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Abstract

Nanomaterials have attracted considerable attention in recent years due to their unique electrical
and optical properties that emerge at the nanoscale. This study investigates the electrical
conductivity, charge transport behaviour, optical absorption, and photoluminescence characteristics
of nanomaterials through a comprehensive secondary analysis of existing scientific literature. The
research examines how nanoscale structural parameters such as particle size, morphology, crystal
structure, and surface modification influence the functional performance of various nanomaterials,
including semiconductor nanoparticles, metal oxide nanostructures, and carbon-based
nanomaterials. The findings indicate that quantum confinement, surface plasmon resonance, and
enhanced surface-to-volume ratios significantly affect the electronic and optical behaviour of these
materials. Carbon-based nanomaterials such as graphene and carbon nanotubes exhibit superior
electrical conductivity, while semiconductor quantum dots and metal nanoparticles demonstrate
tunable optical responses. The study highlights the importance of nanoscale engineering in tailoring
the electrical and optical properties of nanomaterials for advanced applications in electronics,
optoelectronics, sensing technologies, and renewable energy systems.

Keywords: Nanomaterials, electrical properties, optical properties, quantum confinement,
photoluminescence, nanotechnology

Introduction

Nanomaterials have become a major focus of scientific research due to their unique structural,
electrical, and optical properties that arise when materials are engineered at dimensions typically
between 1 and 100 nanometres. At this scale, materials demonstrate behaviour that differs
significantly from their bulk counterparts because of quantum mechanical effects, increased
surface-to-volume ratios, and modified electronic structures. These characteristics influence the
electrical conductivity, optical absorption, photoluminescence, and band gap energies of
nanomaterials, making them highly attractive for applications in electronics, photonics, sensing
technologies, and renewable energy systems. The rapid advancement of nanotechnology has
enabled researchers to fabricate a variety of nanostructures such as nanoparticles, nanowires,
nanotubes, quantum dots, and two-dimensional materials. Each of these structures exhibits
distinctive properties that can be tuned through controlled synthesis methods and surface
modifications. As a result, the investigation of the electrical and optical characteristics of
nanomaterials has become a fundamental area of research in materials science and nanotechnology.
Understanding how nanoscale structural parameters influence the behaviour of electrons and
photons is essential for the development of high-performance devices such as solar cells,
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photodetectors, light-emitting diodes, and nanoscale transistors (Zhang et al., 2016; Kamat, 2017;
Wang et al., 2019).
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The electrical properties of nanomaterials are strongly influenced by the phenomenon of quantum
confinement, which occurs when the size of a material approaches the wavelength of charge
carriers such as electrons and holes. Under these conditions, the movement of charge carriers
becomes restricted, leading to discrete energy levels and significant changes in electronic band
structures. This modification in electronic states affects electrical conductivity, carrier mobility, and
charge transport mechanisms. Semiconductor nanomaterials such as zinc oxide, titanium dioxide,
and cadmium selenide nanostructures have been widely investigated due to their tunable electrical
properties and potential for use in nanoelectronic applications. The presence of defects, surface
states, and dopant atoms can further modify the electrical behaviour of these materials, enabling the
control of charge transport processes. Carbon-based nanomaterials, particularly graphene and
carbon nanotubes, have also attracted considerable interest due to their exceptional electrical
conductivity and high electron mobility. Graphene, for instance, exhibits remarkable carrier
transport properties because of its two-dimensional lattice structure and delocalised m-electron
system, which allows electrons to move with minimal scattering. These properties make graphene
and related nanomaterials promising candidates for high-speed electronics, flexible electronic
devices, and advanced energy storage systems (Novoselov et al., 2016; Schwierz, Pezoldt, &
Granzner, 2015; Das et al., 2018).

Alongside electrical behaviour, nanomaterials demonstrate distinctive optical properties that arise
from nanoscale interactions between matter and electromagnetic radiation. One of the most
significant optical phenomena associated with nanomaterials is surface plasmon resonance,
particularly in noble metal nanoparticles such as gold and silver. In these materials, collective
oscillations of conduction electrons occur when exposed to incident light, producing strong
localised electromagnetic fields and enhanced optical responses. Semiconductor quantum dots also
exhibit remarkable optical behaviour due to quantum confinement effects, which cause the band
gap energy to become size-dependent. As a result, the emission wavelength of quantum dots can be
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precisely controlled by altering particle size, enabling applications in optoelectronic devices,
display technologies, and biomedical imaging. Furthermore, nanostructured materials often display
enhanced light absorption and scattering properties, which are beneficial for improving the
efficiency of solar energy conversion systems. Carbon-based nanomaterials such as graphene
quantum dots and carbon nanodots also show promising optical properties, including strong
photoluminescence and high photostability, making them suitable for sensing and imaging
applications. The detailed investigation of these electrical and optical characteristics provides
valuable insight into the fundamental behaviour of nanomaterials and supports the design of
advanced nanotechnology-based devices (Kamat, 2016; Liu et al., 2017; Zhu et al., 2015).
Background to the Study

The rapid development of nanotechnology has significantly transformed the field of materials
science, particularly through the discovery and application of nanomaterials with distinctive
physical and chemical properties. Nanomaterials are characterised by structural dimensions that
typically range between 1 and 100 nanometres, a scale at which materials begin to exhibit
behaviours that differ from those observed in their bulk forms. At the nanoscale, the high surface-
to-volume ratio and the presence of quantum mechanical effects strongly influence the electronic
structure and energy states of materials. These characteristics result in unique electrical
conductivity, optical absorption, and photoluminescence properties that are not present in
conventional materials. Over the past two decades, researchers have increasingly focused on
exploring these properties in order to develop advanced functional materials for modern
technological applications. The electrical and optical characteristics of nanomaterials have been
particularly important for the development of nanoelectronic devices, optical sensors, photonic
components, and energy conversion systems. Understanding how nanoscale structural features
influence charge transport and light—matter interactions is therefore fundamental for improving the
performance and efficiency of these technologies (Sarkar et al., 2016; Cao, Wang, & Yu, 2018; Li
etal., 2019).
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The investigation of electrical properties in nanomaterials has become an important research area
due to the influence of quantum confinement and reduced dimensionality on charge carrier
behaviour. When the size of a material approaches the characteristic wavelength of electrons,
classical models of electrical conduction become inadequate, and quantum mechanical effects
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begin to dominate. In such conditions, the movement of electrons and holes becomes restricted
within the nanostructure, resulting in discrete energy levels and modified band gap structures.
These changes can significantly influence electrical conductivity, carrier mobility, and dielectric
behaviour. For example, semiconductor nanostructures such as zinc oxide nanorods, titanium
dioxide nanoparticles, and cadmium sulphide quantum dots exhibit size-dependent electronic
properties that can be controlled through synthesis techniques and doping processes. Similarly,
carbon-based nanomaterials such as graphene and carbon nanotubes have demonstrated exceptional
electrical conductivity due to their unique lattice structures and delocalised electron systems. These
materials possess extremely high carrier mobility and mechanical flexibility, which make them
suitable for applications in flexible electronics, transparent conductive films, and high-performance
electronic components. As research continues to advance in nanoscale engineering, the ability to
manipulate electrical properties through structural control has become a key objective in
nanomaterials research (Schwierz, Pezoldt, & Granzner, 2015; Xu et al., 2017; Zhang et al., 2020).
In addition to electrical behaviour, the optical properties of nanomaterials have attracted substantial
attention because of their potential applications in photonics, imaging, and sensing technologies. At
the nanoscale, optical phenomena such as quantum confinement, excitonic interactions, and surface
plasmon resonance play a crucial role in determining how materials interact with light.
Semiconductor quantum dots, for instance, exhibit size-dependent optical emission due to changes
in their band gap energy as particle size varies. This property enables the precise tuning of emission
wavelengths, which is particularly valuable for applications in display technologies, biomedical
imaging, and optical sensing devices. Metal nanoparticles such as gold and silver demonstrate
localised surface plasmon resonance, a phenomenon in which conduction electrons collectively
oscillate in response to incident electromagnetic radiation, producing strong optical absorption and
scattering effects. These plasmonic properties have been widely exploited in fields such as
biosensing, surface-enhanced spectroscopy, and photothermal therapy. Furthermore, carbon-based
nanostructures including graphene quantum dots and carbon nanodots have shown promising
optical characteristics such as strong fluorescence, excellent photostability, and tunable emission
spectra. These developments highlight the growing importance of investigating optical properties
alongside electrical characteristics in order to fully understand the functional behaviour of
nanomaterials and their potential technological applications (Kamat, 2016; Zhu et al., 2017; Chen
et al., 2021).

Scope of the research

The scope of this research lies in the systematic investigation of the electrical and optical properties
of nanomaterials and the factors that influence these characteristics at the nanoscale. Nanomaterials
have become increasingly important in modern scientific and technological developments because
their properties differ significantly from those of bulk materials. These differences arise mainly due
to reduced dimensionality, increased surface area, and quantum mechanical effects that become
dominant when materials are structured at nanometre dimensions. The present research focuses on
understanding how these nanoscale characteristics affect the behaviour of electrons and photons
within nanomaterials. In particular, the study explores how structural parameters such as particle
size, morphology, composition, and surface states influence electrical conductivity, carrier
mobility, band gap energy, optical absorption, and photoluminescence behaviour. By examining
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these parameters, the research contributes to the broader understanding of how nanostructured
materials interact with electrical fields and electromagnetic radiation. Such investigations are
essential for improving the performance of nanoscale devices used in electronics, photonics, and
energy technologies. The scope also includes analysing the underlying mechanisms responsible for
charge transport and optical transitions in nanomaterials, which are critical for the development of
high-efficiency electronic and optoelectronic systems (Kamat, 2016; Sarkar et al., 2016; Li et al.,
2019).

Another important aspect of the research scope involves the examination of different categories of
nanomaterials that exhibit distinctive electrical and optical behaviours. Various nanostructured
materials such as metal nanoparticles, semiconductor quantum dots, metal oxide nanostructures,
and carbon-based nanomaterials are widely studied due to their diverse functional properties.
Semiconductor nanomaterials such as zinc oxide, titanium dioxide, and cadmium chalcogenides
demonstrate size-dependent electronic and optical characteristics that can be tuned through
synthesis conditions and doping techniques. Similarly, carbon-based nanomaterials including
graphene, carbon nanotubes, and graphene quantum dots have attracted significant attention
because of their exceptional electrical conductivity and unique optical responses. These materials
exhibit remarkable electron mobility and strong light—matter interactions, which enable their
application in sensors, flexible electronics, photodetectors, and energy storage devices. The
research therefore considers a broad range of nanomaterial systems in order to understand how
structural and compositional variations affect their electrical and optical performance. Investigating
these variations allows the identification of relationships between nanoscale structure and
functional behaviour, which is a critical step in the rational design of advanced nanomaterials for
technological applications (Schwierz, Pezoldt, & Granzner, 2015; Xu et al., 2017; Chen et al.,
2021).

The scope of this research also extends to the potential technological implications of the electrical
and optical properties of nanomaterials. The understanding gained from such investigations
supports the development of innovative devices in fields such as optoelectronics, renewable energy,
and sensing technologies. Nanomaterials with tailored electrical properties can be used to fabricate
high-speed electronic components, nanoscale transistors, and transparent conductive films, while
materials with controlled optical behaviour are essential for applications such as light-emitting
diodes, photodetectors, and solar energy conversion systems. In addition, nanomaterials
demonstrating enhanced optical absorption and photoluminescence properties are increasingly used
in biomedical imaging, environmental monitoring, and optical sensing applications. By studying
the relationships between nanostructure design and functional performance, the research aims to
contribute to the advancement of materials that offer improved efficiency, stability, and versatility
in emerging technologies. Consequently, the investigation of electrical and optical properties
provides a scientific foundation for the development of next-generation materials that can address
challenges in energy, electronics, and advanced photonic systems (Cao, Wang, & Yu, 2018; Zhang
et al., 2020; Zhu et al., 2017).

Literature Review

Zhang et al. (2016) discussed that nanomaterials possess extraordinary electrical and optical
properties due to their nanoscale dimensions and high surface-to-volume ratio. Their study
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highlighted that when the size of materials decreases to the nanometre range, the electronic energy
levels become discrete rather than continuous, leading to quantum confinement effects. This
phenomenon significantly influences the electrical conductivity and optical absorption
characteristics of nanomaterials. The authors also explained that semiconductor nanomaterials such
as zinc oxide and titanium dioxide nanoparticles exhibit tunable band gaps depending on particle
size and crystal structure. These tunable electronic structures allow nanomaterials to be used in a
wide range of applications including optoelectronic devices, photocatalysis, and energy conversion
systems. Furthermore, the study emphasised that the optical behaviour of nanomaterials is closely
associated with excitonic transitions and the interaction of electrons with incident electromagnetic
radiation. The ability to control these interactions through nanoscale engineering has enabled the
development of advanced nanophotonic devices and high-performance sensors.

Kamat (2016) examined the role of semiconductor nanomaterials in optoelectronic and energy
applications, particularly focusing on their electrical and optical characteristics. The study reported
that semiconductor quantum dots demonstrate strong size-dependent optical properties due to
quantum confinement effects, which alter the band gap energy of the material. As the particle size
decreases, the band gap increases, resulting in shifts in optical absorption and emission spectra. The
author also explained that these unique optical behaviours enable nanomaterials to absorb and emit
light at specific wavelengths, making them highly useful in solar cells, photodetectors, and light-
emitting devices. Additionally, the research highlighted that nanostructured materials often exhibit
enhanced electrical conductivity because of improved charge carrier mobility and reduced
recombination losses. These characteristics have made semiconductor nanomaterials an essential
component in modern photovoltaic technologies and nanoscale electronic devices.

Schwierz, Pezoldt and Granzner (2015) investigated the electrical transport properties of graphene
and other two-dimensional nanomaterials. Their research demonstrated that graphene exhibits
extremely high electron mobility due to its unique honeycomb lattice structure and the presence of
massless charge carriers known as Dirac fermions. This property enables electrons to move through
the material with minimal resistance, resulting in exceptional electrical conductivity. The authors
also reported that the optical properties of graphene are equally remarkable, as the material can
absorb a significant portion of incident light despite being only one atom thick. These
characteristics make graphene highly suitable for applications in transparent conductive electrodes,
flexible electronic devices, and optoelectronic systems. The study further indicated that integrating
graphene with other nanomaterials can enhance the electrical and optical performance of hybrid
nanostructures.

Liu et al. (2017) explored the optical properties of carbon-based nanomaterials, particularly
graphene quantum dots and carbon nanodots. Their work showed that these nanostructures possess
strong photoluminescence properties, which arise from quantum confinement and surface state
effects. The researchers observed that the emission wavelength of graphene quantum dots can be
tuned by adjusting the particle size and surface functional groups. This tunable fluorescence has
enabled their application in biological imaging, chemical sensing, and optical devices. In addition,
the study emphasised that carbon-based nanomaterials demonstrate high photostability and
chemical stability compared with traditional fluorescent materials, which enhances their suitability
for long-term applications in optical sensing and imaging technologies.
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Zhu et al. (2017) investigated the photoluminescence behaviour of graphene quantum dots and
highlighted their importance in nanoscale optical applications. Their findings indicated that the
strong luminescence observed in these materials is associated with the presence of surface defects
and functional groups that create new energy states within the band gap. These states facilitate
radiative recombination of electrons and holes, leading to enhanced optical emission. The study
also reported that graphene quantum dots can exhibit multiple emission peaks depending on
excitation wavelength, which is advantageous for multicolour imaging and sensing applications.
Furthermore, the researchers explained that the combination of excellent electrical conductivity and
strong optical responses makes graphene-based nanomaterials highly promising for optoelectronic
devices and nanoscale photonic systems.

Sarkar et al. (2016) analysed the electrical behaviour of metal oxide nanomaterials and emphasised
their potential in electronic and sensing applications. The study reported that nanostructured metal
oxides such as zinc oxide, tin oxide, and titanium dioxide demonstrate improved electrical
conductivity due to their nanoscale grain boundaries and high density of surface states. These
characteristics enhance the interaction between charge carriers and surface adsorbed species, which
is particularly beneficial for gas sensing technologies. The authors also noted that the electrical
properties of these materials can be controlled through doping and structural modifications,
allowing researchers to tailor their conductivity and sensitivity for specific applications.

Xu et al. (2017) focused on the structural and electrical characteristics of semiconductor
nanostructures used in nanoscale electronic devices. Their research demonstrated that nanowires
and quantum dots exhibit enhanced charge carrier transport due to reduced scattering and improved
electron confinement. The authors highlighted that these properties are particularly important for
the development of high-speed transistors and nanoscale integrated circuits. In addition, the study
indicated that semiconductor nanomaterials often show improved optical absorption because of
their ability to trap light within nanoscale structures, thereby increasing the efficiency of
optoelectronic devices such as photodetectors and solar cells.

Chen et al. (2021) reviewed the recent advancements in nanomaterials used for optoelectronic
applications. Their research emphasised that the optical properties of nanomaterials can be
significantly enhanced through surface engineering and chemical functionalisation. By modifying
the surface of nanoparticles with specific functional groups, researchers can alter the electronic
states and improve photoluminescence efficiency. The authors also highlighted that hybrid
nanomaterials combining metals, semiconductors, and carbon-based structures can exhibit
synergistic electrical and optical properties that surpass those of individual materials. These hybrid
systems have shown considerable potential in next-generation photonic devices and energy
conversion technologies.

Li et al. (2015) investigated the electronic and optical properties of graphene quantum dots using
theoretical modelling techniques. Their study revealed that quantum confinement and edge effects
play a crucial role in determining the electronic structure of graphene quantum dots. The
researchers found that excitonic interactions significantly influence the optical absorption spectra of
these nanostructures. The presence of strong exciton binding energies leads to enhanced optical
transitions and unique photoluminescence behaviour. These properties make graphene quantum
dots promising materials for nanoscale optoelectronic devices and photonic applications.
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Thangadurai et al. (2022) reviewed the synthesis and functional properties of graphene quantum
dots and discussed their role in modern nanotechnology. The authors reported that graphene
quantum dots exhibit excellent electrical conductivity, strong photoluminescence, and high
chemical stability. These characteristics arise from the unique sp? carbon network and the presence
of surface functional groups that modify the electronic structure of the material. The study also
highlighted that graphene quantum dots have been widely used in energy storage systems,
biosensors, and photocatalytic applications because of their combined electrical and optical
performance.

Kalluri et al. (2023) discussed the growing importance of carbon-based nanomaterials in various
technological fields. Their review emphasised that graphene quantum dots, carbon nanotubes, and
graphene sheets possess remarkable electrical conductivity and optical properties due to their
highly conjugated carbon structures. These materials exhibit high electron mobility, strong
fluorescence, and excellent chemical stability. The authors further explained that carbon
nanomaterials can be easily functionalised with chemical groups, allowing researchers to tune their
electronic and optical behaviour for applications in sensors, biomedical imaging, and environmental
monitoring.

Sharma et al. (2025) examined the relationship between synthesis methods and the electrical as well
as optical properties of graphene quantum dots. Their research indicated that the synthesis
technique plays a crucial role in determining particle size, surface chemistry, and defect density, all
of which influence the electronic and optical behaviour of the nanomaterial. The study also reported
that graphene quantum dots demonstrate strong electrochemical and photoelectrochemical activity,
making them suitable for energy storage devices, solar cells, and sensing technologies. The authors
concluded that controlling synthesis parameters is essential for achieving nanomaterials with
desired functional properties.

Methodology

This research adopts a secondary research methodology to investigate the electrical and optical
properties of nanomaterials through the systematic analysis of previously published scientific
studies. Secondary data were collected from peer-reviewed academic sources including journal
articles, review papers, conference proceedings, and scholarly publications available through
recognised scientific databases and digital libraries. Only studies published from 2015 onwards
were considered in order to ensure that the information reflects recent developments in
nanomaterials research. The selected literature primarily focused on experimental investigations
and analytical studies related to the electrical conductivity, charge transport mechanisms, optical
absorption, photoluminescence behaviour, and band gap characteristics of different types of
nanomaterials such as semiconductor nanoparticles, metal oxide nanostructures, and carbon-based
nanomaterials.

The collected studies were carefully reviewed and analysed to identify patterns, relationships, and
comparative findings regarding the electrical and optical performance of nanomaterials. Particular
attention was given to research examining the influence of nanoscale structural parameters
including particle size, morphology, crystal structure, and surface modification on the electronic
and optical behaviour of these materials. Data reported in the literature were synthesised and
interpreted to develop a comprehensive understanding of how nanoscale engineering affects
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electrical conductivity, carrier mobility, optical absorption, and emission characteristics. The
methodology therefore relies on comparative evaluation and synthesis of secondary experimental
findings in order to provide an integrated discussion of the functional properties of nanomaterials
and their potential applications in electronic and optoelectronic technologies.

Results and Discussion

Kumar et al. (2018) emphasised that the electrical properties of nanomaterials are strongly
influenced by particle size, crystal structure, and the presence of surface states. Secondary analyses
of published experimental studies indicate that nanoscale materials typically demonstrate enhanced
electrical conductivity compared with their bulk counterparts because of improved charge carrier
mobility and the formation of conductive pathways within nanostructured systems. When particle
dimensions decrease to the nanoscale, electron transport becomes influenced by quantum
confinement and surface scattering effects. These phenomena can either enhance or restrict
electrical conductivity depending on the structural arrangement of atoms and the degree of
crystallinity within the nanomaterial. In many semiconductor nanostructures such as zinc oxide and
titanium dioxide nanoparticles, reduced grain size leads to an increase in grain boundaries, which
influence the movement of electrons and holes. The literature suggests that electrical conductivity
in nanomaterials can be tuned through doping, defect engineering, and synthesis conditions,
allowing researchers to tailor materials for specific electronic applications such as nanoscale
transistors, sensors, and conductive coatings.
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Chen and Li (2019) reported that charge carrier mobility is one of the most critical parameters
governing the electrical behaviour of nanomaterials. Studies compiled from secondary sources
show that two-dimensional nanomaterials such as graphene demonstrate exceptionally high carrier
mobility compared with conventional semiconductor materials. This behaviour is attributed to the
unique honeycomb lattice structure of graphene, which allows electrons to move with minimal
scattering and resistance. Similar observations have been reported for carbon nanotubes and other
carbon-based nanostructures, which exhibit remarkable electrical conductivity due to the presence
of delocalised m-electrons. Secondary experimental data also indicate that hybrid nanocomposites
consisting of metal nanoparticles embedded within conductive matrices often demonstrate
improved electrical transport properties. These enhancements occur because the nanoscale
interfaces facilitate efficient charge transfer between different material phases.

Volume-2, Issue-4, October—December 2025 610


https://ijarmt.com/

International Journal of Advanced Research and Multidisciplinary

,V@ Trends (IJARMT)
‘11 TS o An International Open Access, Peer-Reviewed Refereed Journal
A — oF Impact Factor: 6.4  Website: https://ijarmt.com ISSN No.: 3048-9458

IJARMT

Table 1: Representative Electrical Conductivity of Selected Nanomaterials

Nanomaterial Structural Form Electrical Conductivity (S/m)
Graphene Two-dimensional sheet ~10¢

Carbon Nanotubes Cylindrical nanotubes ~10°

Zinc Oxide Nanorods Semiconductor nanorods ~10%-10°

Titanium Dioxide Nanoparticles | Semiconductor nanoparticles | ~10°-10*

The comparison presented in Table 1 illustrates that carbon-based nanomaterials such as graphene
and carbon nanotubes demonstrate significantly higher electrical conductivity than metal oxide
nanostructures. This difference can be attributed to the strong covalent bonding and extended -
electron systems present in carbon nanomaterials, which facilitate efficient electron transport. In
contrast, metal oxide nanomaterials typically behave as semiconductors and therefore exhibit lower
conductivity unless modified through doping or structural engineering.

Zhao et al. (2021) highlighted that the optical properties of nanomaterials are closely related to
quantum confinement and surface plasmon resonance effects. When semiconductor particles are
reduced to nanoscale dimensions, their band gap energies increase due to the spatial confinement of
charge carriers. This leads to a shift in optical absorption and emission wavelengths, a phenomenon
commonly observed in quantum dots. Secondary data obtained from multiple experimental studies
demonstrate that the optical absorption spectra of semiconductor nanomaterials vary depending on
particle size and composition. For example, cadmium selenide quantum dots exhibit tunable
emission colours ranging from blue to red depending on particle diameter. This tunability is
particularly important for applications in light-emitting devices, biomedical imaging, and optical

Sensors.
Table 2: Optical Properties of Selected Nanomaterials

Nanomaterial Dominant Optical Property Emission/Absorption Range
CdSe Quantum Dots Size-dependent photoluminescence | 450—650 nm

Gold Nanoparticles Surface plasmon resonance ~520 nm absorption peak
Graphene Quantum Dots | Strong fluorescence 420-600 nm

Zinc Oxide Nanoparticles | UV emission ~380 nm

The optical data presented in Table 2 demonstrate that nanomaterials exhibit unique light—matter
interactions depending on their composition and structure. Noble metal nanoparticles such as gold
display surface plasmon resonance, where collective oscillations of conduction electrons interact
strongly with incident electromagnetic radiation. This phenomenon leads to intense optical
absorption and scattering, which is widely utilised in sensing technologies and biomedical
diagnostics. Semiconductor quantum dots, on the other hand, show size-dependent fluorescence
due to quantum confinement effects that modify their electronic band structures.

Liu and Wang (2020) observed that the photoluminescence efficiency of nanomaterials is strongly
influenced by surface defects and functional groups. Secondary analyses of experimental results
indicate that surface states often introduce additional energy levels within the band gap of
nanomaterials. These energy states act as recombination centres where electrons and holes
recombine to produce light emission. In many nanomaterials, controlled surface functionalisation
can significantly enhance photoluminescence intensity by reducing non-radiative recombination
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pathways. Graphene quantum dots and carbon nanodots have shown particularly strong
fluorescence properties because their surface chemistry can be easily modified through chemical
treatments. These characteristics make carbon-based nanomaterials promising candidates for
fluorescence-based sensing and imaging technologies.

Sharma and Gupta (2022) reported that nanocomposite systems frequently demonstrate improved
electrical and optical properties compared with individual nanomaterials. Secondary studies
indicate that combining different types of nanostructures often produces synergistic effects that
enhance charge transport and optical absorption. For instance, graphene—metal oxide
nanocomposites have been shown to exhibit improved photocatalytic performance due to enhanced
electron transfer between graphene sheets and semiconductor nanoparticles. Similarly, hybrid
nanomaterials incorporating plasmonic nanoparticles can significantly increase light absorption in
photovoltaic devices by amplifying local electromagnetic fields. These enhancements highlight the
importance of structural design in the development of multifunctional nanomaterials.

Table 3: Electrical and Optical Performance of Selected Nanocomposite Materials

Nanocomposite System Enhanced Property | Observed Effect Reported Source

Graphene—ZnO Electrical Improved charge | Sharma & Gupta
conductivity transport (2022)

Gold-TiO2 Optical absorption Plasmon-enhanced light | Park et al. (2018)

absorption

Carbon Nanotube—Polymer | Electrical Formation of conductive | Kumar et al.
conductivity networks (2018)

Graphene Quantum Dot— | Photoluminescence | Enhanced fluorescence | Liu et al. (2020)

Metal Oxide emission

The secondary evidence presented in Table 3 demonstrates that nanocomposite systems frequently
outperform individual nanomaterials in terms of functional properties. The combination of
conductive carbon nanostructures with semiconductor nanoparticles enables improved charge
separation and electron transport, which 1is particularly beneficial for photocatalytic and
photovoltaic applications. Plasmonic nanoparticles embedded within semiconductor matrices also
enhance optical absorption by increasing the local electromagnetic field intensity around the
nanostructure. These improvements illustrate how nanoscale engineering can be used to design
materials with optimised electrical and optical performance.

The findings obtained from secondary research demonstrate that the electrical and optical
behaviour of nanomaterials is highly dependent on structural parameters, material composition, and
nanoscale interactions. Variations in particle size, morphology, and surface chemistry significantly
influence charge carrier mobility, conductivity, optical absorption, and photoluminescence
properties. Carbon-based nanomaterials generally exhibit superior electrical conductivity, while
semiconductor quantum dots and metal nanoparticles demonstrate distinctive optical responses.
Hybrid nanostructures and nanocomposites further enhance these properties through synergistic
interactions between different material components. These observations highlight the importance of
nanoscale structural control in the development of advanced electronic, optoelectronic, and
photonic technologies.
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Conclusion

The investigation of the electrical and optical properties of nanomaterials highlights the significant
influence of nanoscale structural characteristics on the functional behaviour of materials. As
materials are reduced to nanometre dimensions, their electronic and optical properties undergo
substantial changes due to quantum confinement, increased surface-to-volume ratio, and altered
electronic band structures. The analysis of secondary research findings indicates that these
nanoscale effects enable nanomaterials to exhibit enhanced electrical conductivity, tunable band
gaps, and distinctive optical responses compared with conventional bulk materials. These unique
characteristics make nanomaterials highly valuable for applications in electronics, photonics,
sensing technologies, and energy systems.

The findings discussed in this study demonstrate that the electrical behaviour of nanomaterials is
strongly influenced by factors such as particle size, crystal structure, surface states, and material
composition. Carbon-based nanomaterials including graphene and carbon nanotubes show
exceptional electrical conductivity due to their highly conjugated carbon structures and efficient
charge transport mechanisms. In contrast, semiconductor nanomaterials such as zinc oxide and
cadmium-based quantum dots exhibit size-dependent electronic properties that allow their electrical
characteristics to be modified through nanoscale engineering. These variations provide
opportunities for the design of advanced nanoelectronic devices with improved performance,
flexibility, and energy efficiency.

The optical properties of nanomaterials are determined by interactions between electromagnetic
radiation and nanoscale electronic states. Phenomena such as quantum confinement and surface
plasmon resonance play a critical role in controlling optical absorption, emission, and scattering
processes. Semiconductor quantum dots demonstrate tunable photoluminescence behaviour, while
noble metal nanoparticles exhibit strong plasmonic responses that enhance optical signals. Carbon-
based nanomaterials also display promising optical properties including strong fluorescence and
high photostability. These characteristics have expanded the use of nanomaterials in applications
such as photodetectors, biomedical imaging, optical sensors, and solar energy conversion
technologies.

The study highlights that the electrical and optical properties of nanomaterials are closely
interconnected and largely governed by nanoscale structural design. By controlling particle size,
composition, and surface chemistry, researchers can tailor these properties to meet the requirements
of specific technological applications. Continued investigation into nanoscale materials and their
functional characteristics is therefore essential for advancing modern nanotechnology and
developing innovative electronic and photonic devices that address emerging scientific and
industrial challenges.
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