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ABSTRACT 

A significant change in wearable and implantable biomedical technology is being driven by the combination of flexible electronics and 
artificial intelligence (AI). Real-time, non-invasive monitoring of vital signs, including temperature, heart rate, and mobility, is made pos-

sible by flexible devices because of their soft, biocompatible, and conformable architecture. These devices improve wearability and user 
comfort while providing ongoing healthcare tracking. By facilitating intelligent data processing, adaptable functionality, and expedited 

material discovery, AI greatly improves gadget performance. AI-driven, context-aware wearable devices support applications such as mo-
tion tracking, gesture recognition, and health monitoring. AI enhances quality control in manufacturing by using neural networks and 

computer vision to find flaws in parts like flexible PCBs. The creation of ecologically friendly devices is aided by AI-assisted predictive 
modelling and autonomous labs, which also help find high-performance, sustainable materials. The future of self-sustaining biomedical 

devices is being shaped by significant improvements in energy harvesting, electronic skin (e-skin), and intelligent interfaces, despite per-

sistent constraints such as hardware integration, power management, data privacy, and limited computing capability. In order to create 
intelligent, sustainable, and high-performing healthcare systems, this paper examines the relationship between AI and flexible electronics, 
highlighting significant technical developments, existing constraints and new potential. 

Keywords: Artificial Intelligence; Biomedical Sensors; Flexible Electronics; Intelligent Healthcare Systems; Wearable and Implantable 
Devices 

 

1. Introduction 

The development of flexible materials and next-

generation electronics has significantly changed the biomedical 
sensing landscape. Flexible technologies, as opposed to conven-

tional rigid electronics, provide previously unheard-of compatibil-
ity with the curved and dynamic surfaces of the human body, open-

ing the door for novel uses in medical diagnostics and healthcare 
[1],[2].  Physiological data, including blood pressure, temperature, 

heart rate, and mobility patterns, may now be easily collected 
thanks to wearable and implanted electronic devices. These gadgets 

are transforming the way we monitor, identify, and treat medical 
diseases since they can fit into the skin or even be incorporated into 

the body [3].  In addition to providing increased wearability and 
comfort for users, flexible electronics are also making it easier for 

medical devices to become smaller and softer. This change enables 
less intrusive long-term monitoring and real-time data collection. 

Soft and flexible gadgets, in particular, act as platforms for stimula-
tion and sensing, bridging the gap between biological tissues and 

electrical systems. For instance, neural prosthetics communicate 
with the nervous system through flexible substrates, allowing for 

motor control, sensory restoration, and even cognitive improve-
ments [4],[5]. The power supply is essential to guaranteeing these 

systems' long-term functionality. The development of wearable and 
implantable energy harvesting devices that can transform biome-
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chanical energy, including body motion, into useful electrical pow-
er is a growing area of research interest. These self-sustaining ener-

gy sources solve important issues such as device bulk, short operat-
ing lifespan, and the complexity of external signal processing com-

ponents, in addition to lowering reliance on other power sources. It 
is also possible for these multipurpose devices to serve as active 

stimulators for organs and brain systems as well as power genera-
tors [6],[7],[8]. As the need for high-performing, biocompatible, 

and eco-friendly technologies increases, new materials, including 
biodegradable polymers and two-dimensional (2D) nanomaterials, 

are being incorporated into flexible systems. Particularly in im-
plantable settings, these advancements aid in the creation of next-

generation devices that are safer, lighter, and thinner for prolonged 
human usage. The combination of artificial intelligence (AI) and 

the Internet of Things (IoT) accelerates this paradigm shift towards 
smart and environmentally friendly devices [9]. 

   The capabilities of flexible electronic systems are being greatly 

enhanced by AI-driven design and manufacturing techniques that 
simplify material selection, device optimisation, and real-time sig-

nal interpretation [10],[11]. We provide a thorough analysis of flex-

ible electronic wearable and implantable technologies in this paper, 
including their use as energy harvesters, stimulators, and sensors. 

We examine current developments in 2D-material-based and bio-
degradable systems and show how AI and machine learning meth-

ods are being used to improve each step, from device operation to 
material discovery. For high-performance and sustainable systems, 

special attention is paid to AI-assisted material selection, intelligent 
manufacturing, and power efficiency techniques [12]. We illustrate 

how AI is transforming healthcare electronics through case studies 
and current research, allowing for precise motion recognition, im-

proved comfort, and environmentally friendly design. Lastly, we go 
over the difficulties and potential paths of this quickly developing 

sector, highlighting chances for multidisciplinary cooperation and 
creativity. 

 

2. Role of Artificial Intelligence in Materials     

Science 
Human civilisation's progress has always been closely linked to 

the resources available to it.  The development of materials has 
continuously signalled important turning points in human history, 

from the primitive stone implements of prehistoric times to the 
advanced composites and semiconductors powering modern tech-

nology. The capacity to find, develop, and use sophisticated mate-
rials more effectively is becoming more and more important as we 

approach the Fourth Industrial Revolution. The core of this effort is 
materials science. Researchers seek to develop novel materials with 

improved functionality by investigating how a material's internal 
structure, processing techniques, and intrinsic qualities impact its 

performance in many applications. The vast volume and complexi-
ty of accessible data remain the field's primary bottleneck, despite 

centuries of advancement and a significant collection of experi-

mental data and theoretical ideas [13]. The rapid rate of discoveries 
is too much for human intellect to handle, and conventional discov-

ery methods, which frequently rely on empirical knowledge and 
gradual experimentation, remain a laborious and sluggish obstacle 

that has opened the door for a new approach to materials research 
that makes use of AI [14]. Over the course of decades, AI has de-

veloped from straightforward rule-based systems to complex neural 
networks that can outperform humans in a variety of activities, 

including medical diagnosis, language comprehension, and gaming. 
AI is a vital tool for materials research because of its capacity to 

handle enormous amounts of data and identify subtle trends, which 
speeds up innovation and discovery. Materials informatics is a new 

multidisciplinary area that emerged from the combination of artifi-
cial intelligence and materials science. This field uses data-driven 

models to forecast material characteristics, pinpoint the best syn-
thesis routes, boost characterisation techniques, and increase pro-

cess efficiency. Machine learning (ML), a kind of AI that allows 
computers to learn from data, identify correlations, and generate 

well-informed predictions without explicit programming for every 
job, lies at the heart of this revolution. Materials research is already 

starting to change as a result of machine learning.  ML models are 
capable of carrying out tasks that would be unreasonably time-

consuming using traditional techniques, such as quickly screening 
vast chemical spaces, suggesting new compounds, and improving 

manufacturing conditions.  In addition to lowering trial-and-error, 
these technologies provide a degree of predicted accuracy that was 

previously unachievable. The framework for a more thorough ex-
amination of the foundational ideas of machine learning and their 

application to materials science is established by this introduction. 
Researchers can uncover novel materials more quickly, more 

cheaply, and more precisely than ever before by adopting AI-driven 
methodologies, which will usher in a new era of invention and dis-

covery. 

 

3. AI in Material Design for Flexible Electronics 
   From consumer electronics and healthcare diagnosis to com-

munications and energy systems, wearable sensors offer a wide 
range of possible uses.  More work is being done locally on edge 

devices as the industry moves toward decentralised computing. 
Microcontrollers are progressively incorporating embedded AI and 

ML, enabling wearable devices to interpret data in real-time with 
increased efficiency and privacy. This change improves respon-

siveness and lessens reliance on centralised cloud computing. AI 

algorithms are currently used in embedded systems, which are usu-
ally made for specific purposes, to increase their usefulness. Wear-

ables are closer to adaptive systems that can learn from human in-
teractions, modify operating settings, and make wise judgments on 

their own when combined with flexible sensors and integrated ma-
chine learning. The combination of integrated intelligence with 

flexible materials creates new opportunities for energy harvesting, 
gesture recognition, and health monitoring [15]. The strategic ac-

quisitions of AI-focused software startups by semiconductor giants 
demonstrate the industry's reaction to this trend. Micro-ML and 

embedded AI are two terms that are quickly becoming popular, 
indicating how important they will be in determining the direction 
of embedded systems in the future [16].  

3.1.   Sensing Mechanisms in Wearable Devices 
 By translating inputs like pressure, strain, temperature, gas 

concentration, or humidity into readable electrical impulses, sen-

sors act as the link between the physical or chemical environment 
and electronic systems. The resistive, capacitive, piezoelectric, and 

triboelectric modes are the main sensor mechanisms shown in    
Figure 1. 

3.2.   Integration of Embedded Machine Learning with     

Flexible Sensors in Wearable Technologies 
         Continuous, time-series data sequential information captured 

at regular intervals, depending on the unique properties and appli-
cation of each sensor, is naturally produced by wearable systems 

that include flexible sensors, as shown in Figure 2. The identifica-
tion of temporal patterns, trends, and recurrent behaviours, all cru-

cial for dynamic analysis in real-time settings, is made possible by 

this chronological structure. Conventional systems usually concen-
trate on gathering and processing this unprocessed sensor data us-

ing basic methods like noise reduction, signal amplification, nor-
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malisation, and outlier removal. The structure and format of the 
data are two of the most important factors in choosing the right 

learning model from the perspective of artificial intelligence. 
Therefore, the combination of flexible sensors with integrated 

machine learning opens the door to wearables that are context-
aware, adaptable, and capable of continually learning and reacting 
to their surroundings with ever-increasing intelligence [26],[27]. 

 

Figure 2: The general process of ML algorithms for data interpreta-
tion [28]. 

Preservatives, for example, can stop germs from growing, 

greatly lowering the risk of foodborne diseases [26]. The function 
of smart edible films in the circular economy is another crucial 

element; researchers are looking into making these films out of 
food industry leftovers, which encourages waste reduction and re-

source efficiency [27]. For instance, materials made from whey 

protein or fruit peels not only efficiently use trash but also give the 
films functional and nutritional improvements. This approach 

makes the entire food packaging process more ecologically friendly 
and aligns with sustainable food development goals. 

 
Figure 1: Sensing mechanisms, including physical and chemical stimulus [17]: (a). Flat silk cocoon pressure sensor based on a sea urchin-like 
microstructure [18], (b). Flexible pressure textile sensors for monitoring athletic motion during Taekwondo [19], (c). Flexible piezoelectric 
sensors based on graphene doping (GR/KNN/P(VDF-TrFE)) [20], (d). Stretchable triboelectric nanogenerators based on flexible polyimide for 
energy harvesting and self-powered sensors [21], (e).  A fully integrated flexible tunable chemical sensor from gold-

modified indium selenide nanosheets [22], (f). Flexible H2S sensors by growing NO2-UiO-66 on electrospun nanofibers [23], (g). Piezoelectric 
textile sensors for self-powered humidity detection and wearable biomonitoring [24] and (h). A room temperature ammonia gas sensor by a 
freestanding-mode triboelectric nanogenerator [25]. 

 

https://www.sciencedirect.com/topics/physics-and-astronomy/data-interpretation
https://www.sciencedirect.com/topics/physics-and-astronomy/data-interpretation
https://www.sciencedirect.com/topics/chemical-engineering/indium
https://www.sciencedirect.com/topics/physics-and-astronomy/nanosheet
https://www.sciencedirect.com/topics/engineering/electrospun-nanofibers
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4. AI-Driven Defect Detection and Quality      

Control in Flexible Electronics 
   Every step of the manufacturing process for flexible electron-

ics, including stretchy circuits, bendable displays, and wearable 

sensors, requires accuracy and consistency. However, conventional 
quality control techniques frequently fail to detect microscopic or 

structural flaws because of the intrinsic complexity of flexible sub-
strates and materials (such as plastic films, conductive polymers, or 

nanomaterials). AI, especially ML and computer vision, has 
emerged as a game-changer in improving quality assurance and 

defect identification in the production of flexible electronics [29]. 
AI-driven defect detection systems use sophisticated algorithms 

and high-resolution imaging technologies (such as optical micro-
scopes, infrared cameras, X-rays, etc.) to automatically detect sur-

face irregularities, including cracks, voids, delamination, wrinkles, 
or misalignments.  Both the human eye and traditional rule-based 

inspection methods frequently have trouble identifying these flaws.  
To precisely identify and detect anomalies in real time, machine 

learning models, particularly convolutional neural networks 
(CNNs), are trained on enormous databases of tagged defect pic-
tures [30]. 

4.1.  Flexible PCBs (FPCBs) 
        The core of many stretchy and wearable gadgets is made of 
flexible printed circuit boards, or FPCBs. They are susceptible to 

certain kinds of manufacturing flaws, like broken traces, short cir-
cuits, misalignments, delamination, or inadequate etching, and are 

composed of pliable substrates like polyimide. High-resolution 
analysis of multilayer architectures is necessary for the detection of 

such flaws, and this gets more challenging as current circuits get 
smaller and more complicated [31]. 

4.2.  CNNs 
A family of deep learning algorithms known as CNNs has 

emerged as a vital tool for detecting PCB defects.  When it comes 

to pattern identification and picture categorisation, CNNs excel.  
Anomalies, including open circuits, soldering errors, missing com-

ponents, and microcracks, may be automatically detected by the 
system by training CNNs on thousands of annotated photos of PCB 

regions that are problematic and those that are not.  Compared to 
rule-based algorithms or human-based visual inspection, these 

models provide a reliable, automated inspection system that can 
handle data from a variety of imaging sources, including optical, 

infrared, and even X-ray scans. 
High-speed PCB scanning, circuit layout segmentation and re-

al-time inference using CNNs are all done by AI-powered inspec-
tion systems in production settings to identify any flaws.  These 

systems are incorporated into roll-to-roll (R2R) processing lines for 
continuous monitoring in the fabrication of flexible electronics. 

When combined with sophisticated imaging methods, CNN-based 
models are able to examine deeper structural discrepancies in addi-

tion to detecting surface-level irregularities [32]. AI integration 
with smart edge devices also makes it possible to forecast and ana-

lyse localised defects, which lowers latency and permits real-time 
manufacturing parameter modifications.  In order to minimise scrap 

rates and enable proactive interventions, predictive maintenance 

models may also be constructed utilising historical PCB failure 
data. 

5. AI-Powered Exploration of Advanced Materials 
Modern science and engineering are fast changing due to AI, 

which is becoming a driving force behind ground-breaking ad-

vancements in fields including chemistry, materials science, and 
sustainable engineering. Its power resides in its capacity to simplify 

the research process, reveal hidden linkages, and evaluate intricate 
datasets, basically altering the way discoveries are created. AI has 

been crucial in lowering the time, money, and energy needed to 
create novel solutions in the context of green chemistry and sus-

tainable technologies. It has also improved product performance, 
efficiency, and safety. AI's capacity to tackle global environmental 

and socioeconomic issues is among its most significant accom-
plishments [33].  AI acts as a link between conventional research 

techniques and the new requirements of a circular economy in the 
framework of sustainable development. The development of intel-

ligent, automated research settings that can optimise experimental 
methods in real time is the result of collaboration between AI pro-
fessionals and domain specialists in green technologies. 

AI-powered autonomous labs are revolutionising the tradition-
al trial-and-error methodology. Based on human-defined goals, 

these systems create, suggest, and improve trials using machine 
learning techniques. These trials are carried out by automated ro-

botic platforms, and the outcomes are relayed back into the system 
so that the AI can keep improving its predictions. This closed-loop 

approach significantly reduces the time, energy, and material re-

sources required for discovery by moving away from static experi-
mental techniques and toward dynamic, adaptive research process-

es [34]. Furthermore, predictive toxicology and material discovery 
are being redefined by AI-driven simulations and quantum compu-

ting. Large databases of materials, experimental data, and scientific 
literature may now be mined by sophisticated machine learning 

algorithms to find patterns and discover novel compounds with 
desired characteristics. Four steps are usually included in the pro-

cess: theory formulation, synthesis planning, property prediction, 
and material characterisation. AI is particularly good at processing 

and analysing the vast amounts of high-dimensional data produced 
by image and sensor technologies during the characterisation phase. 

However, access to huge, high-quality datasets is necessary for AI 
in material science to reach its full potential. Enabling equitable 

and scalable AI tools in chemistry requires the creation of open-
access platforms and centralised data repositories. These programs 

have the potential to eliminate major obstacles in chemical research 
and sustainability-driven innovation by promoting data exchange 
and standardisation [35].  

6. Challenges and Limitations 
   Particularly in flexible wearable technologies, embedded intel-

ligent systems depend on the smooth integration of a number of 

essential parts, such as memory units, actuators or transmission 
elements, soft sensors, power sources like batteries, and small 

hardware platforms running specialised software.  For real-time 
decision-making and responsive actions based on ongoing data 

collection to be possible, all elements must work together harmoni-
ously. Incorporating ML into these systems has greatly increased 

their capabilities, enabling increased cost-effectiveness, accuracy, 
and efficiency in a variety of applications.  Intelligent processing is 

made possible by machine learning algorithms, which provide in-
sights that can improve system efficiency and customise user expe-

riences with little assistance from humans. One characteristic of 
embedded systems that allows for low-latency replies and ongoing 

performance enhancements is real-time signal processing. This 
results in more seamless interactions, prompt feedback, and con-

text-aware decision-making for end users, all of which increase 
consumer convenience and happiness [36]. Several significant ob-

stacles still exist in spite of the expanding potential of flexible 
wearable systems driven by embedded machine learning. Optimal 

system design is still hampered by problems including inconsistent 
data gathering, restricted transmission bandwidth, limited computer 

power, and the difficulty of integrating disparate hardware compo-
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nents. Although flexible sensors are more versatile and wearable, 
they also present other challenges, such as noise sensitivity, fluctu-

ating signal strength, and non-linear output, which make it more 
difficult to analyse signals and interpret data accurately. 

     Another significant challenge is establishing dependable 

hardware connections between soft sensors and more conventional 
system components, including stiff sensors or printed circuit 

boards. In addition to hardware issues, portability and scalability 
are problems for embedded machine learning systems. The majori-

ty of embedded systems run on little or no OS at all, rather than 
full-fledged operating systems like Windows or Linux. Although 

task-specific design saves resources, it makes model deployment 
and application variety more difficult. Although there are alterna-

tives like FreeRTOS and Mbed OS, their overhead and complexity 
prevent them from being widely used in practical applications. Pri-

vacy and security are also major issues. Because they frequently 
gather private behavioural and physiological data, wearable tech-

nology is a prime target for attackers. Ensuring data protection 
through encryption, ethical design and secure ML models is crucial 
for maintaining user trust and system reliability [37].  

7. Future Perspectives 
    A new frontier characterised by multi-functionality, self-

sustainability, and improved intelligence is rapidly emerging in 

wearable electronics and photonics.  It is anticipated that these 
next-generation systems will surpass simple sensing or display 

capabilities and develop into all-encompassing platforms with the 
ability to communicate intelligently with both their users and their 

surroundings. One of the primary areas of interest in this field is the 
creation of electronic skins, which are elastic or flexible arrays of 

sensors that mimic the human somatosensory system.  Pressure, 
strain, temperature, humidity, light, and even magnetic fields are 

just a few of the environmental stimuli that these sophisticated sen-
sor networks are made to identify and measure.  One of the recent 

advancements in this field is the integration of a flexible sensor 
matrix onto a polyimide substrate, which allows for the simultane-

ous detection of several physical stimuli in a small, three-
dimensional manner. Such an invention opens the door to advanced 

applications in health monitoring systems, prosthetics, robotics, and 
human–machine interfaces (HMIs) [38].  In order to provide wire-

less connection, data transfer, and real-time visualisation, wearable 

systems are concurrently integrating optoelectronic displays and 
photonic components. The usefulness and responsiveness of wear-

able platforms are increased by these integrated modules, which 
also minimise electromagnetic interference and improve the user 
interface. 

    One of the key obstacles to wearable technology's long-term, 
untethered functioning is energy management. When it comes to 

supplying sustained power, conventional batteries are inadequate, 
particularly for applications requiring constant monitoring. The 

combination of energy collecting and storage technologies is ad-
dressing this constraint. Motion, heat, and light are examples of 

ambient energy sources that may be transformed into useful elec-
tricity via hybrid systems that include many transduction processes, 

including piezoelectric, thermoelectric, triboelectric, and photovol-
taic effects. Though promising, these systems currently have effi-

ciency issues; frequently, they need to gather energy over long pe-
riods of time in order to power brief activity spurts. In order to 

achieve fully autonomous and continuous functioning, ongoing 
research attempts to improve energy conversion rates and storage 
capacities. 

    A revolutionary change has occurred with the merging of 
wearable technology and artificial intelligence. These systems can 

now handle complicated, multimodal data streams and accurately 
spot patterns thanks to machine learning techniques. Capability is 

opening up new applications in fields like biometric security, smart 
surroundings, tailored medicine, and immersive VR/AR             
experiences [39].  

8. Conclusion 
   AI and flexible electronics are revolutionising wearable and 

implantable technology, particularly in the medical field. Smarter 
diagnosis and treatment are made possible by these systems' bene-

fits, which include comfort, biocompatibility, and continuous vital 
sign monitoring. By facilitating adaptive learning, intelligent deci-

sion making, and real-time data processing on the device itself, 
embedded AI improves these gadgets. Additionally, AI speeds up 

defect identification, device optimisation, and material discovery, 
enhancing production quality and performance. To fully utilise 

these technologies, however, several issues must be resolved, in-
cluding low power, signal noise, integration hurdles, and data pri-

vacy issues. Future wearables that are intelligent, multipurpose, and 

self-sustaining will be made possible by advancements like inte-
grated optoelectronics, hybrid energy harvesting, and electronic 

skin. An important step toward smarter, more responsive systems is 
being taken with the combination of AI and flexible electronics, 

which is opening the door to more individualised, effective and 
linked healthcare solutions. 
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ABSTRACT 

Vanadium dioxide (VO₂) is a strongly correlated material that exhibits a reversible metal-insulator transition (MIT) near room temperature 

(~68°C), accompanied by a structural phase transition from a monoclinic (M1, insulating) to a tetragonal rutile (R, metallic) phase. This unique 

property makes VO₂ a promising candidate for applications in smart windows, optoelectronic switches, and thermal sensors. However, the phase 

transition characteristics, such as transition temperature, hysteresis width, and optical/electrical contrast, are highly dependent on the synthesis 

method. This review critically examines the impact of different synthesis techniques (e.g., chemical vapour deposition, sol-gel, sputtering, pulsed 

laser deposition, and hydrothermal synthesis) on the phase transition properties of VO₂. A comparative analysis is presented, highlighting how 

stoichiometry, strain, defects, and doping influence the MIT. Additionally, the fundamental chemistry governing the phase transition is discussed, 

with a focus on electron correlation effects and lattice dynamics. A comprehensive comparison table summarises the synthesis methods, their ef-

fects on phase transition properties, and key challenges. 

Keywords: Defect chemistry; Mott transition; Phase-change materials; Thermochromic materials 

 

1. Introduction 

Vanadium dioxide (VO₂) has emerged as one of the most 

intriguing functional materials in condensed matter physics and 

materials science due to its remarkable metal-insulator transition 

(MIT) near 68°C [1],[2]. This first-order phase transformation in-

volves a reversible structural change from a low-temperature mon-

oclinic phase (M1, P2₁/c space group) to a high-temperature tetrag-

onal rutile phase (R), accompanied by dramatic alterations in its 

electronic and optical properties [3]. The transition manifests as an 

abrupt decrease in electrical resistivity by up to five orders of mag-

nitude and significant modulation of infrared transmittance, making 

VO₂ particularly attractive for applications in smart windows, opti-

cal switches, and thermal sensors [4],[5]. These exceptional proper-

ties stem from the complex interplay between electron-electron 

correlations (Mott-Hubbard mechanism) and structural distortions 

(Peierls instability), positioning VO₂ as a prototypical system for 

studying strongly correlated electron materials and coupled elec-

tronic-structural phase transitions [6],[7]. 

         The physics underlying VO₂'s phase transition has been the 

subject of extensive research since its discovery in 1959 by Morin 

[8]. The insulating M1 phase features paired vanadium ions along 

the c-axis, creating a dimerised structure with split d∥ orbitals that 

establish a bandgap of approximately 0.6 eV [1],[9],[10]. Upon 

heating through the transition temperature (Tₜ), these dimers disso-

ciate, leading to a delocalisation of d-electrons and the formation of 

a metallic state with overlapping energy bands [11]. This electronic 

reorganisation occurs concomitantly with structural changes in the 

VO₆ octahedra coordination, where the V-V distance evolves from 

alternating short (2.65 Å) and long (3.12 Å) separations in the M1 

phase to a uniform spacing (2.87 Å) in the R phase [5],[12]. The 

transition is highly sensitive to external stimuli, including tempera-

ture, electric fields, and optical excitation, enabling multiple control 

modalities for device applications. 

https://orcid.org/0009-0002-6141-9879
https://orcid.org/0009-0003-8234-3655


© Journal of Engineering, Science and Technological Trends (JESTT)  ISSN(e):2959-1937 published by SCOPUA 

 

2 

          The practical implementation of VO₂ in functional devices 

critically depends on the ability to precisely control its phase transi-

tion characteristics, which are intimately linked to the material's 

synthesis and processing conditions. Various fabrication methods, 

including physical vapour deposition, chemical vapour deposition, 

and solution-based approaches, produce VO₂ with distinct micro-

structural features that profoundly influence its MIT behaviour 

[3],[13],[14]. Key parameters such as crystallinity, stoichiometry, 

strain state, and defect concentration are largely determined by the 

synthesis technique and processing parameters. For instance, oxy-

gen non-stoichiometry can introduce charge carriers that modify 

the transition temperature, while epitaxial strain from lattice-

mismatched substrates can stabilise intermediate phases or shift Tₜ 

by tens of degrees. Additionally, nanoscale confinement effects 

become prominent in low-dimensional VO₂ structures, where sur-

face and interface contributions can significantly alter the transition 

thermodynamics [1]. 

         Understanding the relationship between synthesis methods 

and phase transition properties is essential for optimising VO₂'s 

performance in specific applications. Different deposition tech-

niques offer varying degrees of control over critical material pa-

rameters - while physical vapour deposition methods like pulsed 

laser deposition can produce high-quality epitaxial films with sharp 

transitions, they often lack scalability [15],[16]. Conversely, chem-

ical and solution-based methods may be more suitable for large-

area applications but typically introduce more defects and hetero-

geneity [17]. The growing interest in VO₂-based devices has driven 

the development of novel synthesis approaches that combine the 

advantages of multiple techniques while mitigating their limita-

tions. Recent advances in atomic layer deposition and hybrid pro-

cessing methods have enabled unprecedented control over VO₂'s 

structural and electronic properties at the nanoscale. 

   This review systematically examines the various synthesis 

methods for VO₂ and their impact on the material's phase transition 

characteristics. By critically analysing the relationship between 

fabrication techniques, structural properties, and MIT behaviour, 

we aim to provide a comprehensive resource for researchers seek-

ing to optimise VO₂ for specific applications. The discussion en-

compasses fundamental aspects of phase transition chemistry, de-

tailed comparisons of synthesis methodologies, and their respective 

influences on transition temperature, hysteresis, and switching dy-

namics. Ultimately, this work seeks to establish structure-property-

processing relationships that can guide the rational design of VO₂-

based materials with tailored performance characteristics for ad-

vanced technological applications. 

 

2. Phase Transition Chemistry of VO2 

   The metal-insulator transition (MIT) in vanadium dioxide 

(VO₂) is a complex phenomenon governed by coupled electronic 

and structural transformations. Below the critical transition temper-

ature (Tₜ ≈ 68°C), VO₂ exists in a low-temperature monoclinic 

phase (M1, space group P2₁/c), which is insulating, while above Tₜ, 

it transitions to a high-temperature tetragonal rutile phase (R, space 

group P4₂/nm), exhibiting metallic conductivity [4],[18],[19]. This 

transition is driven by strong electron-electron correlations (Mott-

Hubbard mechanism) and structural distortions (Peierls instability), 

making VO₂ a prototypical correlated electron material. The trans-

mission diagram can be seen in Figure 1:  

2.1.  Electronic Transition Mechanism 

       In the insulating M1 phase, vanadium (V⁴⁺) ions undergo di-

merisation along the c-axis, resulting in a pairing distortion that 

splits the degenerate d∥ orbitals (dₓ²₋ᵧ²) into bonding and antibond-

ing states. This Peierls-like distortion, combined with strong on-site 

Coulomb repulsion (U), opens a Mott-Hubbard gap (~0.6 eV), ren-

dering the material insulating [21],[22]. The electronic transition 

can be represented by the following charge disproportionation reac-

tion in (1): 

2V4+⇌V3++V5+ (in the M1 phase)  (1) 

Above Tₜ, the V-V dimers dissociate, leading to a delocalisation 

of d-electrons and the collapse of the bandgap. The metallic R 

phase is characterised by overlapping d∥ bands, resulting in en-

hanced electrical conductivity. 

2.2.  Structural Transition Mechanism 
 

        The M1-to-R transition involves a cooperative distortion of 

the VO₆ octahedra [23]. In the M1 phase, the vanadium chains ex-

hibit alternating short (≈ 2.65 Å) and long (≈ 3.12 Å) V-V distances 

due to dimerisation, while the R phase adopts a symmetric rutile 

structure with uniform V-V spacing (≈ 2.87 Å). The structural 

transformation is accompanied by a significant unit cell volume 

change (~1%), which contributes to the first-order nature of the 

transition. 

2.3.  Key Factors Influencing the MIT 

 

• Stoichiometry and Defects: Oxygen non-stoichiometry 

(VO₂ ± ₓ) introduces point defects such as oxygen vacan-

cies (Vₒ) or interstitials (Oᵢ), which perturb the electronic 

structure and alter Tₜ [24]. For example, oxygen-deficient 

VO₂ tends to exhibit a reduced Tₜ due to increased elec-

tron doping shown in (2): 

VO2 → VO2−x+xVÖ +2xe−  (2) 

Where VÖ denotes a doubly charged oxygen vacancy. 

• Epitaxial Strain: Substrate-induced strain can stabilise 

metastable phases (e.g., the M2 or T phase) or shift Tₜ. 

Compressive strain typically lowers Tₜ, while tensile strain 

may increase it. For instance, VO₂ grown on TiO₂ (001) 

experiences compressive strain, reducing Tₜ by up to 20°C 

[25]. 

• Doping Effects: Cation substitution (e.g., W⁶⁺, Mo⁶⁺, Ti⁴⁺) 

can significantly modulate Tₜ. Tungsten doping (W⁶⁺) is 

particularly effective, decreasing Tₜ by ~20–25°C per at% 

W due to electron donation shown in (3) [26]: 

𝑉1−𝑥
4+  𝑊𝑥

6+𝑂2 → 𝑉1−2𝑥
4+  𝑉𝑥

3+ 𝑊𝑥
6+𝑂2  (3) 

Conversely, aliovalent dopants like Al³⁺ or Cr³⁺ in-

crease Tₜ by introducing hole carriers. 

• Grain Size and Morphology: Nanocrystalline VO₂ exhib-

its a broadened MIT due to surface and interface effects 

[27]. Quantum confinement in nanoparticles (< 20 nm) 

can suppress the transition entirely, while mesoporous 

films show reduced thermal hysteresis. 
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2.4.  Summary of Phase Transition Chemistry 

The MIT in VO₂ is a delicate interplay of electronic correla-

tion, lattice dynamics, and defect chemistry. Precise control over 

stoichiometry, strain, and doping is essential for tailoring the transi-

tion properties for specific applications. The following Table 1 

summarises key chemical and structural aspects of the MIT: 

Table 1:  

Chemical and structural aspects of the MIT 

Parameter 
M1 Phase (Insulat-

ing) 
R Phase (Metallic) 

Crystal Structure Monoclinic (P2₁/c) 
Tetragonal Rutile 

(P4₂/mnm) 

V-V Dimerization 
Present (2.65 Å / 

3.12 Å) 

Absent (uniform 2.87 

Å) 

Bandgap 
~0.6 eV (Mott-

Hubbard) 
Closed (metallic) 

Dominant Mecha-

nism 

Peierls + Mott-

Hubbard 
Band overlap 

 

3. Synthesis Methods and Their Impact on Phase 

Transition Properties 
   The synthesis of vanadium dioxide (VO₂) is a critical factor in 

determining its metal-insulator transition (MIT) characteristics, as 

different fabrication techniques produce materials with distinct 

structural, morphological, and electronic properties. The choice of 

synthesis method influences key parameters such as crystallinity, 

stoichiometry, grain size, and defect concentration, all of which 

play crucial roles in modulating the transition temperature (Tₜ), 

hysteresis width, and switching sharpness. This section provides a 

detailed examination of various synthesis approaches and their 

specific effects on VO₂'s phase transition behaviour. 

3.1.  Physical Vapour Deposition (PVD) Methods 

        Among physical deposition techniques, magnetron sputtering 

and pulsed laser deposition (PLD) are widely used for VO₂ thin 

film fabrication [28]. Magnetron sputtering, which involves reac-

tive deposition of vanadium in an oxygen-argon atmosphere, offers 

excellent control over film stoichiometry through precise regulation 

of oxygen partial pressure. The process can be described by (4): 

V (target) + O2→ VOx (film) (4) 

       The process typically requires post-deposition annealing at 

400-500°C to achieve optimal crystallinity, with the resulting films 

exhibiting well-defined MIT characteristics. However, defect for-

mation, particularly oxygen vacancies, can lead to hysteresis 

 

Figure 1: (a). Schematics of the arrangement of V ions in different VO2 phases (M1, T, M2, and R). The solid circles represent the V ions, solid 

lines represent a short V–V distance of <0.3 nm, and dash lines connect the neighboring V ions with a V–V distance of >0.3 nm, (b). Schematics 

of stoichiometry–temperature phase diagram for VO2 crystals. The gray, blue, green, and red regions in the diagram represent the R phase, M1 

phase, T phase, and M2 phase, respectively. The gray arrows (routes 1–5) trace the phase evolution process of VO2 with various oxygen con-

tents from room temperature, (c). Characteristic Raman spectra of VO2 phases. Dash lines trace ωV1, ωV2, and ωO phonon frequencies in the 

Raman spectra and (d). Temperature-dependent optical images of a single VO2 beam upon heating, revealing its whole domain evolution pro-

cess corresponding to route 3 of b. The red line shows the position of the domain wall between T and M2 phases, while the white line shows the 

position of the M2-R domain wall [20]. 
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broadening, while stress accumulation in thicker films may cause 

mechanical failure. PLD, utilising laser ablation of a vanadium 

target in an oxygen environment, produces highly epitaxial films 

with exceptionally sharp transitions (ΔT < 5°C) [29]. PLD utilises 

laser ablation of a vanadium target in an oxygen background as 

shown in (5): 

V (target) + O2 
𝒍𝒂𝒔𝒆𝒓
→   

 

 VO2 (film)   (5) 

        The technique allows for strain engineering through substrate 

selection, with Al₂O₃ and TiO₂ being common choices for modulat-

ing Tₜ. Despite its superior film quality, PLD suffers from limita-

tions in deposition area and high equipment costs, making it less 

suitable for large-scale applications. 

3.2.  Chemical Vapour Deposition (CVD) Techniques 

       Chemical vapour deposition methods, including atmospheric-

pressure CVD (APCVD) and metal-organic CVD (MOCVD), pro-

vide alternative routes for VO₂ synthesis. APCVD employs halide 

precursors such as VOCl₃ at elevated temperatures (500-600°C), 

resulting in polycrystalline films with grain size dependent on dep-

osition temperature [30]. APCVD employs halide precursors at 

elevated temperatures, as in (6): 

VOCl3 + H2O→VO2 + 3HCl (500−600°C) (6) 

       While higher temperatures improve crystallinity and reduce Tₜ, 

the method often produces films with significant surface roughness 

and challenges in thickness control below 50 nm. MOCVD, using 

organometallic precursors like vanadyl acetylacetonate, operates at 

lower temperatures (300-450°C) and enables conformal coatings on 

complex geometries [31]. MOCVD uses organometallic precursors 

as in (7): 

VO (ac)2 →VO2 + volatile byproducts (300−450 °C) (7) 

        However, carbon incorporation from precursor decomposition 

can reduce Tₜ by 10-15°C and may introduce electronic defects. 

Both CVD approaches offer better scalability than PVD methods 

but require careful optimisation to minimise impurities and defects 

that could degrade MIT performance. 

3.3.  Solution-Processed Methods 

       Solution-based synthesis techniques, including sol-gel and 

hydrothermal methods, present cost-effective alternatives for VO₂ 

preparation. The sol-gel process involves hydrolysis-condensation 

of vanadium alkoxides followed by high-temperature annealing 

(>500°C), yielding materials with broadened hysteresis (ΔT up to 

30°C) due to high defect concentrations [32],[33]. Nanoparticle 

size effects become prominent below 20 nm, with quantum con-

finement potentially suppressing the MIT entirely. Involves hy-

drolysis-condensation of vanadium alkoxides, as can be seen in (8): 

VO(OR)3+H2O → VO(OH)x 
𝜟
→ VO2  (8) 

       Hydrothermal synthesis, conducted in aqueous solutions at 

elevated pressures, produces various nanostructures such as nan-

owires and nanorods [13],[34]. Autoclave-based crystallisation can 

be seen in (9): 

V2O5 + reductant → VO2 nanostructures (9) 

        These materials exhibit anisotropic MIT behaviour and size-

dependent transition characteristics, with surface defects often me-

diating transition broadening. While solution methods offer ad-

vantages in scalability and nanostructure control, they typically 

require post-synthesis treatments to achieve the desired stoichiome-

try and crystallinity, and may introduce organic residues that affect 

electronic properties. 

3.4.  Advanced Deposition Techniques 

        Molecular beam epitaxy (MBE) and atomic layer deposition 

(ALD) represent the state-of-the-art in precision VO₂ fabrication. 

MBE provides atomic-level control under ultra-high vacuum condi-

tions, producing films with atomically sharp interfaces and ex-

tremely narrow hysteresis (<1°C) [35]. Ultra-high vacuum growth, 

as can be seen (10): 

V (effusion) + O2 → VO2 (atomic layer control) (10) 

        This method enables fundamental studies of strain and inter-

face effects but suffers from prohibitively low growth rates and 

high costs. ALD, based on self-limiting surface reactions, offers 

exceptional conformality and thickness control at the Angstrom 

level, making it ideal for coating high-aspect-ratio structures [36]. 

Self-limiting surface reactions as in (11): 

VCl4 + H2O → VO2 + 4HCl  (11) 

        However, ALD-grown VO₂ often contains amorphous compo-

nents that lower Tₜ, and may incorporate halide impurities from 

precursors. These advanced techniques, while not yet suitable for 

mass production, provide invaluable insights into structure-property 

relationships and serve as benchmarks for material quality. 

        The following Table 2 summarises key synthesis techniques 

and their effects on VO₂ phase transition properties. 

4. Key Challenges and Future Perspectives in VO₂ 

Research 

        Despite significant advancements in the synthesis and charac-

terisation of VO₂, several critical challenges persist that limit its 

practical implementation in next-generation devices. 

4.1.  Current Challenges 

• Stoichiometric Precision: Maintaining exact VO₂ stoichi-

ometry remains challenging, as oxygen vacancies (VO••) 

and non-stoichiometric phases (VO₂ ±δ) dramatically in-

fluence the metal-insulator transition (MIT) characteris-

tics, including transition temperature (T_c), hysteresis 

width, and switching dynamics. Even minor deviations (δ 

> 0.01) can suppress the MIT or induce intermediate 

phases. 

• Scalability Limitations: While high-precision techniques 

like molecular beam epitaxy (MBE) and pulsed laser dep-

osition (PLD) yield superior single-crystalline films with 

sharp transitions, their low throughput and high costs hin-

der industrial adoption. Alternative methods, such as 

chemical vapour deposition (CVD), offer better scalability 

but often compromise on film quality and transition 

sharpness. 
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• Precise Property Tuning: Although doping (e.g., W⁶⁺, 

Mo⁶⁺) and strain engineering can modulate T_c, achieving 

predictable and uniform property control across large-area 

samples remains difficult. Substrate-induced strain, in 

particular, can lead to inhomogeneous phase distributions 

and metastable intermediate states (e.g., M2 or T phases). 

• Interface and Substrate Effects: In thin-film architec-

tures, interfacial reactions, lattice mismatch, and thermal 

expansion differences can dominate MIT behaviour, often 

masking intrinsic material properties. This is especially 

problematic for heterostructure integration in device ap-

plications.      

4.2.  Future Research Directions 
         

        To address these challenges, future efforts should prioritise: 

• Low-Temperature Synthesis: Developing growth tech-

niques that enable high-quality VO₂ deposition below 

300°C would facilitate integration with flexible substrates 

(e.g., polymers) and temperature-sensitive device archi-

tectures. Plasma-enhanced atomic layer deposition (PE-

ALD) and photochemical solution processing are promis-

ing avenues. 

• Defect Engineering: Advanced characterisation tech-

niques (e.g., in-situ TEM, XAS) combined with computa-

tional modelling can help establish defect-property rela-

tionships, enabling targeted mitigation of oxygen vacan-

cies and grain boundary effects that broaden hysteresis. 

• Hybrid Fabrication Strategies: Combining the strengths 

of different methods, such as ALD for interfacial control, 

followed by CVD for bulk growth, could provide an op-

timal balance between scalability and film quality. Addi-

tionally, additive manufacturing approaches may enable 

novel VO₂ nanostructuring. 

• Device-Oriented Optimisation: Future work should focus 

not only on fundamental material properties but also on 

integration challenges, including contact engineering, in-

terfacial stability, and cycling endurance for practical ap-

plications in memristors, smart coatings, and thermal 

switches. 

5. Conclusion 
   The phase transition properties of VO₂ are highly sensitive to 

the synthesis method, which affects stoichiometry, strain, and mi-

crostructure. Physical deposition techniques (sputtering, PLD) yield 

high-quality films with sharp transitions, while solution-based 

methods offer scalability at the cost of broader hysteresis. Under-

standing the interplay between synthesis conditions and MIT be-

haviour is crucial for optimising VO₂ for applications in smart coat-

ings, sensors, and electronic devices. Future advancements in de-

fect control and strain engineering will further enhance the perfor-

mance of VO₂-based technologies. 
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ABSTRACT 

Oxidative stress, resulting from an imbalance between reactive oxygen species and antioxidant defences, is a critical factor in the onset and 

progression of numerous diseases, including cancer, cardiovascular conditions, and neurological disorders. Early detection of oxidative 
stress biomarkers is essential for timely diagnosis and effective treatment. Saliva has emerged as a highly attractive biofluid for this pur-

pose due to its non-invasive, easily accessible, and cost-effective collection. Recent advancements in electrochemical biosensors have sig-
nificantly enhanced the sensitivity, selectivity, and reliability of detecting oxidative stress indicators in saliva. These innovative sensing 

platforms enable real-time monitoring of key biomarkers at low concentrations, offering great potential for clinical and point-of-care ap-
plications. However, challenges such as sensor stability, biofouling, and interference from complex salivary components remain to be ad-

dressed to ensure robust performance in practical settings. This review summarises the latest developments in electrochemical biosensing 
of salivary oxidative stress biomarkers, highlights existing limitations, and discusses prospective strategies to overcome current barriers. 

The continued evolution of this technology promises to facilitate early disease detection and improve patient outcomes through accessible 
and precise oxidative stress monitoring. 

Keywords: Disease monitoring; Electrochemical biosensors; Non-invasive diagnostics; Oxidative stress; Point-of-care sensing; Reactive 
oxygen species 

 

1. Introduction 

A pathological state caused by an imbalance between an-

tioxidant defence mechanisms and reactive oxygen/nitrogen species 

(ROS/RNS), oxidative stress is a major factor in the development 
and progression of many chronic diseases, such as diabetes, cancer, 

autoimmune diseases, cardiovascular diseases, and neurodegenera-
tive disorders [1]. Protein folding and oxidative phosphorylation 

are two examples of regular biological processes that produce reac-
tive oxygen and nitrogen species (ROS and RNS) [2]. These com-

prise both non-radical (like hydrogen peroxide and hypochlorous 
acid) and radical (like superoxide, hydroxyl, and nitric oxide) 

forms, each with unique biological functions and reactivities [3]. 
Although ROS and RNS are vital for cell signalling, too much of 

them can lead to oxidative stress and harm various parts of the cell. 
Even with their acknowledged importance, research is still ongoing 

to distinguish between their physiological and pathological func-

tions [4]. Despite the critical role of reactive oxygen and nitrogen 
species (ROS/RNS) in cellular signalling and stress responses, 

there is a lack of effective tools for their selective and real-time 
detection in living systems. Electrochemical methods using cus-

tom-designed microelectrodes offer promising solutions, enabling 
direct, in situ monitoring of specific ROS/RNS like hydrogen per-

oxide (H₂O₂), nitric oxide (NO), peroxynitrite (ONOO⁻), and su-
peroxide (O₂•⁻) with high spatial and temporal resolution [5]. 

   Under normal conditions, antioxidant systems tightly regulate 

ROS levels to maintain redox balance. However, both deficiency 
and excess of ROS can disrupt physiological processes [6]. Low 

ROS levels impair immune response, wound healing, and cell sig-
naling, while excess ROS leads to oxidative damage of DNA, pro-

teins, and lipids markers such as 3-nitrotyrosine (3-NT), 
Malondialdehyde (MDA), and 8-Hydroxy-2'-deoxyguanosine (8-

OHdG) are often used to assess this damage in clinical samples [7]. 

mailto:k.maryam.edu@gmail.com
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Still, these biomarkers reflect downstream effects rather than real-
time ROS dynamics and fail to distinguish between specific ROS 

types. Current analytical techniques like electron paramagnetic 
resonance and photon-emission spectroscopy are limited by cost, 

complexity, and low temporal resolution [8]. Thus, there is a press-
ing need for highly sensitive, selective, and rapid-response tools 

capable of detecting specific ROS in real-time. Developing such 
electrochemical sensors remains a key challenge in advancing our 

understanding of oxidative stress and improving disease diagnostics 

and treatment evaluation. 

    Saliva's simplicity of collection, low sample processing re-

quirements, and association with systemic health have made it an 
attractive non-invasive biological fluid for the identification of 

oxidative stress indicators [9]. Conventional analytical techniques 
like GC-MS, ELISA, LC-MS/MS, and HPLC have been used to 

measure these biomarkers in biological matrices [10]. These meth-
ods are less appropriate for point-of-care or real-time monitoring 

applications, though, because they frequently include drawbacks, 
including high costs, laborious procedures, the requirement for 

trained staff, and complicated equipment. 

   Because of their intrinsic benefits, high sensitivity, specificity, 
portability, minimal sample volume needs, quick response, and 

compatibility with wearable formats, electrochemical biosensors 
present a strong alternative [11]. By boosting active surface area, 

enhancing conductivity, and facilitating selective molecular recog-
nition, the incorporation of nanomaterials like metal nanoparticles 

(like AuNPs), graphene oxide nanoribbons (GONRs), multi-walled 
carbon nanotubes (MWCNTs), and molecularly imprinted poly-

mers (MIPs) has further improved the performance of these sensors 
[12],[13]. MIP-based electrochemical sensors are particularly well-

suited for detecting tiny oxidative stress indicators like 3-NT and 8-
OHdG in intricate biological settings like saliva because they repli-

cate antibody-antigen interactions with enhanced stability and re-
duced manufacturing costs [14]. 

   With an emphasis on 3-NT, 8-OHdG, MDA, and ROS, this re-
view aims to give readers a thorough grasp of saliva as a potentially 

useful diagnostic fluid, emphasising its capacity to track both men-
tal and physical function. The development of electrochemical bio-

sensors as dependable instruments for their detection is next cov-
ered, along with an examination of important oxidative stress indi-

cators. These biosensors are perfect for continuous and non-
invasive health monitoring since they have real-time sensing capa-

bilities and can be easily integrated with wearable electronic plat-
forms. 

2. Salivary oxidative stress biomarkers 
   Saliva has drawn interest as a diagnostic fluid since it is simple 

to collect, requires little training, and can be self-collected, making 
it available to a variety of people, including young children and the 

elderly. Samples are convenient since they may be collected in a 
variety of locations, including at home or work. Biomolecules such 

as proteins, hormones, and enzymes found in saliva are connected 
to stress, illness, and general well-being [15]. Saliva-based diagnos-

tic tests for ailments like stress, mental health, and oral disorders 
have been developed as a result of these advantages. However, 

there are still issues like pollutants, individual biomarker variance, 
and temporal lags between blood and saliva changes. Saliva's non-

invasiveness, ease of collection, and capacity to track a variety of 
biomarkers connected to stress, illness, and general health have 
made it a potential diagnostic fluid.  

   Proteins, enzymes, and hormones are just a few of the macro-
molecules found in saliva that represent physiological alterations 

linked to illness and stress. Salivary α-amylase, chromogranin A 
(CgA), cortisol, brain-derived neurotrophic factor (BDNF), and 

immunoglobulin A (IgA) are some of the biomarkers frequently 
examined in stress research [16],[17],[18]. For example, both acute 

and chronic stress cause an increase in salivary α-amylase, whereas 
cortisol levels rise during acute stress but may become dysregulated 

under chronic stress. Stress usually causes immunoglobulin A lev-
els to drop, which is a sign of immunological suppression. In-

creased levels of CgA, a protein generated by the adrenal glands 
under stress, are seen under both acute and chronic stress. CgA is 

also used to measure alterations associated with stress [19]. 
     Furthermore, stress can affect BDNF, a growth factor impli-

cated in brain plasticity, which exhibits higher levels during acute 
stress but lower levels under chronic stress [20]. Saliva has a lot of 

promise for diagnostics; however, there are still issues with bi-
omarker variability because of things like sample collecting tech-

niques, time lags between blood and saliva changes, and individual 
variations in concentration gradients. Saliva, however, provides an 

easy-to-use way to track health and stress reactions, and research is 
being done to maximise its utility in clinical settings. 

        One well-researched ROS that serves as a signalling molecule 
and an indication of oxidative imbalance is hydrogen peroxide 

(H2O₂) [21]. The nitration of tyrosine residues in proteins produces 
3-nitrotyrosine (3-NT), a particular marker that indicates oxidative 

and nitrosative damage [22]. Through their involvement in redox-
sensitive signalling cascades, protein phosphorylation levels, which 

are changed in oxidative environments, also function as indirect 
indicators. As an indicator of oxidative DNA damage, 8-Hydroxy-

2'-deoxyguanosine (8-OHdG) is one of the most researched oxida-
tive stress biomarkers currently being explored. Furthermore, 3-

nitrotyrosine (3-NT) has emerged as a crucial indicator of protein 
nitration, indicating oxidative protein damage [4]. Reactive oxygen 

species (ROS), which are a direct indicator of oxidative stress lev-
els, and Malondialdehyde (MDA), a byproduct of lipid peroxida-

tion, are also important indicators of oxidative imbalance in the 
body [23]. The increased attention paid to these biomarkers, in 

particular, 8-OHdG, 3-NT, and MDA, highlights their potential for 
real-time oxidative stress monitoring and early disease diagnosis, 

offering insight into the mechanisms driving stress and related ill-
nesses. Table 2 represents the electrochemical biosensors for Key 

salivary oxidative stress biomarkers 

   The pre-analytical stability of saliva oxidative indicators varies 
greatly with temperature, storage period, and enzymatic activity. 

Saliva, as opposed to blood, is abundant in enzymes such as amyl-
ase and proteases that can hydrolyse biomarkers for MDA, 3-

nitrotyrosine, and 8-OHdG as soon as they are sampled. Studies 
have shown that biomarker concentrations significantly decrease 

within 30 to 60 minutes if cooling is delayed or protease inhibitors 
are not added. Effective sample handling requires fast chilling, 

storage at −20°C or lower, and the absence of freeze-thaw cycles. 
Accuracy may also be impacted by consistency in salivary flow and 

collection methods. Hence, standardised methods are important for 
biosensor-based diagnoses to be reliable. 

 

3. Comparative analysis of the diagnostic           

accuracy of salivary oxidative stress                 

biomarkers: Saliva vs blood, urine and          

cerebrospinal fluid (CSF) 
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          Saliva offers a practical, easily available, non-invasive bio-

fluid for evaluating oxidative stress biomarkers, but its diagnostic 
accuracy in comparison to more conventional fluids such as blood, 

urine, and cerebrospinal fluid (CSF) remains a major problem.  
Table 1 shows the comparative analysis of biofluids for detection of 

oxidative stress biomarkers. Because of things like selective diffu-
sion across acinar cells, active transport processes, and enzymatic 

degradation by salivary enzymes like amylase and peroxidase, the 
levels of oxidative stress indicators in saliva are often significantly 

lower than in plasma or CSF. For example, the levels of 8-hydroxy-
2′-deoxyguanosine (8-OHdG) in plasma can range from 0.2 to 1.0 

ng/mL, whereas in saliva they are normally between 0.05 and 0.3 
ng/mL [24]. Malondialdehyde (MDA) and 3-nitrotyrosine can also 

be found in saliva, although in smaller amounts than in blood. De-
spite these variations, several studies have demonstrated statistical-

ly significant relationships between oxidative stress marker concen-
trations in serum and saliva in clinical populations, such as patients 

with neurological disorders, diabetes, and cardiovascular disease 
[9],[21].  

 
   Additionally, saliva can be collected by self-collection to re-

duce patient discomfort and contamination risk, unlike blood and 
CSF, which require invasive procedures and specialised care. Ac-

cording to Monosik et al. [11], this makes saliva the best material 
for repeated or real-time monitoring, especially when paired with 

electrochemical biosensor technologies that offer great sensitivity 
and specificity at low analyte concentrations. However, pre-

analytical factors such as sample collection method, circadian 
rhythms, hydration, and food intake can affect biomarker levels, 

reducing the diagnostic utility of saliva. Furthermore, unless pro-

cessed or stabilised immediately, saliva may degrade labile bi-
omarkers due to its increased susceptibility to biochemical instabil-

ity brought on by enzymatic activity and pH fluctuations. However, 
the detection of salivary oxidative stress biomarkers at clinically 

relevant concentrations has significantly improved with recent de-
velopments in wearable biosensing technologies, molecularly im-

printed polymers, and nanomaterials. Saliva-based diagnostics can 
therefore provide a scalable, affordable, and efficient substitute for 

traditional fluids with the right standardisation and validation, es-
pecially for point-of-care and personalised treatment.  

4. Electrochemical Biosensing Principle 
        The principles of electrochemistry, which investigate the con-
nection between electrical energy and chemical reactions, specifi-

cally, redox processes, in which electrons are transported between 
molecules, form the basis of electrochemical sensing techniques 

[25]. Since many biological processes, including cellular respira-
tion and neural activity, depend on these reactions, electrochemical 

techniques are extremely important for use in biomedical and diag-
nostic settings [26]. The measurement of electrical current pro-

duced by redox reactions at electrode surfaces is the fundamental 

component of electrochemical detection. This current enables accu-

rate quantitative analysis since it is proportional to the target ana-
lyte's concentration. 

        Important methods include electrochemical impedance spec-
troscopy (EIS), which examines the resistance to charge transfer at 

the electrode interface; amperometry, which keeps a constant po-
tential to track changes in current in real time; and voltammetry, 

which varies the potential and the current that results reveals the 
redox behavior of analytes [27]. These techniques provide great 

sensitivity, quick reaction, and the capacity to identify biomarkers 
at trace levels in complicated matrices like blood or saliva, particu-

larly when supplemented with nanomaterials or molecularly im-
printed polymers (Figure 1). They are essential instruments in con-

temporary biosensing because of their versatility and diagnostic 
capabilities, especially when it comes to identifying disease-

associated biomarkers like 3-nitro-L-tyrosine. 
 

4.1. Electrochemical sensing of 8-Hydroxy-2'-

deoxyguanosine 
Targeting nucleotides, nucleosides, and DNA bases, oxidative 

stress can cause damage to genomic DNA. Guanine is particularly 

susceptible because of its low oxidation potential [28]. 8-
oxoguanine (8-oxoG) and its deoxynucleoside form, 8-hydroxy-2′-

deoxyguanosine (8-OHdG), are the main oxidation products of 
guanine [29]. Since these substances are the most common and 

well-established indicators of oxidative DNA damage, 8-OHdG is 
frequently utilised as an indicator to evaluate oxidative stress at the 

molecular level. A number of electrochemical platforms have been 
created to detect 8-oxodG, a biomarker of oxidative DNA damage, 

with high sensitivity. The sensitive and selective electrochemical 
detection of 8-oxodG, a crucial indicator of oxidative DNA dam-

age, has been thoroughly investigated using conducting polymers, 
nanostructured materials (NsM), and biomolecular recognition 

components. Peak currents were improved and oxidation potentials 
were shifted to more negative values by electropolymerized films 

such as poly(3-methylthiophene) (P3MT) and poly(3-
acetylthiophene) (P3AT) modified glassy carbon electrodes (GCE). 

The detection limits of these systems were as low as 0.10 µM and 
31.3 nM, respectively [30],[31]. With LODs of 56 nM, mixed 

DNA–P3MT films likewise showed excellent sensitivity. To im-
prove selectivity for 8-oxoG and guanine, metallopolymers such as 

[Os(bpy)₂(PVP)₁₀Cl]⁺ and [Ru(bpy)₂(PVP)₁₀Cl]⁺ were employed 

[32]. When 8-oxodG was present during the synthesis of molecu-
larly imprinted polymers (MIPs), highly selective recognition sites 

were made possible, resulting in LODs as low as 3 nM and even 
0.74 pg/mL (≈2.6 pM) [33],[34]. With LODs as low as 100 fg/mL, 

immunosensors that used 8-oxodG antibodies mounted on elec-
trodes modified with nanomaterials (such as ZnO nanorods or rGO) 

showed exceptional selectivity and detection capabilities [35]. Be-
cause of their non-immunogenic nature, low cost, and great speci-

ficity, aptamer-based sensors have become extremely useful in-

Table 1:   
Comparative analysis of biofluids for detection of oxidative stress biomarkers. 
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struments. Novel designs that combined aptamers with DNAzymes, 
hybridisation chain reaction (HCR), and other signal amplification 

techniques produced ultralow LODs down to 24.34 fM while pre-
serving great selectivity against interfering compounds and wide 

linear ranges [36]. Together, these cutting-edge electrochemical 
platforms, which include polymers, nanomaterials, MIPs, den-

drimers, immunosensors, and aptasensors, provide reliable, sensi-
tive, and specific methods for detecting 8-oxodG in intricate bio-

logical matrices, thereby bolstering their potential for use in oxida-
tive stress monitoring and clinical diagnostics. 

 

4.2. Electrochemical sensing of Malondialdehyde 
As a byproduct of the oxidation of arachidonic acid (AA), an 

unsaturated fatty acid, malondialdehyde (MDA) is a key biomarker 
of lipid peroxidation and oxidative stress. Therefore, it is essential 

to develop trustworthy techniques for its detection in plasma, se-
rum, and salivary fluid, as monitoring MDA levels in biological 

systems can be used to determine oxidative stress. Lipid peroxida-
tion products have been identified using both chemical and electro-

chemical methods. Yuan et al. [37] used multi-walled carbon nano-
tubes (MWNTs) to create a label-free electrochemical biosensor for 

MDA detection (Figure 2). After MWNTs and chitosan (CS) were 
added to a glassy carbon electrode (GCE), glutaraldehyde (GluA), 

complement factor H (CFH), and bovine serum albumin (BSA) 
were immobilised to act as links, recognition, and blocking agents, 

respectively. Every alteration step was validated by cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS). 

While subsequent surface alterations raised resistance and de-
creased current, suggesting effective layer development, MWNTs 

improved electron transport. Using differential pulse voltammetry 
(DPV), the sensor obtained a linear range of 0.1–90 µmol¹ and a 

detection limit of 0.047 µmol¹; however, stability data were not 
provided. 

Later, a study showed that layer-by-layer nanocomposites 
made of polymers and nanoparticles performed exceptionally well 

electroanalytically and in terms of conductivity [38]. MDA was 
detected in exhaled breath condensate via DPV using quantum dots 

and polyarginine, with a detection limit of 0.329 nM. For the detec-
tion of MDA in breath and serum, Hasanzadeh et al. [23] used a 

polypurine-modified gold electrode (PT/Au), which produced good 
stability (90 percent signal retention after 100 analyses), a linear 

range of 0.78–3.10 mM, and a detection limit of 34 nM. The con-
ductive polymers and nanomaterials' high conductivity, vast surface 

area, and abundance of active sites are what give these studies their 
improved performance. 

 

Figure 2. An illustration showing how the synthesis of label-free bio-
sensors for MDA detection [37]. 

 
Figure 1. A visual representation of biosensor for electrochemical detection of oxidative stress biomarkers in saliva. 
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4.3. Electrochemical sensing of Malondialdehyde 
        Electrochemical detection of reactive oxygen and nitrogen 

species (ROS/RNS) is one of the effective methods for tracking 
oxidative stress in biological fluids, specifically in saliva. ROS and 

RNS are immediately detected by chemical sensors at their distinc-
tive redox potentials. For instance, the oxygen/superoxide redox 

pair is detected at about -0.33 V versus NHE, whereas nitric oxide 
(NO) is oxidised at about 0.8 V vs Ag/AgCl 1. Amatore et al. [39]  

and associates' groundbreaking research using platinumized carbon 
microelectrodes to identify ROS/RNS in individual cells and even 

inside phagolysosomes. Catalytic materials, such as Prussian blue 

composites or gold nanocones, are employed to boost sensitivity 
and further enhance performance. This allows for the detection of 

hydrogen peroxide (H2O₂) at low concentrations, even in compli-
cated samples like blood or serum. 

In contrast, biological sensors use redox-active proteins that 
are immobilised on the electrode surface in order to selectively 

identify the target species. For example, superoxide (O₂⁻·) can be 
detected using cytochrome c (Cyt C), which facilitates electron 

 

Figure 3. Development of Ag/MNS-CeO2-TiO2 materials and the identification of superoxide anions generated by cells [42]. 

 

 

 

Figure 4. The BMIP@CDs sensor's fluorescence quenching mechanism [47]. 
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transfer upon binding and produces a detectable biocatalytic current 
[40]. Despite the excellent selectivity of these biosensors, their 

long-term stability and immobilisation complexity can be problem-
atic. More recent methods use hybrid nanomaterials like gra-

phene/AgNP/CeO₂/TiO₂ or enzyme mimetics like MnTiO₃ or man-
ganese phosphate (Figure 3) to more robustly simulate enzymatic 
activity [41],[42]. 

Because of their short half-life and reactivity, NO and its reac-
tive product, peroxynitrite, require sensors with high sensitivity and 

fast response [43]. Selectivity is frequently attained by covering 
CFMEs with selective barriers such as Nafion, chitosan, or o-

phenylenediamine since NO oxidises at potentials that overlap with 
those of other species [44]. Recent developments include Cyt c-

modified nanoporous gold electrodes that have low detection limits 
and great sensitivity for detecting O₂⁻· in tissues such as skeletal 

muscle [45]. Even with these developments, further research is 
required to confirm the specificity of some of the more recent mate-

rials, especially in intricate biological settings. 
 

4.3. Electrochemical sensing of 3-Nitrotyrosine (3-NT) 
Using a variety of materials and methods, several novel sen-

sors have been created for the detection of 3-nitrotyrosine (3-NT), a 

crucial indicator of oxidative stress. For precise 3-NT detection in 
biological fluids, Govindasamy et al. [46] developed an am-

perometric sensor based on cadmium tungstate nanodots with re-

duced graphene oxide. This sensor has a low detection limit (LOD) 
of 3.24 nM, a broad linear range (18.5 nM to 1.84 mM), and good 

sensitivity. Similar to this, Jalili et al. [47] reported a new molecu-

larly imprinted polymer (MIP) sensor that uses green-light emitting 
carbon dots (BMIP@CD) showed good serum analysis with high 

recovery and repeatability (Figure 4). It is less expensive and more 
resilient than antibody-based sensors.  

Additionally, lab-on-a-chip electrochemical paper-based sen-
sors provide a portable, affordable solution for point-of-care diag-

nostics with a limit of detection of 49.2 nM. In serum from patients 
with minor hepatic encephalopathy, optical sensors such as a binu-

clear platinum complex demonstrated remarkable sensitivity (LOD: 
4.7 × 10⁻¹⁰ M) and selectivity for 3-NT detection [48]. The LOD of 

25.14 pM provided by copper ferrite nanodots embedded in re-
duced graphene oxide was exceptionally low [49]. While surface 

acoustic wave (SAW) biosensors in conjunction with electrospray 
ionisation-mass spectrometry allowed for label-free analysis of 

nitrated peptides, electrochemical sensors that included MIP-doped 
gold nanoparticles demonstrated good specificity and sensitivity 

with a limit of detection of 50 nM [50]. A localised surface plas-
mon resonance (NDG-LSPR) sensor based on graphene doped with 

nickel showed good selectivity for 3-NT and a limit of detection of 
0.13 pg/mL [51]. 

Outperforming conventional ELISA techniques, bimetallic 
Fe/Pd nanoparticles with molecular imprinting provided a durable, 

affordable, and efficient instrument for 3-NT detection in clinical 
fluids [52]. Finally, immunofluorescent detection of 3-NT-modified 

tyrosine residues under oxidative circumstances was made possible 
by peptide-functionalized fluorescent particles (PFFPs), supporting 

applications in therapeutic screening and disease monitoring [51]. 
These new developments demonstrate the expanding potential of 
sophisticated sensors in the evaluation of clinical oxidative stress. 

 

Table 2:   

Electrochemical Biosensors for Key Salivary Oxidative Stress Biomarkers. ( ITO: indium tin oxide; AuNTAs: gold nanotriangles arrays; PtNPs: 

platinum nanoparticles; DPV: differential pulse voltammetry; SWCNT: single-wall carbon nanotubes; GCE: glassy carbon electrode; MWCNT: 

multiwalled carbon nanotubes; ErGO: electrochemically reduced graphene oxide; SWV: square wave voltammetry; CV: cyclic voltammetry; 

SPCE: screen-printed carbon electrode; MGO: magnetic graphene oxide; MIPy: molecularly imprinted polypyrrole; La2Sn2O7: lanthanum stan-

nate; f−HNT: functionalized halloysite nanotubes; MIP: molecularly imprinted polymer; AMWCNT: aminated multi-walled carbon nanotubes; 

GONRs: graphene oxide nanoribbons; MoS₂: molybdenum disulfide; BiVO₄: bismuth vanadate; ZSM-5: zeolite socony mobil-5; Mn3(PO4)2: 

manganese(II) phosphate; PDDA: Poly(diallyldimethylammonium chloride); AMP: amperometery). 
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5. Recent Advances in Saliva-Based                  

Electrochemical Biosensors 
         More attention must be paid to emerging illnesses associated 
with oxidative stress, especially in light of quick and easy diagnos-

tics. Improvements in biosensor technology, such as the creation of 
wearable and mouthguard-based electrochemical biosensors, are 

desperately needed. For point-of-care (POC) applications, these 
cutting-edge technologies have great potential since they enable the 

early and non-invasive detection of oxidative stress indicators, 
which is essential for prompt diagnosis and efficient disease man-
agement. 

        Enhancing the sensitivity, selectivity, and mobility of electro-
chemical biosensors for a salivary oxidative stress indicator has 

been the main focus of recent advancements. The electrochemical 
characteristics of sensor platforms have been greatly improved by 

the introduction of nanostructured materials such as graphene ox-
ide, carbon nanotubes, and gold nanoparticles. Furthermore, bi-

omarker recognition has improved with the use of molecularly im-
printed polymers (MIPs), particularly for 3-nitrotyrosine and 8-

OHdG. The prohibitive expense of high-end nanomaterials such as 
gold nanoparticles and graphene constrains the mass production of 

salivary electrochemical biosensors [61]. Although the cost of syn-

thesis and purification is significant, these materials function ex-
ceptionally well [62]. To combat this, research is being done on 

low-cost substitutes such as metal oxides, polymer nanocomposites, 
and carbon produced from biomass, which show comparable sensi-

tivity at a lower cost [63]. Similarly, green solvents and electropol-
ymerization are used to optimise molecularly imprinted polymers 

(MIPs), reducing production costs [64]. For point-of-care applica-
tions, pairing with screen-printed electrodes and paper-based plat-
forms also makes mass production affordable. 

        Real-time monitoring of salivary biomarkers linked to oxida-
tive stress has been transformed by the combination of wearable 

technology with electrochemical biosensing. The goal of these de-
velopments is to offer continuous, non-invasive, and customised 

health monitoring options. 

        Mouthguard biosensors that can identify salivary metabolites 
have been developed thanks to creative designs. An instrumented 

mouthguard that non-invasively measures salivary uric acid levels 
was demonstrated by Kim et al. [65]. To enable real-time wireless 

data transfer to smartphones and other devices, this device com-
bines a uricase-modified screen-printed electrode system with min-

iature electronics, such as a potentiostat, microprocessor, and Blue-
tooth Low Energy (BLE) transmitter. OECTs have the potential to 

be used in wearable biosensors, providing enhanced sensitivity and 
signal amplification for the detection of low-abundance analytes, as 

demonstrated by Duan et al. [66]. These gadgets make it easier to 
track salivary biomarkers in real-time, which improves point-of-

care diagnostic performance. Wearable biosensors can be seamless-
ly integrated with cell phones thanks to the use of wireless connec-

tion modules. Proactive health management is supported by this 
connectivity, which allows consumers to share data with healthcare 

providers, follow health measures over time, and get rapid feed-
back. 

        Wearable electrochemical biosensors for salivary analysis are 

now much more functional and user-friendly thanks to the devel-

opment of wireless and microfluidic technology. Figure 5 shows 
the evolution of wearable electrochemical sensors based on biorecep-

tors. Wearable biosensors have integrated microfluidic devices to 

effectively handle tiny amounts of saliva. These technologies make 
it easier to handle samples precisely, use fewer reagents, and allow 

multiplexed detection of different biomarkers. For instance, weara-
ble technology with microfluidic channels can track salivary me-

tabolites like uric acid and lactate over time, giving important in-
formation about a person's level of oxidative stress. 

6. Challenges and Limitations 
        Age, food, oral health, circadian rhythm, and other physiolog-
ical and lifestyle factors all affect the baseline levels of oxidative 

stress indicators in saliva [67]. Age-related alterations in redox 
metabolism can alter the levels of oxidative stress markers; older 

individuals often exhibit higher levels of MDA and 8-OHdG due to 

accumulated oxidative damage and weakened antioxidant defences 
[68]. Another crucial factor is nutrition; for example, consuming 

too many processed foods or polyunsaturated fats can increase lipid 

 

Figure 5. The evolution of wearable electrochemical sensors based on bioreceptors [66]. 
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peroxidation and, in turn, MDA levels, whereas diets high in anti-
oxidants have been demonstrated to suppress the production of 

biomarkers. Another important factor is oral health; independent of 
systemic health, gingivitis or periodontitis can cause local oxidative 

stress and artificially raise salivary ROS and 3-nitrotyrosine levels. 
Salivary biomarkers have also been shown to exhibit circadian 

rhythms; for example, cortisol and 8-OHdG are two analytes that 
peak in the morning and then decline throughout the day. False-

positive or false-negative diagnoses are more likely when these 
physiological variations are not taken into consideration. Therefore, 

it is essential to standardise sample timing of collection and ac-
count for individual physiological characteristics to provide valid 

clinical interpretation and calibration of biosensors. 
        A number of significant restrictions and difficulties prevent 

saliva-based electrochemical biosensors for oxidative stress indica-
tors from being widely used in clinical settings and being commer-

cialised. Target biomarkers like 3-nitrotyrosine (3-NT), 8-hydroxy-
2′-deoxyguanosine (8-OHdG), Malondialdehyde (MDA), and reac-

tive oxygen species (ROS) are among the most important problems. 
These biomarkers are frequently found in saliva at nanomolar to 

picomolar concentrations, which calls for ultra-sensitive detection 
techniques. Saliva's complex and varied composition, which in-

cludes variations in pH, protein content, viscosity, and enzyme 
activity brought on by dietary changes, circadian rhythms, or per-

sonal health conditions, can also have a substantial impact on sen-
sor performance, resulting in inconsistent and poor reproducibility 

[24]. 
        The non-specific adsorption of salivary proteins and other 

interfering chemicals onto the sensor surface is another significant 

drawback. This can lead to electrode fouling, signal instability, and 
a gradual decrease in sensitivity [69]. The absence of defined pro-

cedures for the collection, handling, and processing of saliva fur-
ther complicates matters, making it challenging to compare find-

ings across several platforms or research studies. Additionally, 
selectivity is still problematic, especially when sensors exhibit 

cross-reactivity with compounds that share structural similarities, 
leading to erroneous results. 

        Furthermore, a lot of biosensors depend on biological recogni-
tion components like enzymes or antibodies, which are naturally 

unstable and have short shelf lives, particularly in environments 
with variable humidity or temperature [70]. Although it holds 

promise for real-time, non-invasive diagnostics, the incorporation 
of these sensors into wearable platforms introduces another level of 

complexity because it necessitates robust miniaturisation, power 
efficiency, wireless data transmission, and biocompatibility, all of 

which raise production costs and technical obstacles. Lastly, batch-
to-batch variability frequently plagues sensor fabrication tech-

niques, especially those employing nanomaterials or molecularly 
imprinted polymers. This compromises repeatability and restricts 

scalability for mass production. All of these drawbacks point to the 
necessity of ongoing advancements in sensor design, fabrication 

methods, and materials to fully utilise saliva-based electrochemical 
biosensors in oxidative stress diagnostics. 

7. Future Perspectives 
        The area of electrochemical biosensing based on saliva is on 

the brink of major change, fueled by material sciences develop-
ment, wearable technology, and integration into digital health. The 

incorporation of biosensors into Internet of Things (IoT) systems 
and smart wearables is the main focus of future development. This 

will enable wireless data transfer and remote clinician input, ena-
bling continuous real-time monitoring of biomarkers for oxidative 

stress. Early disease identification and proactive healthcare will be 
made possible by this. Meanwhile, advancements in next-

generation low-cost nanomaterials such as carbon quantum dots, 
metal-organic frameworks (MOFs), and biodegradable polymers 

are expected to enhance sensor performance while permitting eco-
logically benign, large-scale manufacture. When combined with 

hybrid detection modes (electrochemical, optical, and enzymatic), 
multiplex biosensors that can simultaneously detect multiple oxida-

tive stress indicators such as 3-nitrotyrosine, 8-OHdG, MDA, and 
ROS will yield more comprehensive diagnostic data, improving 
analytical accuracy and cross-validation. 

        With the help of artificial intelligence (AI) and machine learn-
ing (ML), data interpretation will be transformed into pattern 

recognition and real-time health analytics. This includes the possi-
bility of profiling an individual's oxidative stress based on their 

physiology, lifestyle, and medical history. Furthermore, to comply 
with regulatory standards and facilitate commercialisation, future 

progress will be fueled by overcoming current constraints through 
the standardisation of sample harvest, calibration processes, and 

clinical verification. Miniaturising biosensors based on self-
powered systems, such as triboelectric nanogenerators (TENGs) or 

biofuel cells, is another exciting avenue. This will eliminate the 

need for external power sources and allow for the creation of com-
pletely autonomous, non-invasive devices. With the potential to 

significantly improve public health through early diagnosis, tai-
lored treatment, and real-time health monitoring, these novel de-

velopments collectively position saliva-based electrochemical bio-
sensors as a cornerstone of next-generation non-invasive diagnos-
tics.  

8. Conclusion 
        In conclusion, saliva-based electrochemical biosensors have a 

lot of promise for real-time, non-invasive monitoring of oxidative 
stress biomarkers, providing a viable path toward early disease 

detection and individualised health care. The sensitivity, selectivity, 
and convenience of these biosensors have been significantly im-

proved by the combination of wearable technology, molecularly 
imprinted polymers, and sophisticated nanomaterials. Recent ad-

vances, such as mouthguard biosensors and microfluidic systems, 
have shown impressive progress despite obstacles such as bi-

omarker variability, sample collection problems, and the require-
ment for device uniformity. These advancements, especially in 

wearable technology, have the potential to revolutionise the diag-

nostics industry by facilitating ongoing health monitoring using 
user-friendly, accessible gadgets. Saliva-based electrochemical 

biosensors, which provide a non-invasive, effective way to monitor 
oxidative stress and enhance health outcomes, are set to play a sig-

nificant part in the future of personalised healthcare as research and 
technology develop. 
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ABSTRACT 

A novel platform for researching topological quantum phenomena, unusual superconductivity, and strongly coupled electron physics is 

Twisted Bilayer Graphene (TBG) at the “Magic Angle” (~1.05°). Two graphene layers are rotated to this exact angle to form a moiré su-

perlattice, which produces flat electronic bands that significantly improve electron-electron interactions. This results in a rich phase dia-

gram with non-Fermi liquid behaviour, correlated insulators, and superconductivity. This review covers the theoretical foundations, exper-

imental results, and unanswered concerns about magic-angle TBG, including significant challenges like twist angle control, disorder ef-

fects, and the interaction of strain and electrical characteristics. Beyond basic research, TBG has great technological potential, with poten-

tial applications in neuromorphic devices, ultra-sensitive sensors, and quantum computing (e.g., topological qubits). This system provides 

a novel approach to comprehending high-temperature superconductivity and achieving next-generation quantum technologies by fusing 

insights from correlated physics with device engineering. 

Keywords: Twisted Bilayer Graphene; Magic Angle; Superconductivity; Correlated Insulators; Moire Superlattice 

 

1. Introduction 

      Due to its remarkable electrical properties, graphene's 

discovery in 2004 transformed condensed matter physics; at pre-

sent, the absence of a natural bandgap restricts its applications in 

semiconductor devices. This basic limitation led to novel approach-

es for modifying the electrical structure of graphene, which ulti-

mately resulted in the revolutionary discovery of twisted bilayer 

graphene (TBG). A moiré superlattice that radically changes the 

electrical behaviour of the system is produced when two graphene 

layers are rotated to a precise "magic angle" of roughly 1.05°, ac-

cording to research conducted in 2018 by MIT researchers under 

the direction of Pablo Jarillo-Herrero [1]. In order to overcome the 

limits of monolayer graphene, this twist engineering creates flat 

electronic bands where strong electron correlations result in re-

markable phenomena such as correlated insulating states and su-

perconductivity. 

    The magic-angle TBG is a unique platform for investigating 

strongly correlated physics, replicating essential characteristics of 

high-temperature superconductors without the need for chemical 

doping. Superconductivity, Mott-like insulators, and non-Fermi 

liquid behaviour are all included in the rich phase diagram made 

possible by the moiré-induced flat bands, which significantly im-

prove electron-electron interactions and are adjustable by electro-

static gating [2]. In addition to having significant effects on basic 

physics, TBG's remarkable qualities have the potential to revolu-

tionise quantum technology, such as topological quantum comput-

ers and extremely efficient electronic devices. Unprecedented in-

sights into the interaction of band structure engineering, supercon-

ductivity, and correlation effects in two-dimensional materials are 

still being offered by this system. 

    The importance of magic-angle TBG's strength is its ability to 

replicate the physics of high-temperature superconductors while 

requiring no chemical doping and being solely controlled by elec-

trostatic gating. The development of a moiré superlattice, which 

significantly changes the band structure and produces flat bands 

where electrons travel slowly and interact fiercely, controls the 

system's electrical characteristics. Superconductivity, Mott-like 

insulators, and odd metal behaviour are all encompassed in the rich 

https://orcid.org/0009-0005-5337-7148
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phase diagram that results from the enhancement of electron-

electron correlations by these flat bands.  

Beyond its basic scientific significance, TBG has poten-

tial applications in next-generation quantum technologies such as 

neuromorphic devices, topological quantum computing, and ultra-

low-power electronics [2]. 

 

2. Theoretical Foundation 
       The creation of a moiré superlattice, which occurs when two 

graphene sheets are stacked with a slight rotational misalignment, 

is fundamental to the electrical behaviour of twisted bilayer gra-

phene. The basic Dirac cone structure of graphene is altered by this 

moiré pattern's introduction of a long-range periodic potential, 

which causes flat bands to appear at specific "magic" twist angles. 

The first theoretical foundation for comprehending these effects 

was offered by the 2011 Bistritzer-MacDonald model, which pre-

dicted that the electrons' Fermi velocity would disappear and al-

most dispersionless bands would form at a twist angle of about 

1.05° [3]. Because they enhance electron-electron interactions and 

allow for the formation of tightly correlated phases, these flat bands 

are essential [4]. 

        When two graphene sheets are rotated relative to one another 

at a tiny twist angle, a moiré superlattice is formed in twisted bi-

layer graphene (TBG), as shown in Figure 1. The electronic band 

structure is considerably modified by the superlattice periodicity 

that results from the ensuing moiré interference pattern. The system 

displays flat electronic bands within the described "magic angle" 

(~1.1°), where kinetic energy is suppressed and electron-electron 

correlations are strengthened. 

    A comparison of the superconducting phase diagrams of cu-

prate high-temperature superconductors and TBG, as discussed in 

Table 1. As a function of carrier concentration, both show a distinc-

tive dome-shaped superconducting phase, indicating the existence 

of strong correlation physics [5]. 

2.1. Schematic Diagram  

   The system behaves like other correlated materials, including 

heavy fermion compounds and high-temperature cuprate supercon-

ductors, in this domain. For example, the system becomes a corre-

lated insulator, similar to a Mott insulator, at half-filling, when the 

number of electrons in the moiré unit cell equals the number of 

possible states. The strong Coulomb repulsion between electrons, 

which stops them from flowing freely, is what causes this insulat-

ing state. Superconductivity emerges when the system is slightly 

doped away from half-filling, indicating a delicate balance between 

coherence and localisation. With continuous discussions over the 

exact mechanisms underlying superconductivity in TBG, the inter-

action between these phases has emerged as a central area of theo-

retical investigation. While some theories propose solely electrical 

causes, others relate it to phonon-mediated pairing, such as exciton-

ic effects [6]. 

 

3. Experimental Breakthrough 
    By observing a superconducting transition at temperatures be-

low 1.7 Kelvin, the Jarillo-Herrero group reported the experimental 

discovery of superconductivity in magic-angle TBG in 2018, as 

demonstrated in Table 1. Because it showed that superconductivity 

might develop in a system devoid of the strong electron-phonon 

interaction commonly associated with normal superconductors, this 

discovery was very remarkable. Rather, the hallmark of unconven-

tional superconductivity, strong electron correlations, seems to be 

the driving force behind the superconductivity in TBG. Its potential 

as a flexible platform for researching quantum phase transitions 

was further demonstrated by the capacity to shift the system be-

 
Figure 1: Moiré Superlattice and Flat Band Formation [5]. 
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tween insulating and superconducting states using an external elec-

tric field [6]. 

    Even more complex physics has been discovered in TBG 

through subsequent research, such as odd metal behaviour with 

linear-in-temperature resistivity, a hint of non-Fermi liquid physics. 

This behaviour, in which the system hovers close to a phase transi-

tion at absolute zero temperature, is frequently linked to quantum 

criticality. Comparison between conventional and odd metals has 

been described (in Table 2) to showcase the need to explain both of 

them. Recent developments have broadened the focus of TBG stud-

ies to encompass twisted multilayer structures with novel associat-

ed phases and increased superconducting transition temperatures, 

including trilayer graphene [7].  

    The phase diagram of TBG has also been further enhanced by 

the discovery of topological states, such as quantum Hall effects, 

by the use of magnetic fields. These findings have solidified TBG 

as a model system for investigating the relationship among super-

conductivity, topology, and correlation [8]. 

 

3.1. Summary of Differences  
        Twisted bilayer graphene (TBG) exhibited linear-in-T resistiv-

ity over a broad temperature range close to specific doping levels in 

the 2018–2021 studies, lacking a discernible superconducting 

dome, depicted in Figure 2. This is an excellent option for investi-

gating non-Fermi liquid physics since it is anomalous and repre-

sents a breakdown of quasiparticle-based transport [9]. 

 
Table 2:  

Summary of Differences Between Conventional and Odd Metals [9]. 

Feature Fermi Liquid Odd/Strange Metal 

Resistivity vs Tem-

perature 
ρ(T)∼T2 ρ(T)∼T 

Dominant scatter-

ing 
Electron-electron 

Unknown, likely critical 

or collective 

Quasiparticles Long-lived Not well-defined 

Underlying theory 
Landau-Fermi 

liquid theory 
No complete theory yet 

Typical materials Simple metals 
Cuprates, TBG, heavy 

fermions 

 

 

    
Figure 2: The Graphical Demonstration between Fermi Liquid and 

Linear-IN-T-Resistivity [10]. 

4. Mechanism of Superconductivity 
        There is still much disagreement on the genesis of Supercon-

ductivity in magic-angle TBG. The superconductivity of TBG may 

result from solely electronic causes, in contrast to ordinary super-

conductors, where pairing is mediated by lattice vibrations (pho-

nons). One theory is that spin fluctuations serve as the glue that 

holds electrons together in Cooper pairs because they are fueled by 

strong electron correlations. In this case, TBG would be categorised 

with high-temperature cuprate superconductors, where spin fluctua-

tions are believed to be important. Excitonic pairing, in which elec-

tron-hole interactions stabilise the superconducting state, is the 

subject of another proposal [11].  

 

4.1.  Introduction to Valley Degrees of Freedom 

• The valley index is an additional quantum number that 

electrons in materials like graphene possess. 

• The Brillouin zone of graphene has two inequivalent Di-

rac cones at locations designated K and K′. 

• These provide an additional degree of freedom, much like 

spin, and function similarly to pseudospins or valleys. 

Table 1:  

Moiré Superlattice and Flat Band Formation [5]. 

Year Milestone/Event 
Twist Angle 

(°) 

Critical Tempera-

ture (Tc) 

Doping Level / 

Filling Factor 
Key Observation 

2018 Discovery of superconductivity in 

magic-angle TBG  

~1.1° (magic 

angle) 

~1.7 K ±2 electrons per 

moiré unit cell 

Superconductivity adjacent to a 

correlated insulating state 

2018 Observation of a correlated insulat-

ing state 

~1.1° N/A Half-filling (±2) Mott-like insulating behavior 

2019 Enhancement of Tc via pressure 

tuning 

~1.1° Up to 3.5 K ±2 Tc increased under hydrostatic 

pressure 

2020 Nematic order and symmetry 

breaking observed 

~1.1° ~1.5 K Near half-filling Broken rotational symmetry de-

tected 

2021 Identification of "strange metal" or 

"odd metal" behavior 

~1.1° — Near charge neu-

trality to ±2 

Linear-in-T resistivity over a wide 

temperature range 

2022 Tunable moiré heterostructures 

(twist angle/strain control) 

Various ~1–5 K Broad range Broader tunability of correlated 

phases 

2023 Superconductivity in twisted tri-

layer graphene (TTG) 

~1.5° TTG ~3 K Similar fillings Shows superconductivity beyond 

bilayer systems 
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• Thus, an electron's characteristics include its valley (K or 

K′) as well as its momentum and spin. 

 

4.2.  Intervalley Coherence 
           A quantum superposition between states in the K and K′ 

valleys is known as Intervalley Coherence (IVC), as described by 

the equation (1) below: 

∣ Ψ⟩ = α ∣ K⟩ + β ∣ K′⟩  (1) 

 

        New coherent states can be created when electrons interact or 

pair across troughs. This is comparable to spin-singlet creation or 

exciton condensation, but it occurs between valleys. 

It can result in time-reversal symmetry breakage, nematicity, or 

new superconducting order parameters [10]. 

    The moiré superlattice itself may be essential for promoting 

superconductivity. Pairing instabilities are more likely when the 

moiré lattice increases the density of states close to the Fermi level 

by generating a periodic potential with a large unit cell. Additional-

ly, the superlattice can encourage intervalley coherence, which 

produces exotic superconducting order parameters by pairing elec-

trons from various momentum-space valleys. Recent studies have 

pointed to spin-triplet pairing, which would distinguish TBG from 

conventional s-wave superconductors and align it with other un-

conventional systems like strontium ruthenate [11]. Higher-quality 

samples with less disorder, theoretical modelling, and sophisticated 

spectroscopic techniques will all be needed to answer these prob-

lems [11].  

 

4.3.  Summary 
    Electrons exist in valley states (K, K′) in addition to spin states 

in systems such as twisted bilayer graphene. Exotic superconduct-

ing states can result from superpositions formed by these valleys. In 

contrast to what occurs in typical (phonon-driven) superconductors, 

this opens the door to unusual pairing mechanisms, some of which 

display topological features or break symmetries [12]. 

 

5. Critical Perspectives in Twisted Bilayer Gra-

phene Research 
        Recent developments in the study of twisted bilayer graphene 

(TBG) have uncovered a number of surprising occurrences that 

challenge generally held assumptions and pave the way for further 

investigation. Scientists have found additional magic angles at 0.5° 

and 1.8° that show separate superconducting and associated insulat-

ing states, in addition to the well-studied first magic angle of 

roughly 1.1°.  

 

5.1. Introduction to Higher Magic Angles  

        Superconductivity in TBG is not restricted to the original 

"magic angle" (~1.05°), as shown in Figure 3, according to recent 

research. At 0.5° and 1.8°, further magic angles show:  

• Differential superconducting domes at varying doping concen-

trations  

• SC re-emerging after suppression in re-entrant superconductiv-

ity  

• Comparable to cuprate phase diagrams are competing charge 

orders [13]. 

 

5.2. Phase Diagram of Multi-Dome Superconductivity 

        The phase diagrams of these higher-order angles show (in 

Figure 3) re-entrant superconductivity with many superconducting 

domes, indicating a more intricate quantum phase environment than 

was previously thought. The finding of conflicting charge orders 

that seem to be entangled with superconductivity and show remark-

able similarities to the phase diagrams of high-temperature cuprate 

superconductors is very noteworthy. However, there is currently a 

substantial knowledge gap in the field, as there is no complete theo-

retical framework to explain why some higher-order angles exhibit 

improved superconducting transition temperatures while others do 

not [14]. 

 

 
Figure 3: Phase Diagram Illustration of Multi-Dome Superconductivity 

[13]. 

5.3. Experimental Validation of Photo-Induced Superconduc-

tivity 

Photo-Induced Superconductivity: Experiments demonstrate that 

ultrafast laser pulses, with durations on the order of ~100 femto-

seconds, can profoundly modify the electronic properties of TBG. 

These pulses have been shown to temporarily increase the super-

conducting critical temperature (Tc) by as much as 50%, enabling 

transient access to enhanced superconducting phases not achievable 

under equilibrium conditions. Additionally, the intense photoexci-

tation can melt charge orders that otherwise compete with super-

conductivity, thereby unmasking the underlying superconducting 

state. Beyond these effects, ultrafast excitation generates highly 

non-thermal distributions of electrons, driving the system into 

nonequilibrium regimes where novel electronic behaviours and 

transient phases may emerge. 

• Proposed Mechanisms: Experiments have further shown that 

photons can stimulate electrons to form ideal pairing states, 

leading to a selective population of specific electronic bands 

that favour superconductivity. In addition, the excitation of 

coherent phonons enhances electron-phonon coupling through 

dynamic lattice modulation, which can further stabilise super-

conducting and other correlated phases. 

• Engineering Floquets: Experiments and theoretical studies 

have also demonstrated that time-periodic drives can create 

virtual flat bands, which effectively reshape the electronic 

structure and enhance correlation effects beyond what is pos-

sible in static conditions [15]. 

5.4. Equilibrium and Non-Equilibrium Approach 

        Recent developments in spin-orbit engineering have given 

TBG research fascinating new avenues for investigation. Scientists 

have successfully produced artificial Rashba effects that produce 

spin-split bands by intercalating heavy atoms like tungsten between 

graphene layers. The possibility of achieving topological supercon-

ductivity in TBG systems has increased as a result of this research. 

Results from hybrid structures that combine TBG with transition-

metal dichalcogenides have been especially encouraging, exhibiting 

improved spin-valley locking effects. These developments do, 

however, provide a unique set of difficulties since the spin-orbit 

coupling that is introduced frequently clashes with the correlation 
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effects that are already there, leading to phase diagrams that are 

more complicated and challenging to understand. Because of its 

intricacy, more advanced theoretical instruments are required to 

handle the interactions between these different quantum processes 

[16]. 

        The theoretical basis of implementing these approaches in-

volves carefully tuning the drive parameters, such as using fre-

quencies in the terahertz range (1–10 meV) and employing circular-

ly polarised light to break time-reversal symmetry, while maintain-

ing intensities below the damage threshold for graphene (approxi-

mately 1 MW/cm²). Expected outcomes include the emergence of 

artificial flat bands even at non-magic twist angles, the opening of 

topological gaps in the electronic spectrum, and an enhancement of 

spin-orbit interactions. However, integrating these techniques into 

functional devices presents several challenges, including the design 

of photonic cavities capable of providing continuous illumination, 

efficient dissipation of heat within confined structures, and achiev-

ing precise state selectivity through tailored pulse shaping. 

        Through periodic driving, Floquet engineering enables non-

equilibrium tuning of quantum systems, as explained in Table 3. 

This method could: 

• Generate superconducting phases driven by light 

• Improve existing pairing mechanisms or perhaps make 

them available. 

• Enable future quantum devices to have switchable, con-

trollable quantum states [17]. 

        The study of non-equilibrium events in TBG has produced 

unexpected findings that may have technological ramifications 

[18]. Photo-induced superconductivity, in which precisely calibrat-

ed laser pulses can momentarily increase superconducting transi-

tion temperatures by as much as 50%, has been established using 

ultrafast spectroscopic tests. The use of Floquet engineering, in 

which time-periodic drives might theoretically produce artificial 

flat bands even at non-magic angles, is another exciting avenue. 

These effects serve as a crucial proof of concept for non-

equilibrium control of quantum materials, even though they only 

last for picosecond durations at the moment. These results imply 

that additional routes to reaching and stabilising desired quantum 

states that are unavailable through static techniques may be provid-

ed by dynamic manipulation of TBG systems. 

        Long-held beliefs regarding the dominating physics in TBG 

systems are being called into question by an increasing amount of 

high-resolution scanning tunnelling microscopy data. According to 

new data, strain solitons that drastically alter the electrical band 

structure are produced when graphene layers are reconstructed at 

the atomic scale at modest twist angles. Unexpected quantum phas-

es seem to be hosted by inevitable local angle fluctuations on the 

order of 0.05°, even in meticulously manufactured "perfect" sys-

tems [18]. These findings have raised important questions concern-

ing whether atomic-scale features are more important than previ-

ously thought or whether moiré effects alone can account for TBG's 

complex phenomenology. The conventional moiré band models 

that have influenced a large portion of the field's theoretical work 

up to this point may need to be modified in light of this new view-

point [19]. 

        Although there is still much excitement surrounding the possi-

ble uses of TBG in quantum technologies, a more sophisticated 

comprehension of real-world limitations is starting to take shape. 

There are still several obstacles in the way of creating practical 

devices, especially when it comes to qubit coherence times, which 

are now restricted to nanoseconds due to charge noise. Another 

significant challenge with TBG-based systems is their scalability, 

since no method now in use can consistently align hundreds of moi-

ré devices on a single chip with the necessary sub-0.01° precision. 

These drawbacks imply that hybrid strategies that integrate TBG 

with more established silicon-based platforms would be necessary 

for near-term commercial applications. As the discipline develops, 

this reality check emphasises how crucial it is to strike a balance 

between basic research and real-world engineering requirements. 

 

 5.5. Summary 

        According to the current status of TBG research, three para-

digm shifts are required in order to influence the future direction of 

the discipline. First, disorder must be viewed as a potential design 

characteristic that can be tailored to stabilise desired quantum 

states, rather than as an inevitable annoyance. Second, dynamic 

control strategies that take advantage of non-equilibrium phenome-

na should be included in the emphasis on static systems. Third, 

more integrated methods that integrate TBG with other functional 

elements in photonic, spin, and three-dimensional architectures 

must replace the isolation of TBG systems in research settings. 

        The importance of mechanical characteristics and strain soli-

tons in quantum transport, the thermodynamic features of TBG that 

seem to defy traditional constraints, and the creation of standard-

ised metrology for twist angle calibration are some important areas 

that are still poorly understood. As the subject develops, scientists 

must balance the exquisite simplicity of moiré physics with the 

growing understanding that the secrets of TBG may lie in atomic-

scale intricacies [20]. 

Table 3:  

Comparison of Equilibrium Vs. Non-Equilibrium Approaches [21] 

Feature Static TBG Floquet-Engineered TBG 

Band structure Fixed by θ Dynamically tunable 

Tc limit ~3 K Potentially higher 

Stability Permanent Requires continuous drive 

Topology Intrinsic On-demand 

 

6. Challenges and Solutions 
        Even while our understanding of Twisted Bilayer Graphene 

(TBG) has advanced significantly, there are still a number of im-

portant issues. These challenges fall into three primary categories: 

 

6.1. Fabrication Challenges  

        The twist angle between layers has a remarkable impact on 

TBG's electrical characteristics. Reproducible device fabrication is 

a significant challenge since even small deviations (~0.1°) from the 

magic angle (~1.05°) can significantly change the behaviour of the 

system. At scale, existing methods like the "tear-and-stack" method 

are unable to provide the necessary precision. Furthermore, after 

production, external variables like substrate interactions and tem-

perature fluctuations may cause unforeseen changes. Although they 

have not yet completely solved these obstacles, emerging tech-

niques like as strain engineering and alignment, helped by scanning 

probes, show promise. 

 

6.2. Theoretical Uncertainties  

        There is still much discussion about the microscopic processes 

underlying TBG’s unusual phases, as shown in Table 4. The super-

conducting order parameter remains contentious, with conflicting 

evidence suggesting s-wave, d-wave, or even p-wave pairing sym-

metry [21]. Similarly, the extent to which superconductivity and 

correlated insulating states are driven by electron-phonon coupling, 

spin fluctuations, and Coulomb repulsion remains unclear. The 
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linear-in-temperature resistivity observed in the strange metal phase 

further hints at an underlying quantum critical point, although its 

origin is still unknown. Overall, the inherent complexity of strongly 

coupled moiré systems makes them exceptionally challenging to 

model, necessitating sophisticated computational and analytical 

approaches that contribute to this persistent uncertainty [21]. 

6.3. Material Imperfections  

        Intrinsic and extrinsic disorders significantly affect real-world 

TBG devices. Strain inhomogeneity, arising from local lattice de-

formations, induces electronic inhomogeneity by disrupting the 

moiré potential. Impurities and defects, including adsorbates, va-

cancies, and ripples, act as scattering centres that obscure the un-

derlying physics. The substrate also plays a crucial role, as dielec-

tric screening from surrounding materials such as hBN unpredicta-

bly alters the strength of interactions. Even “high-quality” devices 

exhibit nanoscale variations in twist angle and strain, as revealed by 

recent scanning tunnelling microscopy studies, complicating the 

interpretation of bulk measurements. Regarding superconductivity 

and topology, the superconducting phase of TBG may be stabilised 

through topological effects. Majorana zero modes (MZMs), which 

are robust non-Abelian quasiparticles appearing at edges or vortices 

in topological superconductors, have been theoretically predicted to 

emerge in TBG due to proximity-induced spin-orbit coupling, of-

fering a potential pathway to fault-tolerant quantum computing 

[21]. In addition, helical edge states, akin to those in quantum spin 

Hall insulators, could enhance Cooper pair coherence and suppress 

dissipation, while topological protection from edge states may lo-

calise detrimental scattering processes and help preserve the super-

conducting phase. These theories are supported by experimental 

observations such as quantised conductance in magnetic fields and 

anomalous edge currents, though direct evidence of topological 

superconductivity, for example, via Josephson interferometry, re-

mains elusive [22]. 

6.4. Solutions and Insights 

        To overcome all of these challenges, advances in fabrication 

techniques are essential, including improved strain management 

and atomic-precision alignment, along with the development of 

non-perturbative theoretical tools capable of addressing the strong 

correlations inherent in TBG. Additionally, phase-sensitive probes 

will be crucial for distinguishing between topological signatures 

and the symmetries of the superconducting order parameter. By 

addressing these obstacles, TBG research holds the promise of 

achieving unprecedented control over correlated quantum matter, 

thereby bridging the gap between fundamental studies and practical 

applications [23].  

 

7. Application and Future Perspectives 
        Twisted Bilayer Graphene (TBG) at the magic angle has trans-

formative promise in both basic research and quantum technolo-

gies, owing to its unique features as an incredibly tunable substrate 

for correlated physics. 

7.1. Quantum Technologies 
        Fault-tolerant qubits based on Majorana zero modes, exotic 

quasiparticles that arise at the borders of topological superconduc-

tors and are naturally shielded from local noise, may be made pos-

sible by TBG's topological superconductivity. They're perfect for 

quantum computing because of this. Furthermore, TBG's electro-

statically adjustable insulator-superconductor transitions resemble 

neural plasticity, indicating potential uses in neuromorphic compu-

ting with extremely low power requirements. TBG is a promising 

material for quantum sensors, such as single-electron transistors 

and nanoscale magnetometers, due to its extraordinary sensitivity to 

external fields [23]. 

 

7.2. Unresolved Challenges 
Despite quick advancements, major challenges still exist:  

• Material control: The ability to fabricate devices with exact 

twist angles and negligible disorder in an accurate way.  

• Mechanistic comprehension: Demonstrating the characteris-

tics of superconductivity (such as s-wave versus d-wave pair-

ing) and how topology interacts with it.  

• Scalability: For real-world applications, combining device-

level capabilities with atomic-scale phenomena. 

 

7.3. Moving Beyond Room-Temperature Superconductivity 
        A route to higher transition temperatures (Tc) is suggested by 

the identification of strain-tunable phases and larger magic angles 

(e.g., 0.5°, 1.8°). According to theoretical proposals, distinctive 

Table 4:  

Moiré Superlattice and Flat Band Formation [5]. 

Pairing 

Symmetry 
Gap Structure 

Time-Reversal 

Symmetry 

Orbital Angular 

Momentum 
Candidate Mechanism Observed In 

s-wave Isotropic Preserved 0 Phonon-mediated 
Conventional supercon-

ductors (e.g., Nb) 

d-wave Nodes Preserved 2 Spin fluctuations High-Tc cuprates 

p-wave Chiral or helical 
Broken or pre-

served 
1 Triplet pairing, spin-orbit 

Sr₂RuO₄ (possible), 

topological SCs 

s± (sign-

changing s-

wave) 

Isotropic but 

sign-changing 
Preserved 0 

Interband scattering (e.g., 

spin fluctuations) 

Fe-based superconduc-

tors 

Intervalley 

s-wave 

Isotropic or 

anisotropic 

Preserved or 

broken 
0 

Intervalley phonons or 

Coulomb 

Twisted bilayer gra-

phene (TBG) 

Chiral d+id 

/ p+ip 

Gapped, com-

plex 
Broken ±2 / ±1 

Intervalley coherence, 

topology 

TBG, Moiré materials 

(proposed) 

 

 



© Journal of Engineering, Science and Technological Trends (JESTT)  ISSN(e):2959-1937 published by SCOPUA 

 

7 

pairing may be stabilised by heterostructures that combine TBG 

with effective spin-orbit materials. It may be possible to artificially 

produce and maintain high-Tc states using non-equilibrium tech-

niques, e.g., Floquet engineering. 

        Beyond superconductivity, TBG offers a variety of experi-

mental opportunities for exceptional quantum phases, such as quan-

tum spin liquids and Wigner crystals, which have the potential to 

revolutionise our knowledge of strongly correlated matter [24].  

        From a practical standpoint, the technological promise of 

TBG-based materials is immense. Their compatibility with existing 

2D heterostructure platforms and the potential to switch supercon-

ductivity dynamically using light or gating hold implications for 

quantum computing, reconfigurable electronics, and energy-

efficient switching devices. 

 

 7.4. Future Perspectives 
        Future research must bridge atomic-scale insights with device-

scale engineering, uniting fundamental discoveries in moiré quan-

tum matter with scalable, robust technologies for the next genera-

tion of quantum materials [8],[9],[10],[11]. 

 

8. Conclusion 
          One of the most intriguing platforms in contemporary con-

densed matter physics is magic-angle twisted bilayer graphene, 

which provides previously unheard-of insights into strongly cou-

pled electron systems and unusual superconductivity. In addition to 

offering a highly adjustable experimental system for verifying theo-

retical predictions, its discovery has helped to bridge the gap be-

tween other domains, including topological quantum matter and 

high-temperature superconductivity. Even if disorder and sample 

variability present difficulties, continuous improvements in manu-

facturing methods and theoretical knowledge keep expanding the 

realm of what TBG may achieve. 

        The possible uses of TBG, ranging from energy-efficient elec-

tronics to quantum computing, are becoming more apparent as re-

search advances. In order to unlock additional functions, future 

research will probably concentrate on improving control over twist 

angles, investigating multilayer systems, and combining TBG with 

other quantum materials. 

         TBG has already had a significant impact on our knowledge 

of quantum materials, solidifying its position as a pillar of 21st-

century physics regardless of whether it eventually results in useful 

room-temperature superconductors. 
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ABSTRACT 

In this work, the structural, electronic, optical, and elastic properties of cubic fluoro-perovskite CsSrF₃ and its lithium-doped derivatives 

(Cs₁₋ₓLiₓSrF₃, x = 0–1) are systematically investigated using first-principles density functional theory (DFT) calculations utilizing the gen-

eralized gradient approximation using the Perdew–Burke–Ernzerhof (GGA-PBE) functional. To evaluate the structural stability, the total 

energy is fitted to the Birch–Murnaghan equation of state, resulting in equilibrium lattice constants of 5.000 Å for Pristine CsSrF₃ 

and 5.076 Å for the doped composition (x = 1). The electronic band structure study shows that Pristine CsSrF₃ has an indirect bandgap of 

5.543 eV, which gradually narrows to 4.011 eV with full lithium substitution. Li-induced changes in electronic states close to the Fermi 

level are responsible for this trend. The valence and conduction bands are primarily controlled by the F-p and Sr-s orbitals, respectively, 

according to Density of States (DOS) studies. Optical properties demonstrate higher tunability with the doping of lithium, the refractive 

index varies between 1.78 and 1.40 eV, and the reflectivity decreases from 0.27 eV to 0.10 eV. These characteristics indicate considerable 

amounts of potential for photovoltaic and UV applications. Mechanical investigation shows anisotropic and ductile behaviour, with pre-

dicted bulk modulus values ranging from −9.890 GPa (Pristine) to −17.311 GPa (x = 1), demonstrating a softening effect with increased Li 

concentration. Ultimately, the findings highlight the potential of Pristine CsSrF₃ and its Li-doped concentrations for the implementation 

into energy-harvesting and next-generation optoelectronic systems. 

Keywords: Bandgap Engineering; CASTEP; DFT; Elastic Properties; First principle; Fluoro-Perovskite; Li-doped 

 

1. Introduction 

        During the recent decade, perovskites have received 

substantial attention in the field of optoelectronics and, more re-

cently, in solar cells and energy storage devices as the most promis-

ing and expensive low-cost energy materials available today 

[1],[2]. The structure of perovskite with such a chemical formula, 

Calcium titanium oxide, has have chemical formula (ABX3), which 

shows an anion (X) that initiates bonds with both A and B cations 

(different sizes). F, Cl, Br, and I are examples of an anion (X) that 

can be an oxide or halide [3]. The comparatively simple crystal 

structure of fluoro-perovskites (ABF3) exhibits a wide range of 

electric, magnetic, piezoelectric, optical, thermodynamic, and me-

chanical properties, which is the driving motivation behind this 

tremendous interest in these crystals [4].  

       Scientists are interested in complex alkali metal fluorides be-

cause they can be used as fluorinating agents and catalysts for a 

wide variety of organo-fluorochemical processes [5]. There are 

numerous electrical and optical applications where fluoride-type 

perovskite is being used, particularly solid-state lithium-ion batter-

ies and high-temperature superconductivity [6], Piezoelectricity and 

ultraviolet optical absorption [7]. These materials are being studied 

because of their magnetic, electrical, structural, elastic, optical and 

thermodynamic properties. Perovskites have been explored for their 

thermodynamic properties, such as superconductivity, piezoelec-

https://orcid.org/0009-0005-5337-7148


© Journal of Engineering, Science and Technological Trends (JESTT)  ISSN(e):2959-1937 published by SCOPUA 

 

2 

tricity, ferroelectricity, magneto-resistivity, and other unusual 

thermodynamic characteristics. [1],[8]. 

        These fluoro-perovskite CsSrF3-like structures with band gaps 

exhibit insulating behaviour of about 5 eV at room temperature. 

The reduction of anion (halide) or dopant materials, both Cs, Sr, 

enhances the capability of conductivity and photocatalytic activity 

in CsSrF3 may be improved. Fluoride-type perovskites are suitable 

for different electronic and optoelectronic applications, like solid-

state lithium-ion batteries. The chemistry, presentation, pricing, and 

protection aspects of each lithium-ion battery type are unique to 

that type. Lithium-ion batteries, in contrast to lithium primary bat-

teries, utilise an intercalated lithium compound as their electrode 

material (which is disposed of after usage) [9]. M. S. Whittingham 

from Binghamton University originally proposed lithium-ion bat-

teries in the 1970s. Whittingham's cathode and anode were both 

made of titanium(II) sulphide [10]. They are a wide range of appli-

cations, such as electric vehicles [11], high conductivity of electric 

current [12], Uninterruptible power supply (UPS) for mobile gadg-

ets, cars, and stationary equipment [13]. 

        These fluoro-perovskite compounds, such as KCaF3, RbCaF3 

[14], BaLiF3 [15], SrLiF3 [16], have recently attracted a lot of atten-

tion from researchers for their various applications. But none of the 

commercially available crystals meet any of these characteristics. 

For practical uses in solar cells (solar panels), batteries (Lithium-

ion batteries), and UV-Deep UV wave bands, more study is needed 

at all levels.  

        To a potentially large band gap of 6.34 eV, it has been record-

ed, as well as 4.833Ao eV for CsSrF3. This substance has a high 

degree of iconicity. Para-electrically more conductive is the Centro 

systemic perovskite structure when it's at room temperature. Opti-

cally active CsSrF3 perovskite material can be found in nature. Op-

tical-electronic and photonic equipment can be used advantageous-

ly in this vessel. A solar device's anti-reflection coating is a fluo-

ride-type material with a broad bandgap and short refractive index 

[17]. 

        Because of its distinct physicochemical characteristics that set 

it apart from other alkali metals (such as Na, K, and Rb), lithium 

(Li) was selected as a dopant in CsSrF₃ fluoro-perovskite. While 

other alkali metals (Na⁺: 1.02 Å, K⁺: 1.38 Å, and Rb⁺: 1.52 Å) are 

closer to Cs⁺ in size, Li⁺ (0.76 Å) has a far smaller ionic radius than 

Cs⁺ (1.67 Å). While bigger dopants (like K⁺) would result in exces-

sive steric stress and unstable the cubic phase, Li substitution at the 

Cs site produces predictable strain. Unlike bulkier Na⁺/K⁺, which 

may cause phase segregation, smaller Li⁺ preferentially occupies 

interstitial sites or replaces Cs⁺ without collapsing the perovskite 

structure. 

        Lithium (Li) is used as a dopant because of its high mobility 

and small ionic radius, which allows it to efficiently replace Cs⁺ or 

Sr²⁺ sites in the CsSrF₃ lattice without substantially altering the 

crystal symmetry. Li doping improves electrical conductivity and 

lowers the bandgap by modifying the electronic structure. Further-

more, Li improves the material's optical and elastic qualities by 

introducing localised states close to the Fermi level. Li-doped 

CsSrF₃ is a viable option for optoelectronic and photovoltaic appli-

cations because of these alterations. 

        In this work, to investigate Li doping with CsSrF3 using first-

principles calculations using DFT.  According to our research and 

knowledge of the literature, Li materials have not been used as a 

dopant element with the CsSrF3 compound. Li is substituted for Cs 

in the investigation of the fluoride perovskite crystal CsSrF3 with 

different concentrations (x = 0, 0.11, 0.33, 0.55, 1) with a supercell 

of 2 x 2 1, which contributes new information on their structural, 

electronic, optical and elastic properties. Fluoroperovskites CsSrF3 

have a wide range of bandgap 5.543 eV, which recommends it for 

use in optical applications. The application of these qualities re-

veals information about a material's behaviour. Changing these 

factors can reveal variations during the elastic constant, shear 

(shear) strength, and bulk modulus, as well as further properties 

including conductivity, magnetic behaviour, and electronic band 

gap. Density functional theory can be applied to the study of elas-

tic, optical, and electrical properties of the material CsSrF3.These 

CsSrF3 materials vary in the ultraviolet region used in optoelectron-

ic devices and Solar cell applications. 

 

2. Computational Details 
        Here, the USP plane-wave technique is used to determine the 

material's structural, optical, elastic, and electrical properties.  

Evaluations can be performed efficiently and precisely using Ultra-

Soft Pseudopotential (USP) plane waves without being significant-

ly impacted by orbital approximation errors. We used GGA-PBE 

techniques in conjunction with first-principles calculations in DFT-

based CASTEP software (Clark et al., 2005) to calculate the results 

[17]. This strategy enables faster and more effective approxima-

tions for computational techniques.  The cubic structure of CsSrF3, 

which has three fluorine atoms in the face centre locations, one 

caesium atom at the intersections, and one strontium atom in the 

body centre, represents the space group of Pm3m (#221) at normal 

temperature.  In order to prevent boundary effects, a supercell ap-

proach is needed to study Li doping.  To take into account the 

 
Figure 1: Representing (a). Pure CsSrF3 Structure and (b). Doped with lithium Structure. 
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structural, electrical, optical, and elastic aspects in this study, a 2 × 

2 × 1 supercell was constructed using these techniques [18].  

        After that, we improved the geometry of the super cells to 

study their characteristics.  The atomic total energy in these calcu-

lations is 5 x10-5 eV.  The entire Brillouin zone was subjected to 

the energy cutoff once k-integration was completed in the instance 

of geometry optimisation at 2x2x1 k-points.  Determine the electri-

cal, optical, and elastic characteristics following the geometry op-

timisations. 

3. Results and Discussion 
 

3.1. Structural Property 
        When atomic-level analysis lacks experimental observations, 

first-principle analysis has been utilised to predict more accurate 

and quicker calculation techniques.  This technology can be used to 

create new materials.  The total ground state energy is calculated at 

different unit cell volumes in order to calculate the structural char-

acteristics of CsSrF3.  Although it is a minimisation process, we 

must first construct a supercell of that fluoroperovskite crystal with 

space group Pm3m (no 221) to perform computations.  The Cs, Sr, 

and F ions' respective atomic positions in the elementary cell are (0, 

0, 0), (0.5, 0.5, 0.5), and (0, 0.5, 0.5), respectively. The crystallo-

graphic positioning of CsSrF3 indicates that the fluorine ions main-

tain their face-centred position of the cubic supercell, while Cs lies 

at the corner and Sr at the body-centred position, as depicted in the 

figure.  As shown in Figure 1, the lithium material serves as a do-

pant element, similar to Cs.  The CASTEP software was used for 

all computations in this paper, which are based on density function-

al theory (DFT). In this instance, the exchange-correlation function 

was defined using GGA-PBE methods [19]. 

3.2. Geometry Optimisation 
        The first step is geometrical optimisation for both pristine and 

doped supercells.  Calculate the equilibrium lattice constant em-

ploying the Murnaghan equation of state by adding up all of the 

crystal's energy and determining how the large range of lattice con-

stant values affects it.  The volume (V0) of an equilibrium cell in-

dicates the total amount of energy stored there  [20].  Once the ge-

ometry has been optimised, the lattice constant parameters and 

volumes for both pristine and doped materials have been deter-

mined.  Our calculations (a = b = c) for the lattice parameters of the 

Li-doped CsSrF3 structure differ considerably from those we 

found, as Table 1 illustrates.  By increasing the number of doping 

atoms, the lattice parameter values increase, resulting in a decrease 

in the bandgap and an expansion of the volume. An optimised pris-

tine and doped supercell (2x2x1) structure is depicted in Figure 

                                    
 

 
 
Figure 2: (a). The band Gap for pure CsSrF3, (b). Band gap CsSrF3 doped Li with 0.11%, (c). Band gap CsSrF3 doped Li with 0.33%, (d). 

Band gap CsSrF3 doped Li with 0.55% and (e). Band gap CsSrF3 doped Li with 1%. 
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1(a-b). 

 

 

Table 1:  

Calculated Lattice parameter and Volume for CsSrF3 with Li doping 

Cs1−xLixSrF3 

Previous  work 

Lattice Parameter 

(Å) 

a = b = c 

4.83 

Volume (Å3) 

 

124.251 

Cs1−xLixSrF3 

X=0 
5.000 125.000 

Cs1−xLixSrF3 

X=0.11 
5.014 126.052 

Cs1−xLixSrF3 

X=0.33 
5.064 129.861 

Cs1−xLixSrF3 

X=0.55 
5.075 130.709 

Cs1−xLixSrF3 

X=1 
5.076 130.787 

 

3.2. Electronic properties 
 

Electronic Band Structure: The electronic characteristics of the 

compounds' energy band structure and density of states (TDOS & 

PDOS) are examined. Figure 2 shows that the evaluated band struc-

ture for pristine and doped compounds at the directions of sym-

metry for the equilibrium geometry is located in the first Brillouin 

Zone. The band gaps for the compounds of pristine CsSrF3 are 

5.543 eV and Li doped with different concentrations (0%-1 %), the 

band gaps are 4.919 eV to 4.011 eV, respectively. We have ana-

lysed that after increasing the concentrations of dopant material, the 

band gap is towards decreasing. Figure 2(a) illustrates the indirect 

band nature of the CsSrF3 compound, which shows that the valence 

band maxima and the conduction band minima occur at the G and F 

symmetry points. Most people are familiar with the idea that pho-

nons dissipate a considerable amount of energy when an electron 

transitions through the valence band to the conduction band in an 

indirect manner. For Li-doped CsSrF3, in cooperation of the va-

lence and conduction bands are located at point G in Figure 2(b-e). 

This demonstrates that the doping material has undergone a direct 

band gap transition. Based on this analysis, it can be shown that the 

valence band of CsSrF3 doped with Li exhibits a higher G point 

shift than the pristine CsSrF3 valence band. Electrons are moved 

from the valence band to the conduction band by the phonons, 

which causes an energy loss. Both the Conduction Band (CB) and 

the Valence Band (VB) can be found above and below the Fermi 

level (EF), respectively. In this illustration, the dotted line denotes 

the Fermi energy EF. Using DFT, the calculated values of pristine 

and dopant CsSrF3 are given in Table 2. In semiconductors and 

insulators, the electronic band gap is calculated by subtracting the 

lowest Conduction Band (CBM) from the highest Valence Band 

(VBM). Since their bandgaps are in the UV spectrum, they may be 

used in optoelectronic devices. 

        CsSrF3 fluoro perovskite has a bandgap of 5.543 eV. The 

bandgap reduces as the dopant material concentration rises. This 

bandgap varies in the ultraviolet region. With Li doping, the shear 

modulus drops from 15.663 GPa (Pristine) to 3.362 GPa (x* = 

0.55), suggesting increased ductility. 

Total Density of States (TDOS) and Partial Density of States 

(PDOS): Nonetheless, more details regarding the band structure 

may be revealed by the density of states.  Both the total and partial 

density of states can be used to characterise the band structure's 

rising turn.  The electron contribution to the valence and conduc-

tion bands is depicted by the Total and Partial Density of States 

(TDOS and PDOS) for the pristine and doped materials, respective-

ly, in Figures S3 indicating the energy loss experienced by elec-

trons and S4.  Using a computational approach, Fermi's Golden 

Rule can be determined based on the number of final states and 

excited electrons. By splitting the band structure into three primary 

components, the valence band, the conduction band, and the Fermi 

energy level (EF), high peaks of density of state can be examined.  

The Fermi level EF is shown by the vertical, labelled dotted line.  

The left side of the Fermi level represents the valence band, where-

as the right side represents the conduction band.  Figure S1. Total 

Density of States (TDOS) illustrates the primary distinctions be-

tween the valence and conduction bands before and during doping. 

Table 2:  

Calculated Lattice parameter and bandgap for CsSrF3 with Li doping 

Cs1−xLixSrF3 

Previous  work 

Lattice Parameter 

(Å) 

a = b = c 

4.83 

Bandgap (eV) 

 

5.663 

Cs1−xLixSrF3 

X=0 
5.000 5.543 

Cs1−xLixSrF3 

X=0.11 
5.014 4.919 

Cs1−xLixSrF3 

X=0.33 
5.064 4.380 

Cs1−xLixSrF3 

X=0.55 
5.075 4.067 

Cs1−xLixSrF3 

X=1 
5.076 4.011 

 

        The partial density of states for pristine and “Li” doped with 

CsSrF3 are shown in Figure S2. Li doping considerably changes the 

structure of CsSrF3, principally due to the formation of 5-states in 

pristine CsSrF3. The p and s-DOS have the greatest influence on the 

upper valence band after doping, as can be shown from the results. 

For comparison, the sharp peak shows either side of the Fermi level 

before and after doping. The PDOS has been plotted, which indi-

cates the electronic contribution difference in the valence band and 

conduction band between pristine and impure (doped) systems. The 

density of states indicates that the valence band is composed of F-p 

states with a minor contribution from Sr-s states. In the conduction 

band, Sr-s play a vital role. 

3.4. Thermodynamic Property 
       To verify the structural stability of CsSrF₃ and its Li-doped 

counterparts (Cs₁₋ₓLiₓSrF₃), we calculate the binding energies and 

formation enthalpy (ΔHf). A better approach for achieving these 

conditions is given below; 

Calculation of Formation Enthalpy (ΔHf): The formation enthalpy 

measures the energy of a compound compared to that of its compo-

nent elements in their standard states, allowing for the determina-

tion of its thermodynamic stability. ΔHf for CsSrF₃ and 

Cs₁₋ₓLiₓSrF₃ can be calculated as follows: 

∆𝐻𝐹 = 𝐸Cs1−xLixSrF3 − [(1 − 𝑥)𝐸𝐶𝑠+ x𝐸𝐿𝑖+𝐸𝑆𝑟+3𝐸𝐹] (1) 

        Where, 𝐸Cs1−xLixSrF3 is the doped system's total energy and 

𝐸𝐶𝑠 , 𝐸𝐿𝑖 , 𝐸𝑆𝑟 ,𝐸𝐹 are the energies of bulk phases or isolated atoms 

(such as the F₂ molecule, fcc-Sr, bcc-Cs, and bcc-Li). 

         To evaluate thermodynamic stability, the formation enthalpy 

(ΔHf) of Cs₁₋ₓLiₓSrF₃ was measured. The exothermic formation of 

pure CsSrF₃ is confirmed by ΔHf = −4.2 eV/atom. Despite lattice 

expansion, stability is maintained with Li doping (x = 0.11–1), as 
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seen by ΔHf, which varies between -3.9 and -4.0 eV/atom. Cubic 

phase stability is further confirmed by negative ΔHf values, which 

are consistent with the Birch-Murnaghan equation of state and tol-

erance factor (0.92–0.95). 

 

Doping (x) ΔH_f (eV/atom) Remarks 

0 (Pure) −4.20 Most stable configuration 

0.11 −3.95 Slight destabilization 

1.00 −4.00 Stable Li-substituted phase 

Stability Validation: The spontaneous formation is confirmed by a 

negative ΔHf. Comparative analysis with Elastic Constants: All 

doped systems should meet the mechanical stability requirements 

(C 11 − C 12 > 0, C 44 >0) for mechanical stability. 

 

3.5. Optical properties 
        Optical parameters are very useful to explore the electronic 

band structure analytically. The metrics that show the interaction 

between light and matter include reflectivity, refractive index, ab-

sorption, conductivity, extinction coefficient, dielectric func-

tion, and loss function. Firstly, we compute these optical properties 

for pristine material and compare these properties after doping Li, 

as shown in Figure S5. The intra- and interband transitions are used 

to calculate the optical spectra. When it comes to metals, the inter-

band contributions are substantial and can be broken down into two 

categories: direct and indirect transitions. As shown in Eq. (2), giv-

en their negligible effect on ε(ω) and their phonon-scattering na-

ture, indirect interband transitions are disregarded. For optical re-

sponse, the phonon energy range is 0-30 eV. All these properties 

are interconnecting frequency-dependent; therefore, the complex 

dielectric functions (the real part denotes ε1(𝜔)and the imaginary 

part denotes ε2(𝜔)). 

ε(𝜔)= ε1(𝜔) + ε2 (𝜔 ) (2) 

        The dielectric function's imaginary and real components dis-

played energy dissipation and polarisation, respectively.  The dissi-

pation of energy was shown by the smaller peak of the imaginary 

portion for both pristine CsSrF3 and "Li" doped. To put it another 

way, 0eV indicates there is no dissipation of energy in this portion. 

The dielectric function (real) values for pristine CsSrF3 are 3.1 eV 

and the values are 2.6, 2.3, 2.1 and 2.0 eV after doping with “Li” at 

different concentrations and the dielectric function for imaginary 

parts, whose values for pristine. 

         CsSrF3 of 3.0 eV and dopant are 2.6, 2.0, 1.5 and 0.8 eV, 

respectively. As demonstrated in Eqs (3)-(7), the formula can also 

be used as a basis for further calculations of optical properties, such 

as the refractive index n (ω), reflectivity R (ω), energy loss L (ω), 

and absorption coefficient I (ω), [21]. 

𝑛(𝜔) =
1

√2
{[𝜀1

2(𝜔) + 𝜀2
2(𝜔)]

1

2 + 𝜀1(𝜔)}

1

2
  (3) 

𝐿(𝜔) = Img (
−1

𝜀(𝜔)
)  (4) 

𝐴(𝜔) =
2𝜔

𝑐
𝑘(𝜔)   (5) 

𝑅(𝜔) = |
√𝜀1(𝜔)+𝑖𝜀2(𝜔)−1

√𝜀1(𝜔)+𝑖𝜀2(𝜔)+1
|

2

   (6) 

𝑘(𝜔) =
1

√2
{[𝜀1

2(𝜔) + 𝜀2
2(𝜔)]

1

2 − 𝜀1(𝜔)}

1

2
     (7) 

 

        Any compound's reflectivity reveals the behaviour of its sur-

face.  How much of the energy from the light reaches the surfaces 

of the compounds?  A certain threshold will cause the values to 

return to their starting values.  When electrons from the valence 

band contribute to conduction, the reflectivity peaks move to higher 

frequencies. The value of the reflectivity peak for pristine CsSrF3 is 

0.27 eV and after doping, the values of reflectivity with different 

concentrations of lithium doping are 0.21, 0.20, 0.18, and 0.10 eV, 

respectively. The optical reflectivity analysis measures the amount 

of light that would fall as an incident ray on the surface of the ma-

terial. Lower reflectivity means increased UV or visible light ab-

sorption, according to recent research of examination. Increased 

total energy contribution from valence bands to conduction bands; 

these measurements demonstrate a modest shift in the reflectivity 

peak towards a higher frequency value, as shown in Figure S3. In 

the case of the energy loss function L(ω), as illustrated in Figure 

S5, the amount of energy lost is indicated by the movement of elec-

trons through the materials. To accurately characterise the proper-

ties of plasma resonance, the plasma frequency is well captured by 

the energy loss function L(ω). The pristine materials whose higher 

peak values are 3.3 eV, and the dopant materials have values rang-

ing from 2.8 to 1.9 eV. In areas with little absorption, we found that 

reflection was highest, as shown in Figure S5.  Each material's re-

sponse to radiation is indicated by its absorption coefficient. The 

photons interact with the electrons to shift them from the valence 

band to the conduction band, and this interaction is very frequency 

dependent, as measured by the absorption coefficient. A material's 

ability to absorb photons of a given energy is represented by its 

absorption coefficient. The absorption spectra are influenced by 

doping. Figure S5 shows the refractive index (n) for Pristine 

CsSrF3; the value of n is 1.78eV eV. Also, for Li-doped values are 

1.6- 1.4 eV. Materials with strong conductivity, absorption, and 

refractive index can improve photovoltaic systems. The high-

energy area shows that these materials can be used for UV optoe-

lectronics [22]. 

 

3.6. Elastic properties 
        The mechanical behaviour of crystalline solids can be accu-

rately inferred from elastic characteristics. The following relation 

(Grimvall, 1999) can be used to define various fundamental solid-

state phenomena, including the equation of state, intrinsically me-

chanical, and cubic stability conditions explained below in Eqs (8)-

(12): 

C11-C12>0 (8) 

C11>0  (9) 

C44>0  (10) 

C11+C12>0 (mechanical stability condition)  (11) 

C12<B<C11(cubic stability condition)  (12) 

Elastic Constant Calculations: It is possible to describe the elastic 

properties using the constants of elasticity. The elastic constant 

provides the standard description of the bulk and shear modulus 

can be best described by the Voigt-Reuss-Hill (VRH) method, dis-

covered by Reuss and Angew in 1929 (Sakaguchi, Wiltbank, & 

Murchison, 2004) The measure of the resistance to reversible de-

formation can be best explained by the shear modulus G from the 

following relation, as described from Eqs (13)- (16): 
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GV = (C11-C12+3C44)/5 (13) 

GR = 5*C44 (C11-C12)/[(4*C44+3(C11-C12)] (14) 

G=GV+GR/2 (15) 

        However, the expression of the bulk modulus B is mentioned 

in the equation: 

B = (C11+2*C12)/3  (16) 

        The value of bulk and shear modulus for pristine and doped 

can be calculated in Table 3, respectively. 

Table 3:  

Calculated parameters Bulk modulus “B” (GPa), Shear modulus “G” 

(GPa), Young’s modulus “E” (GPa), Poisson’s ratio “V”, Anisotropy 

“A”, and Pugh’s ratio “B/G” respectively. 

Material/doping 

concentration 
B G E V A B/G 

LixCs1-xSrF3 

X=0 

-

9.890 
15.66 99.53 2.177 1.591 0.631 

LixCs1-xSrF3 

X=0.11 
20.09 11.03 27.983 0.267 1.122 1.821 

LixCs1-xSrF3 

X=0.33 

-

0.350 
8.834 -3.574 

-

1.202 
0.370 

-

0.039 

LixCs1-xSrF3 

X=0.55 
83.13 3.362 9.951 0.480 0.410 24.72 

LixCs1-xSrF3 

X=1 

-

17.31 
-47.34 -74.30 

-

0.215 

-

0.750 
0.365 

 

        Table 3 shows the Young modulus E, the anisotropic factor A, 

the Poisson's ratio V, and the Pugh's index of pristine and doped 

CsSrF3, which can be figured out using the equations listed below 

[23]. 

A = 2*C44/ (C11-C12) (17) 

E = 9*GB/3*B+G  (18) 

V = 3*B-2*G/2(2*B+G)  (19) 

B/G = Pugh’s ratios (20) 

        As depicted from Eqs (17)-(20), the value of elastic anisotropy 

denoted by A, if A= 1 (Isotropic) and A is not equal to 1 (Aniso-

tropic), is obtained through DFT using the exchange correlation 

functional of GGA-PBE methods. In the present study, we analyse 

the results of the compound as shown in Table 3, that CsSrF3 is 

anisotropic because its "A" value is not equal to 1. Using the bulk 

modulus B, scientists can estimate the material's strength or hard-

ness and determine whether the material is ductile or brittle. If the 

value of the bulk modulus is higher than the material is stronger, 

and if the value is lower, the material is softer. To determine 

CsSrF3's bulk modulus, this indicates that it is a soft material. The 

hardness of CsSrF3 is further supported by the greater values of 

both shear and Young modulus, utilising Poisson's ratio V if which 

suggests that crystals are ductile or brittle. The CsSrF3 material 

shows a brittle nature according to the calculated results in Pois-

son’s ratio. The Young’s modulus is another key metric that may 

be used to elevate crystals' stiffness, and indicates that the materials 

belong to the stiff group. The compound is brittle; it may be used 

on autos and curved glass surfaces. It has fractures with small elas-

tic deformation and without significant plastic deformation, which 

absorb little energy during deformation. 

 

8. Conclusion 
        Using first-principles calculations in DFT with GGA-PBE 

methods, are to investigate Li doping with CsSrF3. Before and after 

Li doping, the electronic band structure has been calculated. In 

addition, the TDOS and PDOS concepts are used to discuss the 

intricacies of band structure in both circumstances. As a result of Li 

doping, the electronic band structure of CsSrF3 has been reduced 

and transformed from an indirect bandgap to a direct bandgap. Re-

ducing the DOS down to the lower energy increases the interaction 

between the Li atom and its immediate neighbour. Particularly af-

fected by Li doping is the PDOS of the 0-2p state closest to the 

bottom of the conduction band, while the PDOS of the 0-1s state 

towards the top of the valence band also undergoes significant 

modification. Li doping reduces the bandgap of CsSrF₃ by 27.6% 

(5.543 eV → 4.011 eV), making it suitable for UV optoelectronic 

applications.  The adjustable refractive index (1.78–1.40) and ani-

sotropic elastic response (A1) indicate potential applications in 

anti-reflective coatings for solar cells.  The optical properties pro-

vide high reflectivity, refractive index and absorption coefficient. 

The Young's modulus, bulk modulus, and shear modulus were also 

calculated. The bulk modulus value is another indicator of a mate-

rial's hardness.  The Poisson's ratio makes a covalent nature of the 

molecule appear more likely. This demonstrates that CsSrF3 can be 

a possible material for optical and optoelectronic devices. 
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