure from incremental improvements in classical transient
materials. It aims to establish the theoretical foundations for harnessing quantum phenomena not for
computation or sensing (Degen et al., 2017 [8]), but for direct, programmable control over the
physical existence of matter, thereby offering a potential pathway to a true resolution of the e-waste
crisis.

5. THEORETICAL FRAMEWORK

This study introduces the paradigm of Quantum-State-Modulated Transient Electronics (QSM-TE), a
theoretical framework for designing materials whose structural and electronic properties are directly
governed by a controllable, macroscopic quantum state. The novelty of this work is not an incremental
improvement on existing transient electronics; rather, it represents a fundamental shift in the materials
design philosophy. We move from creating passively stable materials to engineering actively stabilized
systems in which the existence is an engineered state, not a default property.

The primary theoretical contribution is the concept of harnessing quantum decoherence as a constructive,
engineered event. While the fight against decoherence is central to quantum computing, we propose
embracing and controlling it as a precise, secure, and near-instantaneous trigger for material transience.
This re-contextualization of a fundamental quantum process from liability to asset establishes a novel
theoretical bridge between quantum physics and circular economy principles(Pajunen, Nani et
al.(2023)[26]), addressing the specificity, mechanism, and paradigmatic gaps identified in the preceding
section ( represented in image 4)

THEORETICAL FRAMEWORK

Quantum-State- I
Modulated Principle 1 rinciple
Transient Electronics Quantum-State- Entanglement-

Dependent Triggered
SIS Functionalityand _ Systemic
’ 0.' 5 Stab"ity DISlntegratlon
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Quantum- Host
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Image 4 : Theoretical framework

IJSAT25037496 Volume 16, Issue 3, July-September 2025 11



https://www.ijsat.org/

International Journal on Science and Technology (IJSAT)

— E-ISSN: 2229-7677 e Website: www.ijsat.org e Email: editor@ijsat.org

4.1 The QSM-TE Paradigm: Core Principles

The QSM-TE paradigm operates on two foundational principles that directly link the quantum world to
macroscopic material behavior. We propose a composite material system consisting of two primary
components: a biodegradable but structurally robust host matrix and precisely embedded, quantum-active
dopants ( substances used to produce the desired electrical characteristic in a semiconductor ).

Host Matrix: A structurally stable polymer (e.g., a modified polylactic acid (PLA) or a novel biomaterial)
that is electrically insulating in its pure, default state.

Quantum-Active Dopants (substances used to produce the desired electrical characteristics in a
semiconductor): Specifically chosen atoms, molecules, or quantum dots (e.g., nitrogen-vacancy centers in
nanodiamonds, or specific lanthanide ions) that possess stable, addressable quantum states (e.g., spin
states). These were precisely embedded within the host matrix in a regular lattice structure.

The functionality of the material emerges from the collective quantum behaviour of these dopants,
governed by the following principles:

Principle 1: Quantum-State-Dependent Functionality and Stability.

In the device's operational ("on™) state, an external initialization field (e.g., a sequence of optical and
microwave pulses) places the lattice of dopants into a specific, collective, and coherent quantum state.
This could be, for example, a "spin-chain” entangled state. This highly ordered quantum configuration
exhibits two simultaneous effects:

a. Electronic Functionality: The wavefunctions of the dopants in the coherent state overlap
sufficiently to allow for charge transport via quantum tunnelling, effectively creating "on-demand"
conductive pathways through the otherwise insulating matrix. The entire device its transistors,
interconnects, and antennas is patterned not by permanently depositing metal, but by "writing"
these quantum-state-enabled pathways into the material.

b. Structural Integrity: This same collective quantum state induces strong, anisotropic intermolecular
forces (a form of quantum-mediated bonding) between the dopants and the polymer host matrix.
This reinforces the composite, making it mechanically robust and durable for daily use.

Crucially, the function and form of the device exist only as long as this fragile coherence is maintained.
Principle 2: Entanglement-Triggered Systemic Disintegration.

The end-of-life mechanism is the targeted and catastrophic collapse of the collective quantum state. This
is initiated by a decommissioning trigger: a specific, resonant electromagnetic signal (e.g., a complex
terahertz-frequency pulse, Let’s call it “Death Charge”) precisely tuned to the dopants' quantum energy
levels. This signal is designed to be a unique "quantum key," whose probability of accidental
environmental occurrence is effectively zero. Applying this trigger introduces overwhelming, targeted
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noise, causing rapid decoherence of the entire dopant lattice, the process by which the system loses its
fragile quantum properties and collapses into a stable, classical state. This cascaded, near-instantaneous
event has two simultaneous and irreversible effects:

Functional Cessation: The wavefunction overlap vanishes, tunnelling probability drops to zero, and all
conductive pathways disappear. The device is instantly and irrevocably "bricked."

Physical Disintegration: The Quantum-mediated reinforcing bonds were broken. The host matrix, which
is no longer stabilized, immediately relaxes into its pre-designed, structurally weak state. This allows
ubiquitous environmental factors (e.g., humidity and ambient microbes) to rapidly and completely
biodegrade the polymer matrix into benign components (e.g., H.O and CO.). The dopants, which were
inert and disconnected, were dispersed harmlessly at low concentrations.

4.2 A Mechanistic Model: The Tunnelling Cascade

To visualize the tunnelling cascade, imagine a long and tightly packed line of dominoes. In an upright
state, they are stable and strong in a collective structure. The process of disintegration is not such as slowly
dissolving them in water; it is such as giving a single, precise flick to the first domino. This tiny input of
energy initiates a chain reaction that propagates almost instantly down the entire line, with each falling
domino triggering the next. The entire structure collapsed rapidly from a single, localized trigger event.

In our model, the polymer chain is similar to the line of the dominos, and its strong covalent bonds are the
forces that keep them upright. The specific THz pulse is the "flick" that causes the first electron to "tunnel”
through its energy barrier (the first domino to fall). This event creates a local electric field change that
makes it much easier for the next electron to tunnel (the next domino to fall), initiating a self-propagating
cascade of bond-breaking that swiftly disintegrates the entire polymer chain.

To illustrate the potential physical realization of Principle 2, we propose a mechanistic model based on a
resonant tunnelling cascade. This model envisions a nanocomposite where core-shell quantum dots (QDs)
are embedded in a polymer matrix, creating a periodic superlattice of potential wells (QDs) and barriers
(polymer segments).

The degradation process is envisioned as a four-step sequence, and the first three steps are presented in
Figure 5 below :
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Image 5 : Tunnelling Cascade

Triggering: A specific THz frequency pulse, resonant with an electronic transition in the QD core, is
applied. THz radiation is ideal because it is non-ionizing and can penetrate common materials, making it
a safe and effective trigger (Tonouchi, 2007).

Barrier Modulation: The resonant absorption of energy alters the charge distribution within the QD-shell
system. This is analogous to the quantum-confined Stark effect, in which an electric field shifts energy
levels (Miller et al., 1984)[16]. This modulation effectively lowered the height of the adjacent potential
barrier (the polymer segment).

Initiation of Tunnelling: The lowered barrier dramatically increases the probability of electron tunnelling
from a localized state in the polymer backbone to the first QD.

Cascade Reaction: This initial tunnelling event creates a radical cation on the polymer chain. The
presence of this charge, combined with the altered state of the first QD, locally changed the electric field,
which in turn lowered the next potential barrier. This facilitates a subsequent tunnelling event, propagating
a chain reaction, that is, a tunnelling cascade along the polymer backbone.

This cascade of charge transfer events leads to the systematic cleavage of covalent bonds in the polymer
backbone, rapidly breaking down the polymer into its constituent monomers or oligomers. The specificity
of the trigger frequency ensures that degradation only occurs when intended, and the cascade nature of the
reaction ensures that a low-energy input can trigger large-scale, systemic, and macroscopic structural
failure. This model provides a plausible physical pathway for achieving the principles of Quantum-State-
Modulated Transient Electronics (QSM-TE).

6. MODELLING AND METHODOLOGY

To validate the theoretical framework of Quantum-State-Modulated Transient Electronics (QSM-TE), we
propose a rigorous, multi-phase research program. This methodology is designed as a synergistic loop
between computational modelling and experimental validation, allowing for predictive design and
systematic de-risking before progressing to more complex stages. The overall strategy is to first establish
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the computational feasibility of the core principles, then synthesize and characterize a prototype material,
and finally, demonstrate its full, triggerable lifecycle.

5.1 Phase 1: Ab Initio Computational Design and Feasibility Analysis

The initial phase is entirely computational, leveraging high-performance computing to model and de-risk
the proposed material system. The objective is to computationally identify a viable host-dopant system in
which a collective quantum state can simultaneously govern both electronic conductivity and structural
integrity, and where this state can be collapsed by a specific external trigger. The first phase is illustrated
in Fig. 6.

5.1 Model Building
!

5.1 Phase 1: Ab Initio Computational Design and Feasibility Analysis
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Image 6 : Model Building
5.1.1 System Design and Ground-State Analysis (DFT):

We propose to employ Density Functional Theory (DFT), a powerful computational method for modelling
the ground-state electronic structure and properties of materials, using established software packages such
as Quantum ESPRESSO or VASP, to model candidate systems. Potential candidates include the
following:
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System A: Nitrogen-vacancy (NV) centers in a nanodiamond lattice embedded in a polylactic acid (PLA)
matrix.

System B: Core-shell quantum QDs (e.g., CdSe/ZnS) arranged in a superlattice within a biocompatible
glass matrix.

For each candidate, the ground-state electronic structure, potential energy landscape, and intermolecular
bonding forces were calculated. The key metrics for the evaluation were as follows:

The formation of an energy gap in the default (incoherent) state of the dopant lattice, confirm it is
insulating.

The calculated enhancement in the intermolecular bonding forces between the host matrix and dopants
when the dopant lattice is computationally placed into a coherent, entangled state.

5.1.2 Trigger Simulation and Coherence Dynamics (TD-DFT):

To simulate the effect of the "quantum key," we will use Time-Dependent DFT (TD-DFT). This will allow
us to model the response of the candidate systems to an external, time-varying electromagnetic field. We
will simulate the application of precisely tuned terahertz (THz) frequency pulses to identify the resonant
frequencies that lead to the most efficient and catastrophic collapse of the simulated coherent state
(decoherence). The goal is to identify a trigger that is highly specific and requires minimal energy input.

5.1.3 Cascade Propagation Modelling (NEGF):

Following the trigger simulation, we will model the resulting disintegration cascade. We will employ
advanced techniques such as the non-equilibrium Green's function (NEGF) formalism, a theoretical
framework designed to simulate how electrons are transported through nanoscale structures as adapted for
molecular transport by Brandbyge et al. (2002) [6]. This will allow us to model the electron transport
dynamics of the tunnelling cascade proposed in Section 4.2. The simulation will provide a quantitative
prediction of the degradation rate, estimating the time required for a charge transfer cascade to propagate
along a polymer chain and induce systemic bond cleavage.

5.2 Phase 2: Material Synthesis and Quantum-Mechanical Characterization

Following the identification of the most promising candidate system from Phase 1, a robust experimental
plan will be executed to synthesize the material and verify its quantum-mechanical properties. Figure 7
provides a graphical representation of Phase 2.

IJSAT25037496 Volume 16, Issue 3, July-September 2025 16



https://www.ijsat.org/

International Journal on Science and Technology (IJSAT)

— E-ISSN: 2229-7677 e Website: www.ijsat.org e Email: editor@ijsat.org

5.2 Phase 2: Material Synthesis
and Quantum-Mechanical

Characterization
'3 R | ' N\
5.2.1 Synthesis of 5.2.2 Multi-Modal
the QSM-TE Characterization
Composite « Structural Verification
- * Quantum State -
° o ® Controland [
e 0 © —"D Readout L
. Cryo-TEM
* Morphological
Synthesis of Chaﬁge .
QSM-TE Composite
S < SQUID
L J

Image 7 : Phase 2 Material Synthesis and Quantum Mechanical Characterization
5.2.1 Synthesis of the QSM-TE Composite:

Based on the computational design, the QSM-TE material will be synthesized using advanced fabrication
techniques. For instance, if System B (QDs in a matrix) is chosen, computationally optimized core-shell
QDs will be synthesized via established colloidal methods. The nanocomposite will then be fabricated by
incorporating these QDs into the matrix using techniques such as doped polymer self-assembly or
molecular beam epitaxy to create a thin film with precisely positioned dopants to achieve a uniform
superlattice structure.

5.2.2 Multi-Modal Characterization:

A suite of advanced spectroscopic and imaging tools will be used to prove the principles of the QSM-TE
paradigm:

Structural Verification: Cryogenic Transmission Electron Microscopy (Cryo-TEM) and X-ray Diffraction
(XRD) will be used to verify the precise lattice structure of the dopants within the host matrix, confirming
the physical basis for a collective quantum state. Quantum State Control and Readout: For systems
involving spin-active dopants such as NV centers (Bdrgler, Beat, et al.(2023)[25]), Optically Detected
Magnetic Resonance (ODMR) will be used to initialize and read out the dopant quantum states. For all
candidates, a Superconducting Quantum Interference Device (SQUID) Magnetometer will be used to
measure the collective magnetic properties of the material, providing evidence of a macroscopic coherent
state.
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5.3 Phase 3: Lifecycle Validation: Triggered Disintegration and Analysis

The final phase will test the complete end-of-life functionality of the synthesized material, from trigger to
benign dissolution.

5.3.1 Triggered Degradation Test:

The synthesized material samples will be exposed to a high-intensity, tunable THz pulse generated by a
THz time-domain spectroscopy (THz-TDS) system, as pioneered by Tonouchi (2007) [29]. The frequency
and pulse shape will be matched to the optimal parameters predicted in phase 1.

5.3.2 In-Situ and Ex-Situ Analysis of Disintegration:
The effect of the trigger will be analysed both during and after exposure:

Bond Cleavage: Fourier-transform infrared spectroscopy (FTIR) and Raman spectroscopy will be used to
detect the breaking of specific chemical bonds in the polymer backbone in real-time.

Mechanical Failure: The Macroscopic degradation will be quantified by measuring the change in mass
and mechanical properties (e.g., Young's modulus, tensile strength,) of the material pre- and post-trigger.

Morphological Change: Scanning Electron Microscopy (SEM) will be used to visualize the changes in
surface and bulk morphology, providing visual evidence of catastrophic structural failure.

5.3.3 Byproduct Analysis:

To validate the claim of disintegration into environmentally benign precursors, the triggered material will
be placed in a controlled environment (e.g., a bioreactor). The degradation rate and byproducts will be
quantified using techniques such as high-performance liquid chromatography (HPLC) and mass
spectrometry, ensuring they are the simple, harmless components (e.g., H.O, CO-, lactic acid) predicted
by the design.

7. EXPECTED OUTCOME AND IMPLEMENTATION

This section outlines the anticipated results off our proposed methodology and discusses its profound
theoretical and practical implications. The successful validation of the Quantum-State-Modulated
Transient Electronics (QSM-TE) framework would not be an incremental advance but a transformative
leap in materials science and sustainability. We structure our discussion around the expected outcomes
of each methodological phase, followed by a broader analysis of the potential impact and inherent
challenges. Figure 6 presents the results and implementation approach.
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6.1 Hypothetical Computational VValidation (Phase 1)

The ab initio simulations are expected to provide the foundational, quantitative evidence for the
feasibility of the QSM-TE paradigm. Thus we hypothesize the following outcomes:

System Viability (DFT): Our DFT simulations will identify a core-shell quantum dot (QD) system
embedded in a PLA matrix that exhibits the necessary dual-property behavior. In its default, incoherent
state, the system will show a significant electronic bandgap, confirming its insulating nature. Critically,
when computationally placed into a collective coherent state, the model will show a calculated
enhancement of intermolecular bonding forces between the QDs and the polymer backbone, providing
a quantum-mechanical basis for structural integrity of the material.

Trigger Specificity (TD-DFT): We anticipate identifying a specific, complex terahertz (THz)
frequency pulse (hypothesized to be ~3 THz) that can induce catastrophic decoherence. Our simulations
will show that this resonant pulse can lower the inter-QD potential barrier by over 30%, a modulation
that is highly specific to the trigger's frequency and phase characteristics, rendering it a secure "quantum
key."

Disintegration Dynamics (NEGF): Following the simulated trigger, we expect the NEGF simulations
to model a self-propagating tunnelling cascade. The model will show this charge-transfer reaction
propagating along a polymer chain of several hundred monomers in a matter of picoseconds, confirming
the potential of the mechanism for near-instantaneous, systemic disintegration. The successful
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realization of these computational results provides the first concrete, theoretical proof-of-concept for
the QSM-TE framework, justifying the progression to experimental validation.

6.2 Anticipated Experimental Signatures (Phases 2 & 3)
The experimental phases are designed to manifest computational predictions in a real, physical system.
We anticipate the following key experimental evidence:

Spectroscopic Evidence of Bond Cleavage: Upon exposure to the computationally-determined THz
trigger pulse, we expected to observe a significant and rapid reduction in the characteristic C-O-C
stretching peaks in the in-situ FTIR spectrum of the synthesized PLA nanocomposite, confirming
systemic cleavage of the polymer backbone.

Macroscopic and Morphological Failure: We predicted a measurable mass loss of over 90% within
minutes of exposure, transforming the solid, rigid material into a friable powder of oligomers. This will
be corroborated by SEM imaging showing the transition from a smooth, solid surface to a porous,
fractured morphology, providing visual evidence of catastrophic structural failure.

Confirmation of Benign Byproducts: Subsequent analysis of the degraded powder in a controlled
bioreactor environment via mass spectrometry and HPLC is expected to confirm that the final
byproducts consist solely of the designed benign precursors (e.g., H-O, CO-, and lactic acid), validating
the environmental compatibility of the material.

These results would provide the first concrete experimental evidence of Quantum-Triggered
Degradation, validating the core tenets of the QSM-TE paradigm.

6.3 Discussion: Theoretical and Practical Implications
The validation of the QSM-TE would have profound implications, extending far beyond the immediate
solution to the e-waste crisis.

A New Paradigm in Materials Science: This research would establish a new field of "quantum
lifecycle engineering.” By demonstrating that quantum phenomena can be harnessed to control
macroscopic material properties at the end-of-life, we open up an entirely new design space. The core
novelty lies in tying a material's physical existence to a non-physical, informational state (quantum
state), a concept with no precedent in materials science.

Solving the E-Waste Crisis at its Source: QSM-TE offers a path to creating electronics that do not
become waste. A device could be decommissioned via a secure network signal, causing it to disintegrate
safely in the user's home or at a collection point, eliminating the need for complex and hazardous
recycling logistics(lzatt, Reed M. et al., 2016[11]).

Unparalleled Data Security: A lost or stolen QSM-TE device could be remotely "bricked" and
disintegrated, guaranteeing the permanent and irrecoverable destruction of any data stored on it. This
offers a level of security that is unattainable with current software-based wiping or physical destruction
methods.
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New Economic and Resource Models: By designing devices to dissolve into benign, common
elements, the reliance on mining conflict minerals and rare earth elements can be drastically reduced.
Furthermore, QSM-TE could enable true "electronics-as-a-service" models in which consumers
subscribe to a device's function while the manufacturer retains control over its lifecycle, ensuring proper
decommissioning.

6.4 Challenges, Limitations, and Future Directions

To achieve this ambition, a rigorous academic discourse must acknowledge the formidable scientific
and engineering challenges that lie ahead. The realization of QSM-TE is a long-term vision, contingent
on overcoming the following critical hurdles:

Maintaining Macroscopic Coherence: The single greatest obstacle is to maintain a macroscopic
quantum coherent state at or near room temperature. Current quantum systems require cryogenic
temperatures and extreme isolation (Preskill, 2018 [22]). This research path necessitates significant,
parallel breakthroughs in materials science to create systems with much higher coherence times and
temperatures.

Energy Lifecycle Analysis: The energy required to initialize and potentially "refresh™ the quantum state
during operation, in addition to the energy for the final trigger pulse, must be demonstrably less than the
energy saved by avoiding traditional recycling. Full life-cycle energy analysis would be a critical area
for future research.

Scalability and Cost: The synthesis techniques required (e.g., molecular beam epitaxy and, doped self-
assembly) are currently expensive and low-throughput, suitable for lab-scale validation but not mass
production. Future research should focus on developing scalable nanomanufacturing processes to make
QSM-TE economically viable.

Proof of Benign Byproducts: While propose the design of benign byproducts, rigorous, long-term
ecotoxicology studies are essential to prove that the disintegrated components are truly harmless to all
ecosystems.

This work aims to lay the theoretical and initial methodological groundwork, inviting the scientific
community to begin the theoretical and experimental journey to determine if this vision can be
manifested.

8. CONCLUSION

The escalating e-waste crisis is not merely a problem of waste management; it is also a fundamental
problem in material design. We will continue to build devices for performance and longevity without a
rational plan for their finitude, perpetuating a linear model of consumption that is economically and
environmentally unsustainable. This study has argued that incremental improvements to recycling or
classical transient materials, while valuable, are insufficient to address the scale of the crisis. A truly
transformative solution requires a paradigm shift in how we perceive the materials from which our
technologies are built. To this end, we introduced a theoretical framework for Quantum-State-Modulated
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Transient Electronics (QSM-TE). This work moves beyond the conventional application of quantum
phenomena for computation or sensing and proposes their use for direct, programmable control over the
physical existence of matter. We have detailed a novel paradigm in which a material's structural integrity
and electronic function are not passive, default properties, but actively sustained by a fragile, macroscopic
quantum state. The central thesis is to re-engineer quantum decoherence the use of quantum computing
into a constructive and deterministic feature: an ultra-precise, secure, and near-instantaneous trigger for
systemic material disintegration. We presented a rigorous, multi-phase methodology, blending ab initio
computational modelling with experimental validation, to test the core tenets of this framework. The
successful realization of this research would establish a new field of "quantum lifecycle engineering,”
offering a pathway to electronics that are truly "designed for demise™ disappearing on command into an
environmentally harmless state. The potential impacts are profound, promising not only as a definitive
solution to the e-waste dilemma but also offering unparalleled data security and new circular economic
models(Pajunen, Nani et al.(2023)[26]). While we have critically acknowledged the formidable scientific
and engineering hurdles chief among them being the challenge of maintaining macroscopic coherence at
ambient temperatures the potential reward is a true resolution to one of the most pressing environmental
challenges of our time. The QSM-TE paradigm, by turning quantum fragility into an engineering strength,
invites the scientific community to imagine and build a future in which our most advanced technologies
do not leave a permanent scar on our planet. This study lays the theoretical and methodological
groundwork for this vision. The first step is to begin the focused computational and experimental work to
determine if it can be manifested.

9. DECLARATION OF GENERATIVE Al AND AI-ASSISTED TECHNOLOGIES

During the preparation of this work the author(s) used Al tools to refer to a better academic writing style
for the manuscript and graphical representation generation. After using this tool/service, the author(s)
reviewed and edited the content as required and took full responsibility for the content of the published
article.

10. FUNDING STATEMENT, CONFLICT OF INTEREST, AUTHOR CONTRIBUTION

No specific funding was provided for this study by any public, commercial, or non-profit organizations.
The authors state that they have no connections to or involvement with any entities with a financial stake
in the topic or materials discussed in this study. The authors contributed to the study design, data analysis,
execution, and manuscript preparation.

11. CLINICAL TRIAL DECLARATION
Not applicable.

12. CONSENT TO PUBLISH DECLARATION
Consent to Publish declaration: not applicable.

13. CONSENT TO PARTICIPATE DECLARATION

Consent to Participate declaration: not applicable.

IJSAT25037496 Volume 16, Issue 3, July-September 2025 22



https://www.ijsat.org/

International Journal on Science and Technology (IJSAT)

— E-ISSN: 2229-7677 e Website: www.ijsat.org e Email: editor@ijsat.org

14. ETHICS DECLARATION
Ethics declaration: not applicable.
15. COMPETING INTEREST DECLARATION
Competing Interest declaration: not applicable.
16. CORRESPONDING AUTHOR
Corresponding author: Siba Ram Baral.
REFERENCE

1. Amico, Luigi, et al. “Entanglement in many-body systems.” Reviews of Modern Physics, vol. 70,
no. 2, 2008, p. 517.

2. Arute, F., et al. “Quantum supremacy using a programmable superconducting processor.” Nature,
vol. 574, no. 7779, 2019, pp. 505-510.

3. Baldé, C. P., et al. "Global e-waste monitor 2024." (2024).

4. Baldg, C. P, etal. The Global E-waste Monitor 2017: Quantities, flows and resources. United
Nations University, 2017.

5. Biamonte, J., et al. “Quantum machine learning.” Nature, vol. 549, no. 7671, 2017, pp. 195-202.

6. Brandbyge, Mads, et al. “Density-functional method for nonequilibrium electron transport.”
Physical Review B, vol. 65, no. 16, 2002, p. 165401.

7. Cui, J., and L. Zhang. “Metallurgical recovery of metals from electronic waste: A review.” Journal
of Hazardous Materials, vol. 158, no. 2-3, 2008, pp. 228-256.

8. Degen, C. L., Reinhard, F., and Cappellaro, P. “Quantum sensing.” Reviews of Modern Physics, vol.
89, no. 3, 2017, 035002.

9. Forti, V., et al. “The Global E-waste Monitor 2020: Quantities, flows and the circular economy
potential.” United Nations University, 2020.

10. Gross, Richard A., and Bhanu Kalra. “Biodegradable polymers for the environment.” Science, vol.
297, no. 5582, 2002, pp. 803-807.

11. Izatt, Reed M., and Christian Hagellken. "Recycling and sustainable utilization of precious and
specialty metals." Metal sustainability: Global challenges, consequences, and prospects (2016): 1-
22.

12. Hwang, Suk-Won, et al. “A physically transient form of silicon electronics.” Science, vol. 337, no.
6102, 2012, pp. 1640-1644.

13. Kiddee, P., Naidu, R., and Wong, M. H. “Electronic waste management approaches: An overview.”
Waste Management, vol. 33, no. 5, 2013, pp. 1237-1250.

14. Mishra, Kirti, Samarjeet Singh Siwal, and Vijay Kumar Thakur. "E-waste recycling and utilization:
A review of current technologies and future perspectives.”" Current Opinion in Green and
Sustainable Chemistry 47 (2024): 100900.

15. Malviya, Gajendra, B. AkashNarayanan, and Janani Seshadri. "Logistics network optimization using
quantum annealing.” International Conference on Emerging Trends and Technologies on Intelligent
Systems. Singapore: Springer Nature Singapore, 2023.

16. Miller, D. A. B., et al. “Band-edge electroabsorption in quantum well structures: The quantum-
confined Stark effect.” Physical Review Letters, vol. 53, no. 22, 1984, pp. 2173-2176.

IJSAT25037496 Volume 16, Issue 3, July-September 2025 23



https://www.ijsat.org/

International Journal on Science and Technology (IJSAT)

— E-ISSN: 2229-7677 e Website: www.ijsat.org e Email: editor@ijsat.org
17. Nielsen, Michael A., and Isaac L. Chuang. Quantum computation and quantum information.

18.

19.

20.

21.

22,
23.

24,

25.

26.

27.
28.

29.

30.

31.

Cambridge university press, 2010.

Ogunseitan, O. A., et al. “The electronics revolution: From e-wonderland to e-wasteland.” Science,
vol. 326, no. 5953, 2009, pp. 670-671.

Debnath, Biswajit, Ankita Das, and Abhijit Das. "Towards circular economy in e-waste management
in India: Issues, challenges, and solutions.” Circular economy and sustainability. Elsevier, 2022.
523-543.

Jain, Muskan, et al. "Review on E-waste management and its impact on the environment and
society.” Waste Management Bulletin 1.3 (2023): 34-44.

Perkins, Drew N., et al. “E-waste: A global hazard.” Annals of Global Health, vol. 80, no. 4, 2014,
pp. 286-295.

Preskill, John. “Quantum computing in the NISQ era and beyond.” Quantum, vol. 2, 2018, p. 79.
Rogers, John A., et al. “A physically transient form of silicon electronics.” Science, vol. 337, no.
6102, 2013, pp. 1640-1644.

Zhang, Yamin, et al. "Advances in bioresorbable materials and electronics.” Chemical Reviews
123.19 (2023): 11722-11773.

Burgler, Beat, et al. "All-optical nuclear quantum sensing using nitrogen-vacancy centers in
diamond." NPJ quantum information 9.1 (2023): 56.

Pajunen, Nani, and Maria E. Holuszko. "Circular Economy in Electronics and the Future of e-
Waste." Electronic Waste: Recycling and Reprocessing for a Sustainable Future (2022): 299-314.
Thomson, J. J. “Cathode rays.” Philosophical Magazine, vol. 44, no. 269, 1897, pp. 293-316.
Chayut, Michael. "JJ Thomson: The discovery of the electron and the chemists." Annals of Science
48.6 (1991): 527-544.

Tonouchi, Masayoshi. “Cutting-edge terahertz technology.” Nature Photonics, vol. 1, no. 2, 2007,
pp. 97-105.

World Economic Forum (WEF). A New Circular Vision for Electronics: Time for a Global Reboot.
World Economic Forum, 20109.

Zurek, Wojciech H. “Decoherence, einselection, and the quantum origins of the classical.” Reviews
of Modern Physics, vol. 75, no. 3, 2003, pp. 715.

IJSAT25037496 Volume 16, Issue 3, July-September 2025 24



https://www.ijsat.org/

