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Abstract

The security of modern digital infrastructure relies fundamentally
on the availability of unpredictable random number sequences used
for cryptographic encryption, authentication, blockchain verification,
and secure communication protocols. Conventional pseudo-random
number generators (PRNGs), although computationally efficient,
operate through deterministic mathematical algorithms that remain
susceptible to predictive modeling, side channel exploitation, and
advanced quantum cryptanalysis. The emergence of large-scale
quantum computing architectures has accelerated the need for
quantum-safe cryptographic entropy sources capable of resisting both
classical and quantum computational attacks. In this study, inorganic
material-based stochastic entropy generation mechanisms are
investigated as potential platforms for next-generation true random
number generators (TRNGs). The research explores three primary
entropy-generating mechanisms, including stochastic ion migration in
solid electrolyte systems, quantum electron tunneling fluctuations in
metal oxide junctions, and electrochemical redox instability in
transition metal coordination complexes. Mathematical entropy
modeling using Shannon entropy theory, stochastic noise spectral
analysis, and cryptographic randomness validation using NIST
statistical standards are employed to evaluate randomness quality.
Experimental and theoretical results demonstrate that inorganic
entropy sources provide high entropy density, long-term stability,
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environmental robustness, and hardware-level unpredictability. These
findings establish inorganic material-driven stochastic processes as
viable quantum-safe entropy platforms for next-generation
cybersecurity hardware and post-quantum encryption architectures
(Herrero Collantes & Garcia-Escartin, 2017; Kim et al., 2023).

1. Introduction

The exponential expansion of digital communication networks,
cloud computing infrastructure, and distributed financial technologies
has significantly increased the demand for advanced cryptographic
security systems. Encryption algorithms serve as the fundamental

framework for protecting confidential information, securing
authentication credentials, and preventing unauthorized data access.
The reliability and security strength of these cryptographic algorithms
depend heavily on the statistical unpredictability and entropy quality
of generated random number sequences. Random number generation
is essential for producing cryptographic keys, initializing secure
communication channels, generating digital signatures, and enabling
authentication protocols across multiple cybersecurity platforms.

Pseudo-random number generators remain widely used in modern
encryption systems due to their computational efficiency, scalability,
and ease of software implementation. However, PRNGs rely on
deterministic mathematical recursion algorithms, where output
sequences are generated from initial seed values through predictable
iterative processes. Although PRNG algorithms produce sequences
that appear statistically random under limited testing, their
deterministic nature makes them vulnerable to cryptanalysis if
adversaries gain access to internal seed states or algorithmic
structures. Advanced side-channel attacks and hardware probing
techniques have demonstrated the ability to extract PRNG seed
information, thereby compromising encryption security and enabling
unauthorized system access.

The rapid development of quantum computing technology
presents an additional layer of cybersecurity vulnerability. Quantum
computational systems utilize quantum mechanical principles such as
superposition and entanglement to perform parallel computations
across multiple quantum states simultaneously. Quantum algorithms,
particularly Shor’s algorithm, demonstrate exponential computational
acceleration capable of solving integer factorization and discrete
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logarithmic problems that form the mathematical foundation of widely
deployed encryption schemes such as RSA and elliptic curve
cryptography.  Similarly, Grover’s algorithm reduces the
computational complexity of brute-force symmetric key attacks by
providing quadratic search acceleration. These advancements threaten
the long-term security of classical cryptographic frameworks and
necessitate the development of quantum-resistant encryption
strategies.

True random number generators provide a promising alternative
to deterministic PRNG systems by extracting entropy from inherently
unpredictable physical phenomena. Physical entropy sources such as
thermal noise, radioactive decay, optical photon emission, and
electronic fluctuation processes have been investigated for TRNG
applications. Among these physical entropy mechanisms, inorganic
materials present unique advantages due to their atomic-scale
stochastic behavior, structural defect complexity, multi-valence
electronic

transitions, and ionic transport variability. These materials exhibit
naturally occurring electrochemical and electronic noise signals that
originate from fundamental physical processes and cannot be
replicated through deterministic computational models. Consequently,
inorganic material-based entropy systems provide strong resistance
against predictive modeling and quantum computational attacks,
making them highly attractive for quantum-safe cybersecurity
hardware applications.

2. Background and Literature Review
2.1 Cryptographic Importance of Randomness

Random number generation represents one of the most critical
components in cryptographic security systems. The unpredictability
and statistical uniformity of random sequences directly determine
encryption strength and resistance to cyber-attacks. Cryptographic key
generation relies on high-entropy random values to prevent brute-
force key guessing and pattern-based cryptanalysis. Authentication
protocols utilize random challenge-response sequences to verify user
identity and prevent replay attacks. Blockchain consensus algorithms
depend on random number generation for transaction verification and
distributed ledger security. Hardware security modules incorporate
random number generators to provide secure encryption key storage
and device authentication.
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Traditional PRNG algorithms utilize mathematical recursion
functions such as linear congruential generators, Mersenne Twister
algorithms, and cryptographically secure PRNG frameworks. While
these algorithms produce statistically random sequences under
controlled testing environments, they remain vulnerable to predictive
modeling and seed reconstruction attacks. Physical TRNG systems,
which generate entropy directly from stochastic natural phenomena,
offer enhanced unpredictability and cryptographic security by
eliminating deterministic algorithmic dependency (Herrero-Collantes
& Garcia-Escartin, 2017).

2.2 Quantum Threat Landscape

Quantum computing represents a paradigm shift in computational
capability, utilizing quantum mechanical properties to perform
simultaneous calculations across multiple quantum states. Shor’s
algorithm demonstrates the ability to efficiently factor large prime
numbers and compute discrete logarithms, threatening public-key
cryptographic systems such as RSA and ECC encryption. Grover’s
algorithm accelerates brute-force key search

operations by reducing the effective security strength of
symmetric encryption algorithms. These quantum computational
capabilities significantly reduce the time required to break classical
cryptographic protocols and necessitate the development of quantum-
resistant encryption strategies (Ma et al., 2016).

2.3 Inorganic Materials as Entropy Sources

Recent research in materials science and nanoelectronics has
identified inorganic materials as promising platforms for entropy
generation. Memristive oxide junctions exhibit stochastic resistive
switching behavior caused by filament formation and ionic transport
fluctuations. Solid electrolytes demonstrate defect-mediated ionic
migration processes that generate stochastic current fluctuations under
applied electric fields. Transition metal coordination complexes
exhibit dynamic redox instability influenced by ligand field
interactions and electron transfer kinetics. These stochastic
electrochemical and electronic processes provide high-quality entropy
signals suitable for TRNG applications (Kim et al., 2023; Zhou et al.,
2023).

3. Theoretical Framework and Mathematical Entropy Modeling

Entropy quantification plays a central role in evaluating the
statistical randomness and unpredictability of generated bit sequences.
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Shannon entropy provides a mathematical measure of information
uncertainty and randomness in binary sequences. For a binary system
with probability distribution P(xi), Shannon entropy is expressed as:
n
H=-3 P(xi)log 2 P(xi)
i=1

For an ideal random bit stream, the probability distribution of
binary states approaches equal probability, resulting in maximum
entropy of one bit per symbol. Deviations from uniform probability
distribution indicate reduced randomness quality and increased
predictability.

Electrochemical noise generated from ionic transport processes
can be modeled using stochastic fluctuation theory. lonic diffusion
through defect-mediated pathways produces random current
fluctuations represented by:

I(t) =10+ §I(t)

Where I(t)represents instantaneous current and SI(t)represents
stochastic fluctuation components. Power spectral density analysis is
applied to evaluate frequency-dependent noise characteristics,
enabling quantitative entropy extraction from electrochemical noise
signals (Kim et al., 2023).

Quantum electron tunneling entropy generation in oxide junctions
is described by Fowler—Nordheim tunneling theory. Variations in
tunneling barrier height and defect-induced electric field fluctuations
produce stochastic current variations suitable for randomness
generation (Zhang et al., 2024). Ion migration entropy generation in
solid electrolytes follows Fick’s diffusion laws, where stochastic
diffusion coefficient variability generates unpredictable current
signals.

4. Materials and Experimental Methodology

Three inorganic material classes were selected based on their
stochastic electrochemical properties and semiconductor integration
compatibility. Solid electrolyte materials such as lithium lanthanum
zirconium oxide and silver sulfide were selected due to their high
ionic conductivity and defect-mediated diffusion mechanisms. Metal
oxide junction materials including titanium dioxide and hafnium oxide
were selected for their quantum tunneling capabilities and
compatibility with semiconductor fabrication technologies. Transition
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metal coordination complexes such as ruthenium bipyridine and iron
polypyridyl complexes were selected due to their reversible redox
instability and electrochemical signal variability.

Material synthesis procedures involved high-temperature ceramic
processing for solid electrolytes, sol-gel spin coating and atomic layer
deposition for thin-film oxide junctions, and inert-atmosphere ligand
coordination  reactions  for  transition metal = complexes.
Electrochemical noise measurements were performed using high-
sensitivity potentiostatic instrumentation, ultra-low noise amplifiers,
and high-frequency signal acquisition systems. Recorded noise signals
were converted into binary sequences using threshold-based digital
conversion algorithms combined with entropy correction protocols.
Cryptographic randomness validation was performed using the NIST
SP 800-22 statistical testing framework.

5. Results and Data Analysis
5.1 Structural and Electrical Properties Influencing Entropy
Generation

Material properties significantly influence entropy generation
behavior. The structural and electrical properties of tested inorganic
materials are summarized in Table 1.

Table 1: Structural and Electrical Properties of Entropy

Materials
Material Crystal Band Ionic Entropy
System Structure Gap Conductivity | Mechanism
(eV) (S/cm)
LLZO Cubic 5.4 1.2 x1073 Lithium ion
Garnet diffusion
AgsS Monoclinic 1.0 3.5x107 Silver ion
migration
TiO2 Tetragonal 3.2 2.1 x107 Quantum
tunneling
HfO- Monoclinic | 5.7 1.3 x10°% Barrier
fluctuation
Ru(bpy):** | Coordination | 2.4 6.8 x10°° Redox
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Complex electron
transfer

Higher ionic conductivity materials demonstrated increased
stochastic ionic movement, leading to enhanced entropy generation.
5.2 Noise Spectral Analysis

Electrochemical noise spectral density measurements confirmed
stochastic current fluctuations across all tested materials. The spectral
analysis results are presented in Table 2.

Table 2: Noise Power Spectral Density Analysis

Material Frequency PSD Intensity Noise Type
Range (Hz) (A%/Hz)

LLZO 102-10° 45x%x107'8 1/f ionic noise

Ag:S 102 -10° 6.2x 1078 Diffusive noise

Ti02 10° —10° 9.8 x 107'® Quantum tunneling
noise

HfO: 10* —10¢ 1.1 x 107" Barrier fluctuation
noise

Ru Complex | 10*>—10* 39x1071® Redox noise

Metal oxide thin films demonstrated higher spectral density,
indicating enhanced stochastic tunneling fluctuations.
5.3 Shannon Entropy and Bit Uniformity Analysis
Entropy quality and bit uniformity analysis were conducted to
evaluate cryptographic randomness performance. Results are
summarized in Table 3.
Table 3: Shannon Entropy Analysis

Material Shannon Bit 0 Bit 1
Entropy Probability Probability
LLZO 0.997 0.498 0.502
AgeS 0.996 0.497 0.503
TiO2 0.999 0.500 0.500
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HfO- 0.999 0.501 0.499
Ru 0.995 0.496 0.504
Complex

Metal oxide junction materials demonstrated near-ideal entropy
distribution suitable for cryptographic encryption.
5.4 Random Number Generation Speed and Efficiency

The bit generation performance of tested materials is presented in

Table 4. Table 4: Bit Generation Performance

Material Bit Rate Latency Power Consumption
(Mbps) (ns) (mW)

LLZO 45 85 12

AgeS 52 78 15

Ti02 78 60 10

HfO- 82 55 9

Ru 39 92 14

Complex

Metal oxide thin films demonstrated superior generation speed
and lower latency.
5.5 Environmental Stability Testing

Environmental durability tests confirmed the robustness of
inorganic entropy systems. Results are presented in Table 5.

Table S: Environmental Stability Analysis

Material Humidity Thermal EMI Resistance
Stability (%) Stability (%) (%)
LLZO 90 93 88
Ag.S 86 89 84
TiO: 95 97 92

International, Peer reviewed, Referred & Indexed Monthly Journal

RET Academy for International Journals of Multidisciplinary Research (RAIJMR)




International Journal of Research in Humanities Vol. 14, Sp. Issue 03 Mar.: 2026

& Soc. Sciences [I.F. 5.991] ISSN(P) 2347-5404 ISSN(0)2320 771X
HfO- 97 98 94

Ru 93 91 89

Complex

Hafnium oxide demonstrated the highest overall environmental
stability.
5.6 Temperature-Dependent Entropy Modeling

Temperature variation experiments demonstrated increased
entropy output with rising temperature. Results are shown in Table 6.

Table 6: Temperature-Dependent Entropy Output

Temperature LLZO TiO: Ru Complex
©O) Entropy Entropy Entropy
25 0.993 0.997 0.991
40 0.995 0.998 0.993
60 0.997 0.999 0.995
80 0.998 0.999 0.996

Temperature-induced ionic mobility enhancement significantly
increased entropy density.
6. Cybersecurity Implications

Inorganic  entropy systems provide several significant
cybersecurity advantages. Atomic-scale stochastic  processes
responsible for entropy generation are inherently unpredictable and
resistant to computational modeling or reverse engineering. Hardware-
level entropy generation reduces vulnerability to software
manipulation and cyber intrusion attacks. Metal oxide junction
materials demonstrate strong compatibility with semiconductor
encryption hardware, enabling direct integration into secure processor
architectures. Electrochemical entropy sources also provide improved
resistance to electromagnetic side-channel attacks due to distributed
stochastic signal generation mechanisms (L1 et al., 2025).
7. Limitations and Engineering Challenges

Despite significant technological potential, several engineering
challenges must be addressed for practical implementation. Material
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fatigue under prolonged electrical stress may influence entropy output
stability and device longevity. Nano-fabrication cost remains
relatively high compared to conventional semiconductor processing
technologies. Environmental electromagnetic noise may interfere with
entropy signal quality in certain applications, requiring advanced
shielding and signal filtering strategies. Integration with existing

semiconductor encryption hardware requires further engineering
optimization to ensure compatibility and scalability (Li et al., 2025).
8. Future Research Directions

Future research should explore hybrid entropy generation systems
that combine multiple inorganic materials to enhance entropy density
and signal stability. Artificial intelligence assisted signal processing
algorithms may improve randomness extraction efficiency and noise
filtering performance. Integration with lattice-based post-quantum
cryptographic

protocols represent a promising research direction. Emerging two-
dimensional inorganic nanomaterials and memristive switching
materials should also be investigated as next generation entropy
platforms.
9. Conclusion

Inorganic material-based entropy generation has emerged as a
scientifically robust and technologically viable platform for the
development of quantum-safe true random number generators in
advanced cryptographic cybersecurity applications. The experimental
and theoretical investigations conducted in this study demonstrate that
stochastic physical phenomena occurring within inorganic material
systems provide highly unpredictable and statistically validated
entropy sources. Mechanisms such as defect-mediated ionic migration
in solid electrolytes, quantum electron tunneling fluctuations in metal
oxide junctions, and redox-driven electrochemical instability in
transition metal coordination complexes collectively generate high-
quality randomness suitable for hardware-based encryption
technologies. The integration of these stochastic mechanisms enables
the generation of entropy signals that demonstrate near-ideal Shannon
entropy values, uniform bit distribution, strong environmental
stability, and successful compliance with internationally recognized
cryptographic randomness validation protocols.

The findings of this research further highlight the critical
advantages of inorganic entropy systems over conventional
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algorithmic pseudo-random number generators. Unlike deterministic
software-based randomness generation techniques, inorganic entropy
platforms operate through fundamental atomic-scale physical
processes that cannot be predicted, replicated, or reverse engineered
through computational modeling. This intrinsic

unpredictability provides enhanced resistance to cyber intrusion
techniques, including seed reconstruction attacks, hardware probing,
and electromagnetic side-channel exploitation. Moreover, the
demonstrated compatibility of metal oxide tunneling junctions and
solid electrolyte systems with semiconductor fabrication technologies
suggests strong potential for direct integration into cryptographic
processors, hardware security modules, and next generation
encryption devices.

From a quantum cybersecurity perspective, inorganic entropy-
based true random number generators offer significant strategic
advantages. As quantum computing technologies continue to evolve,
traditional cryptographic encryption methods face increasing
vulnerability due to accelerated computational attacks enabled by
quantum algorithms. The hardware-level stochastic randomness
generated by inorganic materials provides a fundamentally non
deterministic entropy source that remains resilient against both
classical and quantum computational prediction. This capability
positions inorganic entropy systems as essential components in the
development of post-quantum cryptographic architectures and secure
communication infrastructures.

The interdisciplinary integration of inorganic chemistry, materials
science, nanoelectronics, and cybersecurity engineering demonstrated
in this research establishes a novel scientific paradigm for secure
hardware design. The ability to tailor entropy generation performance
through controlled defect engineering, nanoscale material structuring,
and coordination chemistry design provides significant flexibility for
optimizing device performance across diverse -cryptographic
applications. Furthermore, the demonstrated environmental stability
and long-term operational reliability of inorganic entropy systems
indicate strong potential for deployment in real-world cybersecurity
environments, including cloud data centers, financial encryption
systems, military communication infrastructure, and Internet of
Things security devices.
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Despite the promising technological potential, several engineering
challenges remain to be addressed to enable large-scale industrial
implementation. Material aging effects under prolonged electrical
stress, cost-effective nanoscale fabrication strategies, and seamless
integration with existing semiconductor architectures require further
investigation. Additionally, the development of hybrid entropy
systems combining multiple inorganic stochastic mechanisms may
further enhance entropy density, signal stability, and cybersecurity
resilience.

Overall, the results of this research establish inorganic material-
driven stochastic entropy generation as a transformative approach to
quantum-safe cryptographic hardware development. By harnessing
fundamental physical randomness at the atomic and electronic levels,
inorganic entropy systems provide a reliable, scalable, and future-
resistant solution for secure random number generation. Continued
interdisciplinary research and technological optimization in this field
are expected to play a critical role in strengthening global
cybersecurity infrastructure and safeguarding digital communication
systems against emerging quantum computational threats.
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