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Abstract 

This thesis presents a comprehensive study on the design, simulation, and 

performance optimization of nanostructured semiconductor devices for energy 

harvesting and sensing applications. The work emphasizes how nanoscale 

engineering, composition grading, and quantum confinement effects can be 

harnessed to enhance the efficiency, selectivity, and stability of solar cells and 

sensors, which together form the foundation of sustainable and intelligent 

nanoelectronic systems. Through advanced simulation frameworks and material 

modeling, this research bridges the gap between theoretical understanding and 

device-level implementation, providing new insights into how structural and 

compositional engineering influence carrier dynamics, interfacial behaviour, and 

functional output. 

The study begins with the exploration of axially graded Si(1–x)Ge(x) nanowire p–n 

junction solar cells using Monte Carlo simulations. The results reveal that 

introducing a gradual variation in germanium composition along the nanowire axis 

leads to smoother band alignment and more efficient carrier transport, minimizing 

recombination losses while improving open-circuit voltage and current density. The 

optimized Ge–Si₀.₅Ge₀.₅–Si configuration demonstrates superior photovoltaic 

performance compared to abrupt or core–shell structures, highlighting the potential 

of graded heterostructures for high-efficiency, scalable photovoltaic systems. This 

work establishes compositionally graded SiGe nanowires as promising candidates for 

next-generation photovoltaic technologies where both optical absorption and carrier 

mobility can be tuned with precision. 

Building on the understanding of nanostructure-enabled performance enhancement, 

the thesis further investigates the application of quantum dot metal oxides in tandem 

solar cell architectures. Titanium dioxide (TiO₂) quantum dots synthesized via a sol–

gel method is employed as ultraviolet (UV)-active absorbers, contributing to the 

underutilized high-energy portion of the solar spectrum. These quantum dots exhibit 

strong UV absorption and tunable bandgap behaviour (~3.7 eV), enabling their 

integration as a top layer in tandem devices to enhance spectral utilization. Optical 

and electrical characterizations show that even marginal efficiency improvements 



from UV photon harvesting can significantly influence overall device output at large 

scales. This approach demonstrates the functional potential of TiO₂ quantum dots as 

cost-effective, photostable, and non-toxic materials suitable for high-efficiency, 

multi-junction photovoltaic systems. 

The research then extends toward intelligent sensing applications, proposing a 

silicon-based crossbar architecture for hydrogen gas detection using palladium as the 

active sensing layer. The work integrates technology computer-aided design 

(TCAD) modeling with a hydrogen adsorption mechanism to evaluate the device’s 

electrical behavior under different gas pressures. The study reveals how the variation 

in the palladium work function due to hydrogen absorption directly modulates 

current response, while factors such as interconnect resistance and array dimensions 

govern the overall system performance. The crossbar configuration allows 

simultaneous, distributed detection across multiple nodes, making the platform 

suitable for high-density, low-power sensing in smart and networked environments. 

The design not only achieves excellent sensitivity but also suggests practical 

fabrication routes for CMOS-compatible sensor arrays. 

Complementing these findings, the thesis also presents the design and analysis of a 

graded SiGe dielectric-modulated tunnel field-effect transistor (TFET) biosensor 

aimed at label-free biomolecule detection. The graded Ge–SiGe–Si channel 

architecture enhances the tunneling efficiency and electrostatic control, resulting in 

higher ON-current and improved subthreshold swing compared to conventional 

heterostructure TFETs. The dielectric modulation effect caused by biomolecule 

adsorption within the sensing cavity is analyzed across different dielectric constants 

(k = 2–12), corresponding to a variety of biological analytes such as Biotin, Keratin, 

and Gelatin. The results demonstrate that the graded SiGe channel not only 

mitigates interface-induced traps and lattice strain but also achieves exceptional 

sensitivity and selectivity, positioning it as a promising biosensing platform for 

medical diagnostics and biochemical detection. 

Collectively, the outcomes of this thesis highlight the unifying principle that graded 

composition, quantum confinement, and nanoscale interface control are fundamental 

strategies for optimizing both photovoltaic and sensing devices. By applying similar 



physical principles across distinct application domains, the research establishes a 

cohesive framework for designing nanostructured systems that are energy-efficient, 

responsive, and scalable. The studies converge on a shared vision—of creating self-

sustained, intelligent devices where solar energy harvesting and environmental or 

biological sensing coexist within the same technological ecosystem. This 

convergence represents a step forward toward the realization of autonomous 

nanoelectronic platforms that not only generate power but also perceive and adapt 

to their surroundings, thereby shaping the next generation of sustainable and 

adaptive technologies. 
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Chapter 1

Introduction and organization of the thesis

1.1 Introduction and Motivation

1.2 Objectives and Scope of the Thesis

1.3 Organization of the Thesis

1.1 Introduction and Motivation

In the contemporary landscape of global energy consumption, the rapid depletion of 

fossil fuel reserves, coupled with escalating environmental degradation manifested 

through rising greenhouse gas emissions, air pollution, and climate change has 

precipitated an urgent imperative to transition towards cleaner, renewable, and 

sustainable sources of energy. Among the diverse portfolio of renewable energy 

technologies, solar energy has ascended as a preeminent contender, offering an 

inexhaustible, universally accessible, and environmentally benign source of power. 

Its potential to transform the global energy paradigm lies in its ability to be 

harnessed directly and efficiently via solar cells, or photovoltaic (PV) devices, which 

stand as the linchpin of solar power generation systems [1.1].

Solar cells are advanced semiconductor-based devices engineered to convert incident 

sunlight into usable electrical energy through the photovoltaic effect a physical 

phenomenon wherein photon energy is converted into electrical current [1.2]. This 

direct energy conversion occurs without any moving mechanical parts, thereby 

conferring high durability, silent operation, and minimal maintenance requirements. 

Over the last several decades, solar cell technology has undergone a transformative 

evolution characterized by exponential improvements in energy conversion 

efficiencies, significant reductions in manufacturing costs, and rapid scaling across 

residential, commercial, and industrial domains. The solar photovoltaic industry now 

occupies a central position in global clean energy strategies, with solar installations 

contributing a rapidly growing share of global electricity production [1.3].
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In the photovoltaic domain, the maximum efficiency of a single-junction solar cell is 

constrained by the Shockley Queisser theoretical limit [1.4]. To surpass this barrier, 

nanostructured designs such as axially graded Si(1 x)Ge(x) nanowires have 

demonstrated significant potential alternatives. The distinctive capacity to tune 

bandgaps along the nanowire axis enables enhanced light absorption and more 

efficient charge transport. The Monte Carlo simulations conducted on such graded 

nanowires reveal significant improvements in photovoltaic parameters like Jsc and 

Voc by reducing recombination and enabling broadband spectral utilization [1.5].

Parallelly, quantum dot (QD) solar cells, especially those integrating wide-bandgap 

metal oxides like TiO , present an opportunity to capture underutilized UV photons 

and enhance tandem solar cell performance. The use of TiO QDs not only 

introduces a UV-selective absorber layer but also acts as a photostable and low-cost 

optical filter. Though limited in standalone efficiency, this configuration contributes 

meaningfully to tandem architectures, demonstrating how quantum materials can be 

tailored for specific spectral regions to boost overall efficiency [1.6, 1.7].

Sensors occupy a significant rule role in the realm of modern technology, serving as 

the linchpin for the detection, measurement, and monitoring of a myriad of physical, 

chemical, and biological parameters. Sensor is an ingenious device that discerns and 

responds to alterations in its environment by transmuting physical stimuli such as 

temperature, pressure, or light into quantifiable electrical signals. These signals 

are subsequently processed for further analysis or control across a diverse array of 

applications, encompassing industrial automation, healthcare, environmental 

monitoring, and the expanding Internet of Things (IOT). [1.8-1.10].

Advent of nanotechnology, artificial intelligence (AI), and wireless communication 

has catalyzed a significant evolution in sensor technology, culminating in the 

development of highly sensitive, miniaturized, and intelligent sensors that augment 

efficiency and accuracy across numerous fields [1.11]. The burgeoning demand for 

real-time data and automation has further accelerated research and innovation within 

the sensor technology domain [1.12].

The ever-growing demand for clean energy and real-time sensing technologies has 

become a central focus of modern scientific research, especially in the context of 
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sustainable development and global energy security. Conventional silicon-based 

devices have reached maturity in terms of fabrication and deployment, yet they face 

significant limitations in efficiency, sensitivity, and adaptability. This has spurred the 

exploration of nanostructured and quantum-engineered devices that offer superior 

performance, miniaturization, and multifunctionality [1.13, 1.14].

Beyond energy harvesting, the need for fast, selective, and low-power gas sensing 

solutions has driven innovations in solid-state sensor architectures. The proposed 

crossbar-based hydrogen sensing system integrates palladium-functionalized 

detection with scalable 2D architectures to achieve compactness and high-density 

integration. This system not only enhances hydrogen detection sensitivity but also 

offers design scalability and resistance to single-point failures critical for next-

generation Internet of Things (IoT) applications [1.15].

In the biosensing field, graded SiGe channel tunnel field-effect transistors (TFETs) 

have been proposed as highly sensitive platforms for label-free detection of 

biomolecules. By modulating the Ge content within the channel and employing 

dielectric modulation, the proposed biosensor achieves superior ON/OFF 

performance and transconductance. Compared to conventional Si or Ge-based 

TFETs, the graded configuration enhances band-to-band tunneling and suppresses 

leakage and ambipolar behavior, making it highly suitable for ultra-low-power 

bioelectronic systems [1.16, 1.17].

Collectively, these studies demonstrate the transformative role of material 

engineering and nano-device architecture in overcoming the limitations of 

traditional silicon technology. This thesis is motivated by the need to integrate such 

innovations into scalable, efficient, and multifunctional devices ranging from 

energy harvesters to chemical and biological sensors using a combination of 

simulation, fabrication, and characterization techniques. Through these 

multidisciplinary efforts, the research aims to advance the frontiers of 

nanotechnology-enabled energy and sensing systems.

Global Energy Demand and the Role of Nanotechnology in Energy Harvesting 

and Sensing:

The exponential growth in global energy demand, driven by rapid industrialization, 
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urbanization, and population expansion, has placed significant strain on conventional 

energy resources. The continued reliance on fossil fuels not only threatens long-term 

energy security but also poses serious environmental challenges, including global 

warming and atmospheric pollution [1.18]. In light of these limitations, there is an 

urgent need for sustainable, efficient, and clean energy alternatives that can meet 

future demand without compromising environmental integrity. Among the most 

promising candidates is solar energy, an abundant and renewable resource with the 

potential to supply a significant portion of global energy needs [1.19]. However, 

traditional silicon-based photovoltaic (PV) technologies are nearing their theoretical 

efficiency limits, prompting researchers to explore innovative material systems and 

device architectures [1.20].

One such approach involves the application of nanotechnology, which enables the 

manipulation of materials at the atomic and molecular scale to tailor their optical, 

electrical, and structural properties. Nanotechnology offers unique opportunities to 

enhance solar energy conversion through advanced nanostructures like quantum 

dots (QDs), nanowires, and heterojunctions, allowing for greater control over light 

absorption, charge carrier dynamics, and energy band alignment [1.21, 1.22]. The 

integration of these nanostructures into solar devices has led to a new generation of 

high efficiency, low cost, and flexible photovoltaics [1.23].

A notable example of this advancement is use of axially graded Si(1 x)Ge(x) nanowires, 

where the gradual variation in germanium content along the nanowire length allows 

for bandgap tuning and electric field optimization. Monte Carlo simulations have 

demonstrated that such grading facilitates efficient charge carrier separation, 

minimizes recombination losses, and improves current density, thereby boosting 

overall solar cell performance [1.24]. These results highlight the potential of 

compositional engineering at the nanoscale for enhancing energy conversion 

efficiency.

In parallel, quantum dot metal oxide-based tandem solar cells have been proposed as 

an effective strategy to extend spectral absorption, particularly in the ultraviolet 

(UV) region. Materials such as TiO quantum dots, with their wide bandgap and 

strong UV absorption, have been employed as UV-selective top layers in tandem 

configurations [1.25]. This not only improves spectral utilization but also provides 
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photostability and device longevity. Though the standalone power conversion 

efficiency (PCE) of such QD-based layers is modest, their role in broader multi-

junction architectures is significant, as they enable the harvesting of high-energy 

photons that are otherwise lost in conventional cells [1.26].

Beyond solar energy, nanotechnology has also been pivotal in advancing other 

renewable energy technologies. For example, the development of TiO and -Fe O

based photoanodes have been extensively investigated for solar-driven water 

splitting applications has been enhanced through the use of one-dimensional (1D) 

nanoarchitectures and combined heterostructures. The nanostructured architecture 

of these photoanodes enhances charge transport and provides a larger active surface 

area, thereby improving their overall photoelectrochemical efficiency [1.27].

In addition to energy harvesting, nanotechnology plays a crucial role in the 

development of advanced sensing systems. The demand for high-performance 

sensors in applications such as hydrogen fuel safety, environmental monitoring, and 

biomedical diagnostics has driven the innovation of compact, sensitive, and energy-

efficient sensor devices. Nanotechnology facilitates device miniaturization, increases 

the surface-to-volume ratio, and allows modulation of electronic properties, all of 

which play a crucial role in improving sensor performance [1.28, 1.29].

A notable example is the implementation of a crossbar-based hydrogen gas sensing 

platform using palladium (Pd)- -

dimensional architecture promotes scalable integration and redundancy, making it 

ideal for large-scale deployment in safety-critical environments. Its sensitivity to 

hydrogen, coupled with low power operation and spatial compactness, underscores 

the critical role of nanostructures in modern gas sensor design [1.30].

In the biomedical sector, tunnel field-effect transistors (TFETs) based on dielectric 

modulation have been developed to serve as highly sensitive, label free biosensors. 

One particularly promising design uses a graded SiGe channel to improve band 

alignment and tunnel current efficiency. The presence of a dielectric cavity within 

the gate region allows biomolecular interactions to modulate the local dielectric 

The simulation 

outcomes indicate that the proposed structure exhibits enhanced ON/OFF current 

ratio, reduced subthreshold swing, and improved sensitivity relative to conventional 
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DMFET architectures [1.31, 1.32]. The combination of material grading and 

dielectric modulation makes this approach highly suitable for low-power, point-of-

care biosensing applications.

Together, these developments illustrate how nanotechnology is reshaping the 

landscape of both energy generation and sensing. From increasing the efficiency of 

photovoltaic devices through compositional grading and spectral extension, to 

enabling next-generation gas and biosensors with exceptional sensitivity and 

integration potential, nanostructured materials and devices offer a versatile platform 

for innovation. These advancements not only address global energy challenges but 

also respond to the growing need for intelligent, decentralized, and responsive 

sensing systems.

Thus, the convergence of nanotechnology with energy and sensing applications 

presents a powerful pathway toward a more sustainable and connected future. The 

interdisciplinary synergy between material science, device physics, and 

computational modeling explored in this thesis aims to bridge critical performance 

gaps and offer scalable solutions for real-world implementation. This research 

demonstrates that strategic design and engineering at the nanoscale can yield 

devices that are not only more efficient and functional but also aligned with the 

evolving demands of a resource-conscious, technologically advanced society.

Need for Efficient Solar Cells and Sensor Devices

The growing urgency to combat climate change, reduce carbon emissions, and 

transition to sustainable energy systems has underscored the need for highly efficient 

solar energy technologies and advanced sensing systems. As nations commit to net-

zero emissions and strive to meet their sustainable development goals, the demand 

for innovative energy and sensing devices is stronger than ever [1.33]. The future 

of smart cities, precision agriculture, digital health, and environmental protection is 

deeply reliant on the integration of intelligent sensing systems and scalable 

renewable energy solutions [1.34].

Contemporary solar technologies are undergoing continuous advancement to 

address the inherent limitations of traditional crystalline silicon photovoltaic 

systems. While silicon solar cells have dominated the global PV market due to their 
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relative affordability and maturity, their efficiency is fundamentally constrained by 

the Shockley Queisser limit (~33%) [1.35]. Recent innovations have focused on 

tandem configurations especially those involving perovskite silicon layers

which allow a broader portion of the solar spectrum to be harvested more effectively. 

Perovskite-based tandem solar cells have achieved certified power conversion 

efficiencies above 30%, establishing them as promising contenders for next-

generation photovoltaic technologies [1.36, 1.37].

Additionally, solar devices are now incorporating nanostructures such as quantum 

dots, plasmonic nanoparticles, and nanowires to enhance light harvesting through 

improved photon absorption and charge carrier mobility [1.38]. Use of axially 

graded Si(1 x)Ge(x) nanowires, for example, introduces compositional grading that 

tunes band alignment along the nanowire axis, improving charge separation and 

current density [1.39]. These nanoscale architectures present a pathway to exceed 

the limitations of bulk materials by tailoring properties at the quantum level to 

achieve enhanced performance [1.40].

Parallel to advancements in solar technology, sensor devices are experiencing a 

revolutionary transformation, driven by the explosion of IoT and wireless 

communication systems. The widespread deployment of sensors across sectors like 

energy management, smart agriculture, water quality monitoring, healthcare, and 

manufacturing demands low-power, miniaturized, and autonomous sensing systems 

[1.41]. In photovoltaic systems, sensors play a crucial role in monitoring operational 

parameters, diagnosing faults, and enabling real-time adjustments to optimize 

overall energy output [1.42].

Integrating sensors with renewable energy technologies enables the development of 

intelligent and self-sustaining monitoring systems. Solar-powered sensors, often 

deployed in remote or hard-to-reach locations, enable real-time environmental 

tracking without requiring frequent battery replacements. These systems improve 

operational efficiency and reduce maintenance costs [1.43]. Advanced sensor 

designs using nanomaterials like metal oxides, carbon nanotubes, or 2D materials 

(e.g., MoS , graphene) further enhance sensitivity, selectivity, and signal-to-noise 

ratio [1.44].

Gas sensors and biosensors, in particular, benefit from nanostructured active layers 
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that provide high surface-to-volume ratios for rapid and selective analyte interaction 

[1.45]. For example, Pd-functionalized crossbar sensor platforms are proving 

effective for hydrogen detection in fuel cell environments [1.46]. Meanwhile, 

dielectric modulated tunnel FET (DM-TFET) biosensors using graded SiGe 

channels offer ultra-low-power operation, label-free detection, and high specificity 

for biomolecules ideal for next-generation diagnostics, wearable health monitors, 

and bio-integrated systems [1.47].

Together, efficient solar and sensor technologies form the backbone of a sustainable, 

smart, and connected future. Their convergence allows for distributed energy 

systems that are not only clean and renewable but also intelligent and adaptive. As 

these technologies continue to mature, supported by advances in nanotechnology, 

simulation, and fabrication techniques, they will play a pivotal role in reshaping the 

global energy landscape and enabling next-generation sensing capabilities across 

disciplines [1.48].

1.2 Objectives and Scope of the Thesis

Objectives:

The main aim of this thesis is to design and optimize new nanoelectronic device 

architectures. These devices focus on improving the efficiency, stability, and 

performance of solar energy systems and sensor platforms. By combining

simulation-driven modeling, material fabrication, and device-level characterization, 

this work seeks to develop innovative solutions for key challenges in renewable 

energy and environmental sensing.

To design and simulate axially graded Si(1 x)Ge(x) nanowire solar cells using

Monte Carlo methods to analyze quantum transport, recombination dynamics, 

and compositional effects on photovoltaic performance.

To develop and characterize TiO quantum dot (QD)-based UV-absorbing 

layers integrated into tandem solar cell architectures, aiming to improve spectral 

utilization and device stability by leveraging quantum confinement and optical

filtering properties.

To construct and evaluate a 2D crossbar architecture for hydrogen gas sensing, 

incorporating Pd-functionalized materials, with a focus on sensitivity, fault
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tolerance, and spatial compactness through electrical simulation and 

experimental validation.

To propose and simulate a novel graded SiGe dielectric modulated tunnel FET

(DM- TFET) biosensor, analyzing its performance in terms of ON/OFF current 

ratio, subthreshold swing, and dielectric sensitivity using TCAD tools.

To demonstrate the significance of simulation and nanoelectronic modeling in 

guiding the design and interpretation of experimental results, thereby reducing

fabrication costs and accelerating innovation.

Scope of the Thesis

This thesis spans a multidisciplinary domain that intersects semiconductor physics, 

nanomaterials engineering, and computational modeling. The scope includes both 

theoretical and experimental investigations, divided into two broad thematic areas:

1. Solar Cell Technology

Design and simulation of nanowire- and tandem-based solar cell architectures.

Study of material grading, bandgap engineering, and light absorption

mechanisms.

Fabrication and UV-optical characterization of TiO QDs for tandem

application.

Evaluation of key device parameters including short-circuit current density 

(Jsc), open-circuit voltage (Voc), fill factor (FF), and power conversion efficiency 

(PCE).

2. Sensor and Biosensor Devices

Development of scalable hydrogen gas sensing platform using crossbar

configurations.

Simulation of resistive response under gas exposure and validation through Pd-

based sensing films.

Modeling and simulation of DM-TFET-based biosensors with emphasis on

tunneling behavior and dielectric modulation.

Exploration of device sensitivity and selectivity for real-world sensing

applications.
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Most important Computational Tools and Techniques are used in this book

Use of Monte Carlo simulation for transport phenomena in nanowires.

TCAD-based modeling for field-effect transistors and biosensors.

Optical simulations for absorption and spectral filtering in quantum dots.

Finite element analysis for sensor network design and voltage mapping.

Overview of Simulation and Nanoelectronic Modelling

As nanoelectronic devices become increasingly intricate employing materials with

quantum effects, low-dimensional structures, and novel device architectures

simulation is no longer a complementary tool; it is essential. Simulation serves as the

bridge between theoretical concept and practical realization, offering predictive 

insights that inform material selection, geometry optimization, electrical

performance, and operational reliability before a single device is fabricated.

The Necessity and Power of Simulation in Nanoelectronic Device Design:

1. Cost and Time Efficiency

Fabrication of nanoscale devices involves high-precision instruments, cleanroom

environments, and specialized materials, making the process costly and time-

consuming. Simulation allows researchers to:

Evaluate multiple design variations without physical prototyping.

Identify the most promising structures, compositions, and interfaces.

Save both material and labor costs by reducing trial-and-error

experimentation.

This is particularly vital in fields like photovoltaics, where developing new tandem 

architectures or integrating quantum dot layers requires a fine balance of energy

levels, thicknesses, and interfaces. Instead of making physical devices for each

variation, researchers can simulate and refine designs in virtual environments.
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2. Understanding Device Physics

Simulation enables deep insight into the underlying physics of charge transport,

light-matter interaction, tunneling, recombination, and quantum confinement

especially when devices operate at the scale where classical models are insufficient.

For instance:

Monte Carlo simulations allow modeling of particle trajectories under

different scattering events in nanowires.

TCAD simulates electric field distribution, current-voltage

characteristics, and quantum tunneling in field-effect transistors.

Optical simulations predict absorption spectra and refractive index matching

in quantum dot layers or thin-film coatings.

These techniques are indispensable in validating and interpreting experimental data.

They also provide clues into performance degradation, energy losses, or unexpected 

trends.

3. Design Optimization

Simulation tools allow researchers to optimize:

Material properties (e.g., bandgap, carrier mobility, dielectric constant)

Geometries (e.g., nanowire diameter, quantum dot size, tunneling distance)

Device configurations (e.g., tandem layering, sensor layout, gate architecture)

By adjusting parameters in silico, researchers can predict which combinations yield

higher performance be it increased solar cell efficiency or greater biosensor 

sensitivity.

4. Risk Mitigation

For sensors or biosensors used in critical applications (e.g., hydrogen leak detection,

medical diagnostics), ensuring performance before deployment is essential.

Simulation helps mitigate the risks of:
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Device failure

Misinterpretation of signals

Material incompatibility It provides a layer of virtual validation that

enhances the robustness of the final device.

5. Innovation Catalyst

Finally, simulation is a catalyst for innovation. By exploring scenarios that

would be difficult or expensive to test experimentally, researchers can:

Discover new materials (e.g., 2D semiconductors, heterojunctions)

Invent novel device architectures (e.g., crossbar arrays, TFET biosensors)

Simulate extreme conditions (e.g., low light, high temperature, biological

interactions)

This has been demonstrated in four studies, where simulation played a central role in

validating nanowire solar cell efficiency, tuning quantum dot bandgaps, modeling 

gas detection in Pd-based sensors, and improving tunneling dynamics in TFET 

biosensors.

In the age of nanotechnology and quantum electronics, simulation is no longer

optional it is imperative. It enables faster, smarter, and more informed 

development of electronic and optoelectronic devices. Whether it is used to visualize

charge flow, optimize light absorption, predict sensing behavior, or evaluate bio-

interactions, simulation accelerates discovery, reduces risk, and empowers

researchers to design the future at the nanoscale.

Simulation and modeling are foundational pillars of modern nanoelectronic research, 

enabling precise exploration of material behavior and device performance before 

physical fabrication. As nanostructured devices grow increasingly complex, 

traditional analytical approaches fall short in capturing the detailed physics at the

atomic and mesoscopic scales. Modeling frameworks such as Monte Carlo 

simulations, Technology Computer-Aided Design (TCAD), and quantum transport

analysis now play pivotal roles in the design, evaluation, and optimization of
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nanoscale systems used in photovoltaics, gas sensing, and biosensing.

1.3 Organization of the Thesis

The present dissertation is organized into several chapters. It begins with an 

overview of solar cells and sensors, followed by detailed studies on their structural 

designs for improved device performance. Subsequent chapters include the working 

principles, literature review, simulation results, and finally, a concluding chapter 

summarizing the key findings.

Chapter 2 describes the fundamentals of solar cell devices and sensors. This chapter 

provides the necessary background for understanding the physical principles, 

structural configurations, and operational mechanisms of these devices. It introduces 

the essential concepts of photovoltaic energy conversion, semiconductor physics, and 

sensor transduction mechanisms, which form the basis for advanced research. By 

presenting these foundational aspects, the chapter ensures that subsequent 

discussions on simulation, fabrication, and characterization are well supported by a 

strong theoretical framework.

Chapter 3 presents A Study on Axially Graded Si(1 x)Ge(x) Nanowire Solar Cells with 

Monte Carlo Simulation, emphasizing the role of simulation and modeling as 

foundational pillars of modern nanoelectronic research. These computational tools 

allow for precise exploration of material behavior and device performance prior to 

fabrication, an essential step as nanostructured devices grow increasingly complex 

and traditional analytical approaches prove inadequate at atomic and mesoscopic 

scales. Frameworks such as Monte Carlo simulations, TCAD, and quantum 

transport analysis have therefore become indispensable in the design and 

optimization of nanoscale systems across applications in photovoltaics, gas sensing, 

and biosensing. Specifically, in the case of axially graded Si(1 x)Ge(x) nanowire solar 

cells, Monte Carlo simulations capture three-dimensional carrier transport under 

realistic electric field and scattering conditions, incorporating critical quantum 

mechanical effects such as phonon scattering, surface roughness, and ballistic 

transport. This methodology enables optimization of the Ge composition gradient, 

which reduces recombination losses and improves charge collection efficiency, 
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thereby contributing significantly to the advancement of next-generation 

photovoltaic technologies.

Chapter 4 focuses on quantum dot (QD) metal oxide structures for enhanced UV ray 

utilization in tandem solar cells, highlighting the importance of modeling in 

understanding their functional contribution. TiO quantum dots, owing to their wide 

bandgap and tunable optical properties, serve as efficient absorbers of high-energy 

photons in the ultraviolet region, thereby extending the spectral coverage of 

conventional narrow-bandgap absorbers such as silicon or perovskite. Through 

optical simulations, the absorption profiles of TiO QDs are analyzed to evaluate 

their effectiveness in harvesting UV photons and minimizing transmission losses. 

Furthermore, band alignment models play a pivotal role in ensuring smooth charge 

transfer at the QD/absorber interface, reducing recombination losses and facilitating 

efficient carrier extraction. Theoretical studies also underscore the dual role of QDs 

as both energy harvesters and spectral filters, preventing detrimental UV-induced 

degradation in underlying layers while simultaneously contributing to photocurrent 

generation. Together, these modeling insights provide a comprehensive framework 

for optimizing the design and integration of QD-based tandem solar cells, bridging 

fundamental physics with practical device engineering.

Chapter 5 focuses on the development of a crossbar architecture based system 

(CAS) designed for hydrogen gas sensing platform, emphasizing the role of 

simulation in validating, and optimizing its performance. Crossbar structures, owing 

to their high density and fault-tolerant design, are particularly attractive for scalable 

sensing applications in hazardous environments. In this context, finite element and 

resistive network simulations are employed to examine the electrical response of the 

Pd-functionalized sensing matrix under hydrogen exposure. These simulations 

provide detailed mappings of current and voltage distributions across the grid, 

enabling visualization of how resistive states evolve with varying hydrogen 

concentrations. Beyond response validation, simulation frameworks also aid in 

analyzing sensor redundancy, fault tolerance, and sensitivity, ensuring robust 

performance even in the presence of defective cross-points or non-uniform gas 
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distribution. By integrating insights from these modeling approaches, the CAS-

based hydrogen sensor can be systematically optimized for real-world deployment, 

offering enhanced selectivity, stability, and scalability in industrial and 

environmental monitoring applications.

Chapter 6 presents the Graded SiGe Channel Dielectric Modulated Tunnel FET 

(DM-TFET) Biosensor: Proposal and Comparative Analysis. This chapter 

emphasizes the significance of advanced simulation frameworks in the design, 

analysis, and optimization of the proposed device. For the proposed architecture, 

TCAD simulations are extensively employed to capture the interplay of quantum 

tunneling effects, electrostatics, and dielectric modulation. The incorporation of a 

graded SiGe channel ensures smoother band transitions, effectively lowering 

tunneling barriers, which in turn enhances the ON-current and improves the 

subthreshold swing parameters of central importance for achieving high 

sensitivity in biosensor applications. Furthermore, the simulations examine how 

biomolecular interactions within the sensing cavity alter the local dielectric 

environment.

These variations are then correlated with corresponding changes in critical device 

parameters, including threshold voltage and tunneling current. Beyond direct 

performance assessment, these computational approaches reduce dependence on 

costly and time-intensive trial-and-error fabrication, providing a predictive 

framework for material selection, channel engineering, and interface tailoring. 

Collectively, the analysis underscores how simulation-driven design not only 

accelerates the development of innovative biosensing platforms but also strengthens 

the foundation of modern nanoelectronic research by enabling precise, application-

specific customization of device structures.

Finally, chapter 7 summarizes the major contributions of the research work.

It provides a comprehensive discussion on nanostructured materials and device 

architectures that interconnect the fields of solar energy conversion and advanced 

sensing technologies. It systematically investigates four interconnected research 

fronts Si-Si(1-x)Ge nanowire solar cells, TiO quantum-dot-based tandem solar 

cells, crossbar architecture hydrogen sensors, and graded SiGe tunnel-FET 
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biosensors through a combination of simulation, fabrication, and performance 

analysis. The SiGe nanowire study employed Monte Carlo simulation to analyze the 

effect of germanium composition on photovoltaic efficiency, revealing that an 

optimized Ge Si . Ge . Si configuration achieved a peak efficiency of 14.78 % 

owing to balanced carrier confinement and reduced recombination. Complementary 

experimental work on TiO quantum dots synthesized via a sol-gel reflux method 

validated their strong UV absorption (360 378 nm) and a power-conversion 

efficiency of 4.68 %, confirming their role in enhancing UV photon harvesting for 

tandem integration. Extending these insights into gas sensing, a palladium-

functionalized crossbar array was modeled using TCAD tools, demonstrating high 

spatial resolution, multi-bias sensitivity, and superior scalability compared to single-

element sensors. The final segment of the research proposed and analyzed graded-

channel SiGe dielectric-modulated TFET biosensors, showing that Ge graded 

SiGe Si architectures offer smoother band alignment, lower defect density, and 

improved dielectric sensitivity for label-free biomolecule detection. Collectively, 

these studies illustrate how material engineering, quantum-scale modeling, and 

architecture optimization converge to enable efficient, scalable, and multifunctional 

devices for renewable-energy harvesting and next-generation chemical and 

biological sensing platforms.
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Chapter 2

Fundamentals and Basic Concepts of Solar Cell Devices and 

Sensors

2.1

2.2 Sensor 

References

The demand for sustainable energy sources and intelligent sensing solutions has 

prompted the rapid advancement of solar cell and sensor technologies. Solar energy 

conversion and environmental/biological monitoring are among the most pressing 

challenges in modern science and engineering, and both fields rely heavily on 

nanoscale innovations for improved efficiency and functionality. Solar cells convert 

solar radiation into electricity by exploiting the photovoltaic effect in 

semiconductors, offering a clean, renewable, and scalable alternative to fossil fuels. 

With the increasing global emphasis on carbon neutrality and energy independence, 

solar cells have evolved from first-generation silicon-based devices into highly 

sophisticated architectures incorporating thin films, quantum dots, perovskites, and 

tandem configurations [2.1, 2.2]. These developments not only enhance power 

conversion efficiency but also address critical limitations such as material cost, 

stability, and spectral utilization.

At the same time, sensors have become indispensable tools in modern technology, 

ranging from healthcare diagnostics and industrial automation to environmental 

monitoring and smart infrastructure. Sensors operate by detecting and transducing 

physical, chemical, or biological signals into measurable electrical outputs, enabling 

real-time monitoring and intelligent decision-making [2.3, 2.4]. Traditional sensors, 

while effective, often suffer from limitations in sensitivity, selectivity, and 

miniaturization. The integration of nanomaterials, advanced fabrication methods, 

and novel device architectures has overcome many of these barriers, resulting in 
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highly sensitive, low-power, and multifunctional sensing platforms [2.5, 2.6]. These 

advances are especially critical in applications such as medical biosensing, gas 

detection for safety and environmental monitoring, and Internet of Things (IoT) 

systems that demand compact, self-powered sensor nodes [2.7, 2.8].

The synergy between solar cells and sensors lies in their shared reliance on 

semiconductor physics, nanotechnology, and energy-efficient operation. For 

instance, the same materials that enable efficient light harvesting in photovoltaics, 

such as silicon, SiGe alloys, and transition metal oxides, are increasingly employed 

in sensing applications due to their tunable bandgaps, surface properties, and charge 

transport characteristics [2.9, 2.10]. Furthermore, the integration of solar cells with 

sensors paves the way for autonomous, self-sustained systems capable of continuous 

operation in remote or resource-limited environments [2.11]. This convergence is 

fueling the development of next-generation devices where energy harvesting and 

sensing functions are seamlessly combined [2.12].

This chapter discusses both fundamental and advanced concepts of solar cells and 

sensors, offering a holistic view of their operating principles, material systems, and 

device architectures. The basic physics of solar cells, including energy band theory, 

p n junction operation, carrier generation and recombination, and efficiency limits, 

will be reviewed in detail, followed by an exploration of advanced topics such as 

tandem structures, quantum confinement effects, and multiple exciton generation

[2.13]. Similarly, for sensors, the discussion will begin with classical detection 

mechanisms such as resistive, capacitive, and optical sensing, before moving to 

nanostructured approaches like dielectric-modulated field-effect transistors, crossbar 

architectures, and quantum dot based platforms [2.14, 2.15]. Finally, simulation and 

modeling tools including Monte Carlo methods, TCAD frameworks, and quantum 

transport models will be highlighted as essential components in analyzing device 

physics and guiding experimental design [2.16, 2.17]. Together, these sections 

establish the theoretical and practical foundation required for understanding the 

more specialized simulation and fabrication studies presented in later chapters of this 

thesis.



Chapter 2: Fundamentals and Basic Concepts of Solar Cell Devices and Sensors

23PH.D. THESIS BY ABIR JANA, 2026

Fig 2.1: Conceptual Representation of Solar Cells and Sensors Integration

2.1 Solar Cells

A solar cell, also known as a photovoltaic (PV) device, is a semiconductor-based 

system that directly converts sunlight into electricity. A solar cell is the basic unit of 

modern solar energy systems, used in everything from small gadgets to large power 

plants. It works by capturing light energy from photons to generate charge carriers, 

which are then converted into electricity. With the growing focus on renewable and 

sustainable energy, solar cells have become one of the most researched and widely 

used technologies today. [2.18, 2.19].

The design of solar cells involves careful consideration of material properties, device 

structures, and fabrication techniques. Traditional solar cells are based on crystalline 

silicon, but over time, new materials and architectures such as thin-film 

semiconductors, organic materials, perovskites, and quantum dots have emerged 

to address challenges of efficiency, cost, and stability [2.20- 2.22]. Each generation 

of solar cell technology reflects progress in both fundamental physics and material 

engineering, aimed at maximizing efficiency while minimizing production cost and 

environmental impact [2.19, 2.20].
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2.1.1 Basic Concepts of Solar Cells

The working of a solar cell is based on semiconductor physics and energy band 

theory. Unlike conductors and insulators, semiconductors have a specific bandgap 

that enables them to absorb certain photons. When light with energy higher than 

this bandgap strikes the material, it excites an electron from the valence band to the 

conduction band, leaving a hole behind. These electrons and holes act as charge 

carriers and move under an electric field, producing an electric current. [2.18].

The core part of most solar cells is the p n junction, formed by joining p-type and n-

type semiconductor layers. This junction generates an internal electric field that 

pushes electrons toward the n-side and holes toward the p-side. Metal contacts on 

the surface collect these moving charges, producing usable electric current. The 

efficiency of a solar cell depends on how well it absorbs light, separates charge 

carriers, and collects them effectively. [2.18, 2.19].

The efficiency of a solar cell depends on several factors, such as how well the material 

absorbs light (absorption coefficient), how easily charge carriers move through it 

(carrier mobility), how long they survive before recombining (carrier lifetime), and

the rate at which recombination occurs. Losses occur through processes such as 

reflection of incident light, thermalization of high-energy photons, and 

recombination of carriers before extraction. Understanding these concepts provides 

the foundation for advanced solar cell designs that attempt to mitigate such losses 

through bandgap engineering, surface passivation, and the use of multi-junction 

architectures [2.20- 2.22].

2.1.1.1 The Photovoltaic Effect

The photovoltaic effect is the basic physical process that allows a solar cell to convert 

sunlight into electrical energy. It involves three interconnected processes: photon 

absorption, carrier generation and separation, and carrier collection.

1. Photon Absorption: When light falls on a semiconductor, photons with 

energy equal to or higher than the bandgap are absorbed and excite electrons 

from the valence band to the conduction band, creating electron hole pairs. 

Photons with energy lower than the bandgap pass through without being 
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absorbed, while any extra energy from higher-energy photons is released as 

heat, causing thermal losses.

2. Carrier Generation and Separation: The internal electric field at the p n 

junction plays a vital role in separating these charge carriers. Electrons are 

driven toward the n-type region and holes toward the p-type region, 

preventing immediate recombination. In advanced architectures, such as 

graded-bandgap or heterojunction solar cells, this separation is further 

enhanced by engineered band alignments that act as selective pathways for 

carriers [2.19- 2.21].

3. Carrier Collection and Current Generation: After the charge carriers are 

separated, they are gathered by metal contacts positioned on the top and bottom 

surfaces of the solar cell. Their directed flow through an external circuit 

constitutes the photocurrent, while the potential difference generated by the 

separation of charges manifests as the photovoltage. Together, these 

processes define the current voltage (I V) characteristics of a solar cell, 

which are used to determine key performance parameters such as open-circuit 

voltage, short-circuit current, fill factor, and overall energy conversion 

efficiency [2.18, 2.19].

The photovoltaic effect is not only central to conventional silicon-based devices but 

also extends to modern nanostructured systems, where quantum confinement, 

surface states, and heterojunction engineering influence how light interacts with 

matter. Understanding this concept is essential for both basic research and the 

advancement of modern solar cell technologies. It helps in developing innovative 

designs such as tandem cells, intermediate band materials, and multiple exciton 

generation systems, which aim to exceed the theoretical Shockley Queisser 

efficiency limit [2.21- 2.23].
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Fig 2.2 Band-diagram of a p n junction under illumination

2.1.1.2 Structure of a Basic Solar Cell

Solar cell is composed of multiple functional layers, each engineered to ensure 

efficient absorption of sunlight, charge separation, and current extraction. The 

interplay among these layers defines the performance of the device.

1. Top Contact (Metallic Grid):

The top contact is a thin metallic grid deposited on the cell surface, designed to 

collect and conduct electrons while allowing maximum light to enter the device. It 

shading losses. The geometry of this grid is carefully optimized to provide low 

resistive loss without blocking significant incident photons. This contact ensures 

that the photogenerated carriers can be extracted efficiently to the external circuit

[2.18, 2.19].

2. Electron Collector (n-Type Layer, with TiO Emphasis):

Just below the top contact lies the electron-transporting layer, which functions as 

the electron collector. In modern solar cells, titanium dioxide (TiO ) is commonly 

used because of its high transparency, suitable band alignment, strong chemical 
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stability, and ability to act as a compact hole-blocking layer. TiO serves as a key 

component in perovskite and dye-sensitized solar cells. Similarly, materials like 

cadmium sulfide (CdS) in CdTe cells and n-type silicon in crystalline silicon cells are 

also widely used for efficient charge transport and light absorption. The electron 

collector must be thin enough to allow photons to pass into the absorber while 

providing efficient electron transport to the metallic grid [2.20, 2.24].

Fig 2.3 Structure of a basic solar cell

3. Absorber Layer (Focus on Perovskite, Quantum Dot, and Organic):

The absorber is the core part of a solar cell, responsible for capturing photons and 

generating electron hole pairs. Although crystalline silicon is still the main material 

used in traditional solar cells, new absorber materials are being developed to improve 

efficiency and reduce cost. Among these, perovskite materials such as CH NH PbI
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are particularly promising due to their adjustable bandgaps, strong light absorption, 

and ease of fabrication through solution-based processes. Quantum dots (QDs) offer 

quantum confinement effects and enable multiple exciton generation (MEG), 

opening pathways to surpass the Shockley Queisser limit. Organic semiconductors, 

based on conjugated polymers or small molecules, provide lightweight, flexible, and 

low-cost alternatives. In thin-film cells, CdTe and CIGS also serve as strong 

absorbers due to their high absorption coefficients. The absorber thickness varies by 

material: silicon requires hundreds of micrometers, while perovskite or QD layers 

need only a few hundred nanometers to capture sufficient sunlight [2.19, 2.21].

4. Hole Collector (Focus on ZnTe):

The hole collector extracts photogenerated holes and directs them toward the back 

contact. Zinc telluride (ZnTe) is widely employed in CdTe and related thin-film solar 

cells as a hole-transporting layer, owing to its excellent p-type conductivity and 

favorable band alignment with absorbers. In perovskite devices, organic hole-

transport materials such as Spiro-OMeTAD and inorganic alternatives like CuSCN 

are also common. The choice of hole collector significantly influences device 

performance, as poor band alignment or high recombination at this interface can 

reduce open-circuit voltage and fill factor. Optimized ZnTe or similar HTMs ensure 

selective hole transport while blocking electron leakage, thus maintaining high 

efficiency [2.20, 2.24].

5. Base Substrate (Glass or Silicon):

The substrate provides structural support and optical transparency (if light enters 

through it). Glass substrates are common in thin-film and perovskite solar cells 

because they are durable, transparent, and compatible with large-area deposition. In 

wafer-based crystalline silicon devices, the silicon wafer itself acts as both substrate 

and absorber. Flexible substrates, such as polymers or thin metal foils, are 

increasingly being explored for portable and wearable solar technologies. The 

substrate must provide mechanical stability while ensuring minimal optical and 

thermal losses [2.19, 2.20].
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6. Back Contact:

The back contact completes the electrical circuit by allowing holes (from the p-side) 

to return to the device. It is usually made of aluminum, silver, or molybdenum 

depending on the solar cell architecture. In advanced cells, back contacts are 

engineered with dielectric/metal stacks to reduce carrier recombination and to 

reflect unabsorbed photons back into the absorber, effectively increasing light 

utilization. For example, passivated emitter and rear cell (PERC) designs use 

aluminum oxide (Al O ) layers for rear-surface passivation, significantly improving 

conversion efficiency [2.20].

2.1.1.3 Performance Parameters

The performance of a solar cell is evaluated by several electrical and optical 

parameters derived from its current voltage (I V) characteristics under standard 

illumination conditions (usually AM1.5 spectrum, 1000 W/m², and 25 °C). The most 

important parameters are described below.

(i) Open-Circuit Voltage (Voc):

The open-circuit voltage (Voc) represents the highest voltage a solar cell can 

produce when no external current flows (I = 0). It arises from the difference 

between the quasi-Fermi levels of electrons and holes under illumination.

Mathematically, Voc is expressed as:

Voc increases with absorber bandgap but decreases with recombination losses. For 

0.7 V, while perovskite and wide-bandgap cells may exceed 

1.0 V [2.18, 2.19, 2.21].

(ii) Short-Circuit Current (Isc):

The short-circuit current is the maximum current output when voltage is zero (V = 

0). It represents the photon-to-electron conversion capability:

Isc depends on photon absorption, charge transport, and carrier lifetime. Typical 

values are ~40 mA/cm² for high-quality crystalline Si cells [2.18, 2.19].
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(iii) Maximum Power (Pmax):

The maximum power point (MPP) is the condition at which a solar cell operates to 

produce the greatest electrical power output, corresponding to the optimal 

combination of current and voltage. It is defined by the voltage (Vmp) and current 

(Imp V curve:

Physical Meaning: Pmax reflects the optimal trade-off between voltage and 

current.

Influencing Factors: It depends on Voc, Isc, diode quality, and resistive losses.

Example: For a silicon cell with Voc = 0.65 V, Isc = 40 mA/cm², and FF = 

[2.26].

(iv) Fill Factor (FF):

V curve and is given by:

influenced by series resistance (Rs) and shunt resistance (Rsh) [2.18, 2.19].

(v) Efficiency ( ):

Efficiency is the ratio of the electrical power generated by a solar cell to the total 

solar power it receives from sunlight.:

where Pin = 100 mW/cm² under standard test conditions (AM1.5 spectrum, 25 °C). 

Efficiency is the ultimate figure of merit and depends on Voc, Isc, FF, optical design, 

and material quality. Modern crystalline silicon cells achieve 22 24% efficiency, 

while perovskite/silicon tandem devices exceed 29% in recent reports [2.20- 2.22].
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Fig. 2.4 Solar Cell IV characteristics and performance parameters

V curve diagram showing the key performance parameters of a solar 

cell:

Voc (Open-Circuit Voltage) at the horizontal intercept.

Isc (Short-Circuit Current) at vertical intercept.

Vmp, Imp marked at Maximum Power Point (MPP).

Pmax highlighted as the shaded orange rectangle.

2.1.2 Types of Solar Cells

Since the invention of the first practical silicon solar cell by Bell Laboratories in 1954, 

generation reflects distinct material systems, fabrication approaches, and efficiency 

targets. Solar cells are generally classified into three main generations: first-
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generation crystalline devices, second-generation thin-film devices, and third-

generation emerging technologies. Together, these categories represent the 

evolution and progress of solar cell innovation over time [2.19, 2.20].

2.1.2.1 First Generation: Crystalline Silicon Solar Cells

The first generation of solar cells relies on crystalline silicon (c-Si), which has long 

dominated the photovoltaic industry because it is abundant, non-toxic, and possesses 

well-established semiconductor characteristics.

Monocrystalline Silicon (mono-Si):

Fabricated from single-crystal silicon ingots grown by the Czochralski 

method, monocrystalline cells exhibit high crystal quality, long carrier 

lifetimes, and efficiencies in the range of 22 26% in laboratories and 20 22% 

commercially. However, the fabrication process is expensive and energy-

intensive, contributing to higher costs. Mono-Si cells are easily identified by 

their uniform dark appearance and rounded wafer edges [2.19, 2.20].

Polycrystalline Silicon (poly-Si):

Produced by casting molten silicon into molds, poly-Si cells contain grain 

boundaries and defects that reduce carrier mobility. As a result, their 

efficiencies are slightly lower, typically 15 20% commercially. However, they 

are cheaper to manufacture, making them widely adopted in utility-scale solar 

farms.

Relevance:

for ~90% of global solar production, supported by robust manufacturing 

infrastructure and decades of reliability data [2.20].

2.1.2.2 Second Generation: Thin-Film Solar Cells

Second-generation solar cells were introduced to reduce the high material and 

manufacturing costs of crystalline silicon. They use thin semiconductor layers 

deposited on low-cost substrates such as glass, metal foils, or plastic, making them 

lighter and more economical to produce [2.20].
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Amorphous Silicon (a-Si):

One of the earliest thin-film technologies, amorphous silicon (a-Si), uses a 

non-crystalline, disordered silicon structure deposited through plasma-

enhanced chemical vapor deposition (PECVD). While it is lightweight and 

flexible, its low light absorption efficiency and degradation over time (known 

as the Staebler Wronski effect) restrict its commercial efficiency to about 6

10%.

Cadmium Telluride (CdTe):

Cadmium telluride (CdTe) thin-film solar cells are among the most successful 

non-silicon technologies, reaching commercial efficiencies of around 16 18% 

and laboratory efficiencies exceeding 22%. They are cheaper to manufacture 

and suitable for large-area deposition. However, cadmium toxicity and 

tellurium scarcity remain environmental and resource concerns.

Copper Indium Gallium Selenide (CIGS):

CIGS solar cells exhibit strong absorption and tunable bandgaps (1.0 1.7 eV). 

Laboratory devices have reached >23% efficiency, making them highly 

competitive with crystalline silicon. Their flexibility and high absorption 

coefficient enable lightweight modules for portable applications. Challenges 

include the scarcity of indium and gallium, as well as complex fabrication 

routes.

Relevance:

Thin-film solar cells represent a compromise between cost, weight, and 

efficiency. While they occupy a smaller share of the PV market compared to 

crystalline silicon, they are critical for applications requiring lightweight, 

flexible, or semi-transparent modules.

2.1.2.3 Third Generation: Emerging and Advanced Solar Cells

Third-generation solar cells aim to exceed the Shockley Queisser efficiency limit 

(about 33% for single-junction devices) by using advanced materials, nanostructures, 
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and innovative device designs. These concepts aim not only to enhance efficiency but 

also to reduce fabrication costs and expand application versatility.

Perovskite Solar Cells (PSCs):

Perovskite solar cells (PSCs), made from hybrid organic inorganic halide 

materials such as CH NH PbI , have rapidly advanced in efficiency from 

about 3.8% in 2009 to over 25% today. They are low-cost and easy to 

manufacture through solution processing but still face issues related to long-

term stability, lead toxicity, and large-scale production consistency. Notably, 

tandem perovskite/silicon solar cells have already achieved efficiencies above 

29% [2.21, 2.22].

Organic Photovoltaics (OPVs):

Utilizing conjugated polymers and small molecules, OPVs offer lightweight, 

mechanically flexible, and semi-transparent modules. They are attractive for 

niche applications like wearable devices and building-integrated 

photovoltaics (BIPV). Current efficiencies are ~12 18% in laboratories, 

though commercial deployment is limited by stability and lifetime issues

[2.25].

Dye-Sensitized Solar Cells (DSSCs):

Inspired by natural photosynthesis, dye-sensitized solar cells (DSSCs) use 

dye molecules to capture sunlight and inject electrons into a semiconductor 

material, typically titanium dioxide (TiO ). They are low-cost and work 

under diffuse light, making them suitable for indoor applications. However, 

efficiencies are modest (6 12%), and liquid electrolytes often cause leakage 

and stability issues [2.24].

Quantum Dot Solar Cells (QDSCs):

Quantum dots provide tunable bandgaps through quantum confinement, 

allowing for spectral tailoring. They also enable multiple exciton generation 

(MEG), theoretically allowing efficiencies beyond the Shockley Queisser 
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limit. Laboratory efficiencies are still moderate (~12 15%), but their potential 

for next-generation devices is significant [2.23].

Other Advanced Concepts:

Beyond these, advanced architectures include hot-carrier solar cells, 

intermediate band devices, multi-junction/tandem cells, and plasmonic-

enhanced PVs, all of which aim to maximize spectral utilization and push 

efficiencies toward theoretical limits (>40%).

Fig 2.5 Evolution of solar cell generations

-style pictorial representation of solar cell generations:

1st Gen (Crystalline Si): Since 1954, mono- and poly-Si, high efficiency but 

costly.

2nd Gen (Thin-Film): Since ~1980, CdTe, CIGS, a-Si; lightweight but 

moderate efficiency.

3rd Gen (Emerging): Since ~2005, perovskite, quantum dot, organic, DSSC; 

high potential (>29%).
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2.1.3 Working of a Solar Cell (Photovoltaic Cell)

A solar cell is not merely a material that exhibits the photovoltaic effect; it is a 

carefully engineered device designed to convert solar energy into usable electrical 

power. The working of a solar cell is best understood at the device level, where light 

absorption, carrier dynamics, and circuit behavior combine to deliver power to an 

external load.

2.1.3.1 Device Operation

When sunlight strikes a solar cell, it generates charge carriers that move under the 

influence of the internal electric field at the junction and are collected at the external 

terminals to produce electric current. Unlike the microscopic description of the 

photovoltaic effect, the device-level operation highlights how these processes 

translate into current voltage (I V) characteristics and power output:

1. Current Voltage Behavior:

o In the absence of illumination, the solar cell behaves like a diode, 

allowing current in one direction.

o Under illumination, the I V curve shifts downward due to the 

photocurrent, defining two key points: the short-circuit current (Isc) 

at zero voltage and the open-circuit voltage (Voc) at zero current.

o Between these two points lies the maximum power point (MPP), 

where the product of current and voltage reaches its highest value, 

giving the maximum electrical output from the solar cell.

2. Power Extraction: The maximum usable power (Pmax) is obtained when the 

solar cell operates at the maximum power point (MPP), which is 

characterized by the voltage at maximum power (Vmp) and the current at 

maximum power (Imp).

o In real applications, power electronic circuits (known as maximum 

power point trackers, MPPTs) are employed to ensure that solar 

modules continuously operate at this point despite changes in 

illumination and temperature.
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3. Energy Conversion Efficiency:

o The conversion efficiency ( ) quantifies how much of the incoming 

solar power (Pin) is transformed into electrical power (Pmax).

o

properties but also by factors such as surface passivation, optical 

design, contact resistance, and overall operating conditions.

2.1.3.2 Practical Aspects of Operation

Temperature Influence: Higher temperatures reduce Voc due to increased 

recombination and bandgap narrowing, lowering efficiency.

Light Intensity Variations: Under weak illumination (e.g., cloudy conditions 

or indoor use), current output decreases proportionally, but Voc also drops 

slightly, reducing the overall performance.

Shading and Module Integration: When solar cells are connected in series to 

form a module, shading on even a single cell can significantly lower the 

current output of the entire string, reducing overall power generation.Bypass 

diodes are integrated to mitigate this problem.

Stability and Degradation: Long-term operation is influenced by surface 

oxidation, interface states, and material degradation (e.g., light-induced 

degradation in amorphous silicon or instability in perovskites).

2.1.3.3 System-Level Working
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2. 2.

Fig 2.6 Working of a Solar Cell: Device to System flow

-style diagram showing the working of a solar cell:

Sunlight Absorption & Carrier Generation Charge Separation I V 

Characteristics (Voc, Isc, MPP) Maximum Power (Pmax) Electrical 

Load/Grid

2.2. Sensors

Sensors are fundamental building blocks of modern science and engineering, acting 

as the of electronic systems. They detect changes in the environment

whether physical, chemical, or biological and transform those changes into 

measurable signals that can be interpreted and acted upon. Without sensors, 

automation, monitoring, and intelligent control systems would not exist, making 

them indispensable for applications in healthcare, energy, transportation, industrial 

automation, and communication technologies [2.28, 2.29].

The rapid progress in nanotechnology, microelectronics, and material science has 

greatly improved the performance, functionality, and sensitivity of modern sensors.

From simple mechanical devices used in early measurement systems, sensors have 

evolved into highly miniaturized, multi-functional platforms that can detect 

extremely small variations in environmental parameters at the micro- and nanoscale. 

For instance, modern gas sensors can detect parts-per-million (ppm) levels of 
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hazardous gases, while biosensors can identify biomolecules at femtomolar 

concentrations [2.30- 2.32].

In general terms, a sensor acts as a bridge between the physical world and the digital 

world, enabling computers, machines, and humans to interact seamlessly with their 

environment.

2.2.1 Basic Concepts of Sensors

The idea of sensors is central to modern engineering, as they serve as the interface 

between the physical world and technological systems. In essence, a sensor enables 

the detection of phenomena that are otherwise invisible to human perception and 

converts them into signals that can be processed, analyzed, and acted upon. From 

monitoring vital health parameters in biomedical devices to ensuring safety in 

industrial operations and optimizing renewable energy systems, sensors provide the 

foundation for intelligent decision-making and automation. Their significance has 

increased with the rise of nanotechnology, microelectronics, and the Internet of 

Things (IoT), where countless sensors operate together to deliver real-time data and 

control across various applications [2.29, 2.33, 2.34].

2.2.1.1 Definition and Function

A sensor is broadly defined as a device that detects changes in its environment and 

converts those changes into measurable electrical signals. The essence of a sensor 

lies in its ability to function as a bridge between the physical world and engineered 

systems. Its role is not limited to passive observation; rather, it actively participates 

in converting invisible or intangible variations such as temperature fluctuations, 

chemical concentrations, or biomolecular interactions into forms that can be 

analyzed, recorded, or acted upon. The fundamental function of any sensor is twofold: 

detection of a stimulus and conversion of that stimulus into a usable output. 

Detection ensures that the sensor is sensitive to a particular phenomenon of interest, 

while conversion ensures that the phenomenon is represented in a quantifiable form, 

most often as an electrical signal. In practical applications, this output signal is not 

just an indicator but serves as a trigger for further processes, ranging from the 

control of machinery in industrial systems to real-time monitoring of patient health 

in biomedical contexts [2.28, 2.30, 2.31].
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2.2.1.2 Sensor Components

Every sensor, regardless of its type or application, comprises several key components 

that work together to achieve accurate detection and signal conversion. The first and 

most essential part is the sensing element or transducer, which directly interacts with 

the physical, chemical, or biological stimulus. This component experiences a 

measurable change in its properties such as resistance, capacitance, or surface 

potential when exposed to an external stimulus. For example, in a gas sensor, the 

adsorption of gas molecules on a metal-oxide surface alters its conductivity, while in 

a biosensor, the binding of biomolecules on a functionalized electrode generates a 

measurable electrochemical change [2.30, 2.31].

Following the sensing element is the signal conditioning unit, which processes the 

raw signal generated by the transducer. In many cases, the raw signal is too weak, 

noisy, or unstable to be directly utilized. Therefore, techniques like amplification, 

filtering, and noise reduction are used to enhance the signal and improve its accuracy 

and quality. In modern sensor systems, additional modules such as analog-to-digital 

converters are integrated to make the output compatible with digital devices, 

facilitating data storage, wireless transmission, and integration into larger networks. 

The output unit then presents the processed signal in a usable form, either as an 

analog response (voltage, current, resistance) or as digital data that can be 

interpreted by microcontrollers, computers, or communication systems. Thus, the 

architecture of a sensor is not merely about detection but about ensuring that the 

detected signal is reliable, stable, and usable in real-world applications [2.28, 2.35].

2.2.1.3 Key Parameters

The performance of a sensor is evaluated using a set of key parameters that define its 

effectiveness, reliability, and suitability for a given application. One of the most 

important parameters is sensitivity, which refers to the degree of response a sensor

provides for a given change in the input stimulus. A highly sensitive sensor can detect 

even very small changes, making it especially useful in areas like biomedical 

diagnostics and environmental monitoring. Another key factor is selectivity, which 

refers

interfering signals. For example, a hydrogen sensor should accurately detect 
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hydrogen gas even in the presence of other gases such as oxygen or nitrogen, without 

any cross-interference [2.30, 2.36].

Response time is another key parameter that indicates how quickly a sensor reacts 

to changes in the input stimulus. In fast-changing environments, such as automotive 

safety systems or chemical leak detection, a quick response is essential. Stability is 

equ

over long periods and under different environmental conditions. Good long-term 

stability ensures accurate readings without frequent recalibration.

The range defines the span of input values within which the sensor operates 

effectively, while resolution refers to the smallest detectable change in the stimulus. 

Together, these characteristics sensitivity, selectivity, response time, stability, 

range, and resolution serve as the foundation for evaluating sensor performance 

and are optimized according to the specific application [2.28, 2.31, 2.36].

2.2.2 Classification of Sensors

The classification of sensors can be meaningfully understood by tracing their 

historical evolution, from early inventions to present-day advanced systems. Over 

the decades, sensors have evolved from simple physical detectors to highly complex 

and intelligent nanosystems integrated with artificial intelligence and wireless 

communication. This chronological classification highlights how material 

advancements, device miniaturization, and integration with information technologies 

have shaped the present state of sensor technology [2.28, 2.33, 2.35].

2.2.2.1 First Generation Sensors: Conventional and Physical Sensors

The earliest sensors were based on simple physical principles and direct transduction 

mechanisms. Classical examples include thermometers, which measured temperature 

through the expansion of liquids, and mechanical pressure gauges, which converted 

deformation into readable displacements. As technology advanced in the 19th and 

20th centuries, these devices evolved into electrical sensors, such as resistive 

temperature detectors (RTDs) and strain gauges, where a change in resistance 

corresponded to the stimulus. These sensors, though simple, laid the foundation for 

modern sensing by demonstrating the basic principles of detection and transduction. 
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Their key characteristics were robustness and simplicity, but they lacked 

miniaturization, integration, and high sensitivity [2.35].

2.2.2.2 Second Generation Sensors: Electronic and Semiconductor-Based 

Sensors

With the advent of solid-state electronics and semiconductor technology in the mid-

20th century, sensors entered their second generation. Devices such as photodiodes, 

piezoelectric sensors, and Hall-effect sensors emerged, leveraging semiconductor 

properties to improve sensitivity and accuracy. The discovery of silicon and other 

semiconductors as efficient transduction materials enabled sensors to be smaller, 

more reliable, and easier to integrate into circuits. Gas sensors based on metal oxide 

semiconductors (MOS), such as SnO or ZnO, also became prominent during this 

period, particularly for environmental and industrial monitoring. This generation 

marked a significant breakthrough, enabling the mass production of sensors and their 

integration into commercial and industrial products. This advancement led to 

widespread adoption in fields such as automation, transportation, and energy systems

[2.28, 2.33].

2.2.2.3 Third Generation Sensors: Smart Sensors and MEMS/NEMS

The third generation of sensors, beginning in the late 20th century, coincided with 

the development of micro-electromechanical systems (MEMS) and later nano-

electromechanical systems (NEMS). These sensors combined miniaturized 

mechanical structures with microelectronics, resulting in compact, low-cost, and 

highly sensitive devices. MEMS accelerometers and gyroscopes, for example, 

revolutionized consumer electronics by enabling motion sensing in smartphones, 

gaming devices, and automobiles. A defining feature of this generation was the 

integration of signal conditioning, processing, and calibration directly within the 

sensor unit, leading to the rise of smart sensors. These devices could not only detect 

and convert signals but also process data locally, reducing noise and improving 

reliability. Biosensors also became increasingly significant, particularly in medical 

diagnostics, with glucose sensors being one of the most impactful examples [2.35, 

2.37].
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2.2.2.4 Fourth Generation Sensors: Advanced, Nano-enabled, and Intelligent 

Sensors

Modern sensors belong to the fourth generation, characterized by their use of 

nanostructured materials, advanced functional coatings, and seamless integration 

with information technologies. Materials such as quantum dots, carbon nanotubes, 

graphene, perovskites, and nanowires have enabled breakthroughs in sensitivity, 

selectivity, and response times. For instance, nanosensors can detect single 

molecules, gases at parts-per-billion (ppb) levels, or biomolecular interactions at 

femtomolar concentrations. Furthermore, modern sensors are frequently integrated 

into wireless networks, allowing real-time monitoring and data exchange in 

applications such as the Internet of Things (IoT), smart cities, and industrial 

automation. Artificial intelligence and machine learning have further transformed 

this generation by allowing sensors not only to measure but also to interpret data, 

predict outcomes, and adapt dynamically to environmental conditions [2.29, 2.33, 

2.38, 2.39].

Fig 2.7 Evolution of Sensors: From invention to modern intelligent systems

2.2.3 Working of a Sensor

The working principle of a sensor is based on its ability to detect a specific stimulus, 

transduce it into an intermediate physical change, and finally deliver a measurable 

output signal. This sequence involves a chain of processes where the external 

envir

intrinsic property. That change is then converted into a quantifiable signal, refined 

through conditioning, and presented in a usable form for further analysis or action. 

Thus, the operation of a sensor is not confined to detection alone but represents a 
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multi-stage mechanism that ensures accuracy, reliability, and compatibility with 

modern electronic systems [2.28, 2.35].

The process begins when a stimulus from the environment such as light, 

temperature, pressure, chemical species, or biological molecules interacts with the 

sensitive material of the sensor. Depending on the design, this interaction may cause 

changes in resistance, capacitance, potential, or mechanical deformation. For 

instance, in biomedical applications, a field-effect transistor (FET)-based biosensor 

employs a transistor channel whose gate surface is functionalized with biomolecular 

receptors. When target biomolecules bind to this surface, the local charge 

distribution changes and directly modulates the electric field across the channel, 

leading to a measurable alteration in current flow between the source and drain 

terminals. This process translates the biochemical interaction into a precise electrical 

signal, enabling rapid and highly sensitive biomolecule detection [2.31, 2.37, 2.40].

Similarly, in chemical monitoring, a hydrogen gas sensor provides another clear 

demonstration of sensor operation. When hydrogen molecules interact with a 

palladium layer serving as the active material, they split into individual hydrogen 

atoms and diffuse into the palladium lattice, forming palladium hydride. This 

transformation alters the electrical resistance and work function of the palladium 

film, producing a change in the output signal that is directly proportional to the 

concentration of hydrogen in the surrounding environment. By exploiting this 

mechanism, such sensors can detect hydrogen at very low levels, ensuring safety in 

applications such as fuel cells, leak detection, and industrial systems [2.36, 2.41].

Once the initial transduction occurs, the raw signals generated in both examples

whether current modulation in a FET biosensor or resistance change in a hydrogen 

sensor are typically weak and unstable. Therefore, signal conditioning is necessary 

to amplify the response, filter noise, and stabilize the data. Modern sensors often 

integrate these steps internally, incorporating analog-to-digital converters and 

communication modules to deliver standardized outputs. The final signal can then 

be directly used in digital systems, stored for long-term analysis, or transmitted 

wirelessly in large sensor networks [2.28, 2.33, 2.35].
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In essence, the working of a sensor can be summarized as a seamless flow: stimulus 

detection physical property change signal transduction signal conditioning 

usable output. Examples such as FET-based biosensors in healthcare and 

palladium-based hydrogen gas sensors in safety systems highlight how this universal 

principle is adapted to different applications. These cases underscore the versatility 

of sensors, demonstrating their critical role in bridging the gap between the physical 

environment and modern intelligent systems [2.30-2.33, 2.36, 2.40, 2.41].

Fig. 2.8 Working of Sensors with examples (FET biosensor and H2 Sensor)
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2.3 Integration: Solar-Powered Sensor Systems

The convergence of solar cell technology and sensor systems represents a 

transformative step toward creating fully autonomous, self-sustaining platforms 

capable of long-term operation without external power supplies. Traditional sensors 

often face limitations in deployment due to their dependence on batteries or wired 

power, which restricts their scalability and lifetime. By integrating solar cells as on-

site power sources, these limitations can be effectively overcome, leading to self-

powered sensors that operate continuously under ambient light conditions. Such 

systems are particularly relevant in applications where frequent battery replacement 

is impractical or where remote and distributed deployment is required [2.42, 2.43].

At the core of this integration is the synergy between low-power electronic sensors 

and high-efficiency photovoltaic devices. Modern solar technologies such as thin-

film, perovskite, and quantum dot solar cells provide lightweight, flexible, and 

affordable energy solutions that can be seamlessly integrated into sensor systems. 

These solar harvesters generate sufficient electrical energy under sunlight, or even 

indoor lighting conditions, to power sensor circuits, data acquisition modules, and 

wireless communication units. Coupled with advancements in ultra-low-power 

microelectronics and energy management circuits, solar-powered sensor systems are 

now capable of storing excess energy in supercapacitors or microbatteries, ensuring 

uninterrupted operation even during periods of low irradiance [2.42-2.44].

The applications of such systems span across multiple domains:

Environmental Monitoring: Networks of solar-powered sensors can measure 

parameters such as air quality, temperature, humidity, and pollutant levels in 

real time, providing critical insights into climate change, urban pollution, and 

ecosystem health.

Smart Agriculture: Autonomous sensors powered by small-area solar cells 

enable continuous monitoring of soil moisture, nutrient levels, and 

microclimatic conditions, thereby optimizing irrigation, fertilizer use, and 

crop yield with minimal human intervention.
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Wearables and Medical Devices: Flexible solar cells integrated into fabrics or 

medical patches provide a sustainable energy source for wearable biosensors, 

which track vital signs, glucose levels, or hydration status without frequent 

charging.

IoT Nodes and Smart Infrastructure: Solar-powered wireless sensor nodes 

are essential components of the Internet of Things (IoT). They enable smart 

homes, intelligent traffic systems, and automated industrial networks by 

providing real-time, self-sustained data transmission without relying on 

external power sources..

The integration of solar-powered sensor systems is not merely a practical 

advancement but also a significant stride toward sustainable technology ecosystems. 

It reduces the environmental impact of disposable batteries, extends sensor lifetimes, 

and facilitates large-scale deployment of intelligent networks. This marriage of 

energy harvesting and sensing highlights the pivotal role of nanotechnology-enabled 

solar cells and advanced sensor architectures in shaping the future of autonomous 

systems [2.42-2.44].

Summary

This chapter presented a detailed overview of the basic principles, structural designs, 

and recent advancements in both solar cells and sensors. It emphasized not only their 

individual significance but also their combined potential when integrated into unified 

energy-harvesting and sensing systems. The discussion on solar cells began with the 

classical p n junction device, progressing through the historical generations of 

photovoltaics to modern architectures such as thin-film, perovskite, dye-sensitized, 

and quantum dot solar cells. Particular emphasis was placed on how material 

innovations, bandgap engineering, and simulation approaches like Monte Carlo and 

TCAD modeling have enabled significant improvements in efficiency, stability, and 

spectral utilization. Performance parameters such as Voc, Isc, fill factor, and 

efficiency were explored in depth, alongside structural considerations such as 

transparent contacts, absorber layers, and carrier collection mechanisms.

The sensor section established their role as the interface between the physical world 

and engineered systems, providing a detailed understanding of their basic concepts, 
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components, and working mechanisms. The working principle was elaborated 

through examples such as field-effect transistor (FET)-based biosensors for 

biomedical applications and palladium-based hydrogen sensors for industrial safety, 

demonstrating how diverse physical, chemical, and biological interactions can be 

transduced into electrical signals. The classification of sensors was presented in a 

generational framework, tracing their evolution from early mechanical detectors to 

advanced nano-enabled and intelligent systems integrated with artificial intelligence 

and IoT platforms.

Finally, the integration of solar cells with sensors was examined as a natural outcome 

of these parallel technological advancements. Solar-powered sensor systems were 

highlighted as the key enabler of autonomous, energy-efficient, and environmentally 

sustainable applications across environmental monitoring, agriculture, healthcare, 

and smart infrastructure.

In summary, this chapter emphasized that the future of energy and sensing 

technologies lies in the convergence of high-performance solar cells and advanced 

sensors, both shaped by material science, device physics, and nano-architectures. 

Together, they not only address the challenges of sustainable power and intelligent 

detection but also lay the foundation for next-generation systems that are 

autonomous, adaptive, and capable of transforming the way we interact with our 

environment.
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3.1 Introduction

This chapter presents a comprehensive and detailed study on the performance 

optimization of axially graded Ge Si(1 x)Gex Si p n nanowire solar cells through 

advanced Monte Carlo simulation techniques. The worldwide move toward 

renewable energy has accelerated major advancements in solar cell technology [3.1-

3.2]. Among various photovoltaic (PV) materials, silicon remains the dominant 

choice due to its abundance, efficiency, and well- established industrial processing 

techniques [3.3]. However, traditional silicon solar cells face issues such as material 

constraints, efficiency losses, and high production costs. To overcome these 

challenges, silicon-based nanowire solar cells have emerged as a promising solution, 

providing higher efficiency and improved optical performance owing to their one-

dimensional nanostructure [3.4-3.6]. Silicon nanowire solar cells capitalize on the 

intrinsic properties of nanowires to capture sunlight more effectively, reducing losses 

associated with traditional planar solar cells. The high surface-to-volume ratio of 

nanowires enhances light absorption and increases the generation of photogenerated 

charge carriers [3.7]. Additionally, nanowires facilitate multiple exciton generation 

(MEG) pathways, potentially improving energy conversion efficiency [3.8]. Their 

nanoscale dimensions provide enhanced flexibility for integration onto different 
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types of substrates, making them ideal for use in flexible electronics, wearable 

devices, and building-integrated photovoltaic systems. Another major advantage of 

nanowires is their ability to manage light trapping more efficiently. By optimizing 

geometries and surface textures, silicon nanowire solar cells can greatly enhance 

light absorption over a wider range of wavelengths, leading to higher power 

conversion efficiency. Research has demonstrated notable improvements in key 

performance parameters such as short-circuit current density (Jsc) and open-circuit 

voltage (Voc), attributed to stronger light matter interactions within the nanowire 

structure.

The Si-SiGe core-shell structure provides the distinct advantage of adjustable 

bandgap properties, which can be fine-tuned by altering the germanium content in 

the SiGe layer. This flexibility allows for more precise optimization of the absorption 

spectrum to align with the solar spectrum, thereby improving the solar cell's overall 

light absorption efficiency [3.9]. By tuning the bandgap, solar cell devices can be 

engineered to absorb a broader range of the solar spectrum, resulting in improved 

light utilization and higher energy conversion efficiency [3.10].

Si-SiGe core-shell structure enhances light trapping in solar cells by 

promoting multiple light scattering, which increases the optical path length within 

the active material. This is especially crucial for thin-film solar cells, where 

maximizing light absorption is key to achieving high efficiency. The interface 

between the silicon (Si) core and the silicon germanium (SiGe) shell enhances carrier 

mobility, enabling faster charge transport and minimizing recombination losses, 

which together improve overall device performance [3.11]. Moreover, the Si SiGe 

structure is compatible with existing silicon-based fabrication processes, allowing 

seamless integration into current manufacturing technologies and promoting its 

potential use in commercial solar applications [3.12].

Core-shell Si-SiGe-Ge nanowire solar cells face several challenges that hinder 

their performance and efficiency. Key issues include reduced carrier mobility, where 

the shell impedes charge transport and increases recombination losses, particularly 

at the material interfaces [3.13-3.14]. Achieving optimal band alignment between 

the silicon core and germanium shell is essential for efficient charge separation, but 
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precise control over composition is difficult. Material interfaces can also suffer from 

defects and dislocations due to lattice mismatches, leading to trap states that diminish 

performance. Stability is another concern, as exposure to environmental conditions 

can degrade materials over time. Furthermore, scalability in fabrication remains a 

hurdle, with methods like chemical vapor deposition struggling to consistently 

produce high-quality nanowires at large scales [3.15]. Finally, the complexity of 

these materials and processes drives up costs, making it crucial to reduce expenses 

while maintaining quality for commercial viability [3.16]. Overcoming these 

challenges is crucial for the continued advancement of solar cell technology and for 

achieving higher efficiency and long-term stability.

On the other hand, axially graded SiGe nanowire structures offer advantages 

over core-shell designs, primarily through smoother charge transport, reduced 

recombination losses, and better bandgap engineering along the wire's length. This 

enables more effective absorption of a wider range of the solar spectrum while 

reducing interface defects that commonly occur in core shell structures as a result 

of lattice mismatches. Additionally, axial grading simplifies fabrication by avoiding 

the need for precise radial control and enhances carrier collection by optimizing the 

drift and diffusion of charge carriers, leading to improved solar cell efficiency.

The aim of this work is to explore the efficiency of axially piecewise graded 

Ge Si(1 x)Gex Si nanowire solar cells by investigating the effect of varying Ge 

composition in the SiGe layer. Specifically, this study will examine how varying 

germanium (Ge) compositions affect key photovoltaic performance parameters such 

as short-circuit current density (Jsc), open-circuit voltage (Voc), maximum power 

output (Pm), and fill factor (FF). Additionally, we will compare these piecewise 

graded structures with continuously graded compositions, and core to shell graded 

composition, to evaluate the impact of axially grading profiles on overall device 

efficiency. Through these simulations, we aim to gain valuable insights into 

optimizing Ge Si(1 x)Gex Si nanowire solar cells for improved energy conversion 

efficiency and overall device performance.
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3.2 Literature Review

The study of nanostructured solar cells, and particularly silicon germanium 

(SiGe) nanowires, has developed through several decades of incremental innovations 

in photovoltaic research. A clear understanding of this progression highlights how 

the present work on axially graded Si(1 x)Ge(x) nanowire solar cells build upon earlier 

concepts, from bulk silicon photovoltaics to advanced nanoscale architectures.

The concept of solar energy conversion through semiconductors was established 

in the 1950s with the first silicon solar cell demonstrated by Bell Laboratories in 

1954 [3.17]. This pioneering work established the p n junction as the fundamental 

building block of all photovoltaic devices. By the 1980s, crystalline silicon solar cells 

had advanced considerably, achieving efficiencies exceeding 20% [3.18]. However, 

they also approached the theoretical efficiency ceiling of approximately 33%, as 

defined by the Shockley Queisser limit [3.17].

By the late 1990s and early 2000s, researchers began exploring nanostructured 

semiconductors as a way to enhance light absorption and carrier transport. Work on 

silicon nanowires (SiNWs) in the early 2000s showed that vertically aligned 

nanowire arrays could act as effective light-trapping structures [3.19, 3.20]. These 

studies demonstrated that nanowires provided both optical and electronic 

advantages by reducing reflection, increasing absorption, and shortening carrier 

collection paths.

The incorporation of germanium into silicon to form Si(1 x)Ge(x) alloys gained 

attention in the early 2000s as a method of bandgap engineering. Ge-rich regions 

were shown to enhance absorption in the near-infrared range, extending the spectral 

response of silicon-based devices [3.21]. Early demonstrations of core shell Si SiGe 

nanowires highlighted the potential for heterostructures to improve carrier 
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confinement and collection. However, issues of lattice mismatch, defect formation, 

and recombination at interfaces limited performance [3.22].

In parallel, simulation techniques advanced rapidly. By the late 2000s, Monte 

Carlo simulations had become widely used for studying nanoscale carrier transport, 

providing insight into non-equilibrium effects, phonon scattering, and ballistic 

transport in nanowire devices [3.23]. These computational approaches allowed 

researchers to move beyond classical drift-diffusion models, offering predictive 

frameworks for nanostructured solar cells.

A major step forward was the proposal of graded bandgap devices, where the 

material composition varied smoothly to minimize recombination at interfaces. 

Around the 2010s, graded nanowire designs emerged as an alternative to core shell 

structures. Studies showed that axial grading of SiGe composition could provide 

smoother band alignment and improved charge separation, reducing recombination 

losses compared to abrupt heterojunctions [3.24, 3.25].

In the 2020s, research shifted toward systematic simulation and experimental 

validation of axially graded Si(1 x)Ge(x) nanowire solar cells. Monte Carlo models, 

supported by TCAD frameworks, demonstrated that grading germanium content 

along the nanowire length enabled better carrier transport and reduced 

recombination. Rai et al. [3.26] showed through Optical and Quantum Electronics that 

an axially graded Si(1 x)Ge(x) nanowire solar cell achieved peak efficiencies of ~14.8% 

at intermediate Ge mole fractions, outperforming uniform and core shell designs. 

This work confirmed that axial grading, combined with advanced simulation tools, 

provides a practical route for optimizing nanowire-based photovoltaics and 

advancing the performance of next-generation devices.
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3.3 Device Structure

Figure 3.1. The p-i-n core-shell Si-SiGe nanowire structure utilized in the simulation model

The solar cell in this model is a coaxial silicon nanowire structured with three 

distinct radial layers. Core, the innermost layer, is p-type core, responsible for 

collecting holes generated during the absorption of photons. Surrounding the core 

is a thin intrinsic (or neutrally charged) inner shell that separates the core and outer 

shell, reducing recombination losses by preventing direct contact between the 

positive and negative charge carriers. The outermost layer is a negatively charged 

n-type shell. This layer collects electrons generated during photon absorption and 

directs them toward the contacts to flow out as electricity. The nanowire's circular 

cross-section minimizes the distance that the electrons and holes must travel to reach 

their respective contacts, leading to faster and more efficient charge collection 

compared to a flat solar cell. Additionally, the material composition of the solar cell 

is modulated along the length of the nanowire. The cathode side consists of pure 

germanium, the middle section is made of SiGe (with a composition factor, =0.5), 

and the anode side is composed of pure silicon. This variation in material composition 

allows the solar cell to benefit from the unique bandgap properties of each material 

for more effective light absorption and charge transport.
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Table 3.1: Parameter values of the cylindrical Si-SiGe nanowire solar cell

Region Material

Radial 

Extent 

( m)

Length 

Along z-

Axis ( m)

Doping 

Type

Doping 

Concentration 

(cm ³)

1 (Core)
Germanium 

(Ge)
0 to 0.19 0 to 0.03 n-type 5 × 10¹

2 SiGe 0.08 0.03 to 3.105 n-type 1 × 10¹4

3 SiGe 
0.08 to 

0.16
0.03 to 3.105 n-type 1 × 10¹

4 SiGe 
0.16 to 

0.19
0.03 to 3.105 n-type 1 × 10¹

5 (Cap) Silicon (Si) 0 to 0.19 3.105 to 3.11 p-type 4 × 10¹7

6
Air 

(Surrounding)

Cathode 0

Anode 3.11

To evaluate the performance of the Si SiGe nanowire solar cell, this study uses a 

Monte Carlo simulation approach that incorporates quantum mechanical effects. The 

simulation focuses on examining how variations in doping concentration and 

temperature influence key photovoltaic parameters such as short-circuit current 

density (Jsc), open-circuit voltage (Voc), and overall energy conversion efficiency.

The quantum effects, including tunneling and carrier scattering, are incorporated 

through advanced models like Fermi statistics, SRH (Shockley-Read-Hall) 

recombination, and CVT (Conventional Valence Transport) mechanisms. The 

Monte Carlo approach allows for a detailed statistical analysis of electron and hole 

transport through the nanowire. The doping profile is varied across the regions, and 
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temperature is altered to simulate realistic environmental conditions. For analyzing 

the current voltage (I V) characteristics, the device simulation is performed 

iteratively, starting from the initial conditions. The voltage at the anode is then 

incrementally stepped to model and observe the photovoltaic response of the solar 

cell. Extracted parameters such as Jsc, Voc, and maximum power (Pm) are analyzed 

to understand the efficiency and fill factor (FF). Monte Carlo simulations allow for 

studying scattering events and temperature-dependent mobility, providing a deeper 

understanding of how quantum effects influence the overall performance of nanowire 

solar cell.

3.4 Result And Discussion

For the Ge-Si(1-x)Gex-Si nanowire structure the electrostatic potential distribution is 

shown in figure 3.2 with a final anode voltage of 0.55 V. The potential rises from the 

p-type cathode (-0.76 V) towards the n-type anode (0.60 V), creating a radial 

gradient. This distribution highlights the effect of the core/shell doping, where the 

p-type core exhibits a higher potential compared to the n-type shell. The radial 

separation of charge carriers, facilitated by the internal electric field, allows for 

efficient transport of electrons toward the shell and holes toward the core. This radial 

potential gradient reduces bulk recombination and ensures that photogenerated 

carriers can efficiently reach the contacts, further improving device performance.

Figure 3.2: Electrostatic potential profile from the cathode to anode under an applied anode voltage 

of 0.55 V
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Figure 3.3: Radial charge carrier distribution, illustrating the impact of bias voltage on electron 

and hole separation

Figure 3.3 shows the distribution of electron and hole concentrations under different 

applied voltages. The electron concentration reaches its maximum near the anode, 

while the hole concentration is highest near the cathode. When light is absorbed 

within the nanowire structure, it generates electron hole pairs, and the spatial 

distribution of these carriers is affected by the graded Si Ge composition. This 

graded profile helps in directing carrier transport, reducing recombination, and 

improving overall charge collection efficiency. In such nanostructures, the higher 

absorption at the periphery or surface, combined with enhanced light trapping, could 

lead to a higher generation rate of electron-hole pairs near the outer regions. This 

effect, along with the radial strain and bandgap variations, can further reinforce the 

observed disparity in electron concentration between the middle and the periphery 

under illumination, contributing to the overall charge transport and device 

efficiency.
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Impact of mole fraction change in Si(1-x)Gex layer

To investigate the impact of varying the mole fraction in the Si(1-x)Gex layer, we 

performed a Monte Carlo simulation of Si(1-x)Gex, incorporating data on energy gaps 

(Eg_indirect for conduction band minimum and L conduction band minimum), 

energy separations (E 1, Eg( -L), E 2), spin-orbit splitting energy (Eso), as well as 

the effective density of states for both the conduction and valence bands. 

Additionally, mobility values were taken into account and integrated into the solar 

cell simulation model.

Figure 3.4: Photocurrent variation for different SiGe compositions in the Ge-SiGe-Si structure

Figure 3.4 illustrates the variation in photocurrent for different SiGe compositions 

within the intrinsic region of the Ge-SiGe-Si structure, as the anode voltage 

increases up to 0.55V. It is observed that the short circuit current density (Jsc) 

increases as the SiGe content increases, reaching a peak at = 0.5 and stabilizing for 

higher Ge concentrations. The short-circuit current density is primarily influenced 

by the absorption properties of the material, which are in turn determined by the 

bandgap. Silicon-germanium (SiGe) alloys have a narrower bandgap compared to 

pure silicon. As the germanium (Ge) content increases, more photons particularly 

those in the infrared region are absorbed, leading to the generation of a greater 

number of electron hole pairs. This enhanced absorption results in a higher 

photocurrent and improved overall device performance. At = 0.5, the absorption 
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reaches an optimal level where the SiGe alloy is best tuned to capture the solar 

spectrum. Beyond this composition, the current density stabilizes because the further 

decrease in bandgap (due to even higher Ge content) doesn't significantly enhance 

photon absorption but may start to increase recombination, limiting further 

increases in current.

As the germanium (Ge) content in the SiGe alloy increases (i.e., as x increases), the 

bandgap of the material decreases. This reduction in bandgap allows the material to 

absorb lower-energy photons, extending absorption into the infrared region and 

enhancing the overall light-harvesting capability of the solar cell. A lower bandgap 

also means that thermal excitation of carriers is easier, which increases the reverse 

saturation current (i.e., reverse current) in the device. At x=0.5, the reverse current 

is optimum because this composition provides a balance between the bandgap being 

low enough to allow good photon absorption and high enough to limit excessive 

carrier recombination or thermal excitation. This leads to a reasonable reverse 

current without sacrificing too much Jsc. For lower values of x (i.e., closer to pure 

Si), the material has a larger bandgap. While this helps reduce reverse current by 

limiting the number of thermally excited carriers, it also lowers the absorption of 

low-energy photons, resulting in a decrease in the short-circuit current density (Jsc). 

In essence, the cell absorbs fewer photons, decreasing the short-circuit current but 

also lowering the reverse current due to the larger bandgap's reduced thermal 

generation of carriers. At higher values of x (closer to pure Ge), the bandgap 

decreases further, leading to an increase in the absorption of lower-energy photons, 

which increases Jsc. However, this also leads to an increase in reverse current, since 

the narrower bandgap allows more carriers to be thermally excited across the 

junction. Thus, while the cell generates more current under illumination (higher Jsc), 

it also suffers from higher reverse current, reducing its efficiency and stability.

This following table shows how the performance of the Si(1-x)Gex nanowire solar cell 

varies with increasing Ge content, reflecting changes in current density, voltage, 

power output, and efficiency.
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Table 3.2: summarizing the data for different Ge mole fractions in Si(1-x)Gex

Ge 

Mole 

Fraction

Jsc 

(A/cm²)
Voc (V)

Pm 

(W/cm²)
Vm (V)

Im 

(A/cm²)
FF

Efficiency 

(%)

x = 0.1
2.82819e-

11
0.415932 9.11e-12 0.34

2.67941e-

11
0.774439 8.03275

x = 0.2
3.21022e-

11
0.42187

1.05214e-

11
0.359985

2.92273e-

11
0.776891 9.27726

x = 0.3
3.48329e-

11
0.402325

1.08041e-

11
0.34

3.17768e-

11
0.770942 9.52653

x = 0.4
5.12068e-

11
0.358364

1.37561e-

11
0.299999

4.58538e-

11
0.749624 12.1295

x = 0.5
7.4626e-

11
0.310253

1.67564e-

11
0.239999

6.98186e-

11
0.723727 14.775

x = 0.6
7.21452e-

11
0.253692

1.24381e-

11
0.199998

6.21911e-

11
0.679579 10.9673

x = 0.7
7.11333e-

11
0.221654

9.60994e-

12
0.16

6.00621e-

11
0.609498 8.47358

x = 0.8
7.38658e-

11
0.21519

8.92732e-

12
0.14

6.37666e-

11
0.561637 7.87168

Jsc: Short-circuit current density (A/cm²)

Voc: Open-circuit voltage (V)

Pm: Maximum power output (W/cm²)

Vm: Voltage at maximum power (V)

Im: Current at maximum power (A/cm²)
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FF: Fill factor (unitless)

Efficiency: Conversion efficiency (%)

From the table, we observe how various parameters of the Si(1-x)Gex nanowire solar 

cell such as short circuit current density (Jsc), open circuit voltage (Voc), maximum 

power output (Pm), fill factor (FF), and efficiency change with increasing 

germanium (Ge) mole fraction (x) in the Si(1-x)Gex alloy. As the Ge mole fraction 

increases, the short-circuit current density increases, from 2.83×10 11 A/cm² at x = 

0.1 to 7.39×10 11 A/cm² at x = 0.8. This indicates better light absorption and higher 

carrier generation with increased Ge content. The open-circuit voltage decreases as 

Ge content increases. It starts from 0.415 V at x = 0.1 and drops to 0.215 V at x = 

0.8. This is likely due to the reduced bandgap of SiGe alloys with higher Ge content, 

leading to lower built-in potential and thus lower Voc. The maximum power output 

Pm initially increases with higher Ge mole fraction, peaking at x = 0.5 

(1.67564×10 11 W/cm²), and then decreases for higher x. This trend shows that the 

power generation improves up to a certain Ge content, after which the decrease in 

Voc dominates the overall output. The efficiency shows a similar trend to Pm. It 

peaks at x = 0.5, reaching a maximum efficiency of 14.77%. After x = 0.5, efficiency 

decreases, implying that the benefits of increasing Jsc are outweighed by the drop in 

Voc and other loss mechanisms (like increased recombination). The fill factor 

gradually decreases as the Ge mole fraction increases, indicating that the solar cell 

becomes less ideal in terms of how much of the generated current and voltage can be 

harnessed. This reduction is related to the internal series resistance and 

recombination effects within the solar cell.

The Si(1 x)Ge alloy features a tunable bandgap that decreases with increasing Ge 

concentration because germanium has a smaller bandgap than silicon. As the Ge 

mole fraction rises, the bandgap narrows, resulting in higher short-circuit current 

density (Jsc) and lower open-circuit voltage (Voc). The narrower bandgap enables 

absorption of longer-wavelength photons, generating more electron hole pairs and 

thereby increasing Jsc. However, this reduced bandgap also lowers the built-in 

potential of the p n junction, leading to a decrease in Voc.

At higher Ge content, the increased lattice mismatch between Si and Ge leads to 

more defects and higher recombination rates. This explains the reduction in fill 
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factor (FF) and the eventual decrease in efficiency beyond x = 0.5. Higher 

recombination losses also contribute to lower Voc as more carriers recombine before 

reaching the contacts. The SiGe alloy structure enhances photon absorption with 

increasing Ge content because germanium possesses a higher absorption coefficient 

in the infrared region. This allows the material to capture more low-energy photons, 

improving overall light-harvesting efficiency. However, this comes at the cost of 

reduced material quality, as Ge introduces strain and defects in the lattice, which in 

turn lead to recombination losses.

At around x = 0.5, the balance between enhanced absorption (higher Jsc) and 

manageable recombination losses (acceptable Voc, FF) results in the highest 

efficiency. Beyond this Ge fraction, the increasing recombination outweighs the 

benefits of higher light absorption, leading to a reduction in overall performance.

Comparison of (a) Ge-Si(0.5)Ge0.5 Si , (b) axially graded Ge-Si0.1Ge0.9- Si0.5Ge0.5-- Si0.9Ge0.1 Si 

and (c) core to shell graded Si- Si0.5Ge0.5-Ge (d) core to shell graded Ge- Si0.5Ge0.5 Si solar 

cell structure

(a)

(b)   

(c) 

(d) 

This section compares three nanowire solar cell structures: (a) a uniform Ge-

Si . Ge . -Si design, (b) an axially graded Ge-Si . Ge . -Si . Ge . -Si . Ge . -Si 

structure, and (c) core to shell graded Si- Si0.5Ge0.5-Ge (d) core to shell graded Ge-

Si0.5Ge0.5 Si solar cell structure in similar outer dimension. For the graded structures 

the internal dimensions are divided equally. Axial and core-shell grading offer 
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enhanced charge collection and reduced recombination. This following table shows 

how the performance of these 3 Si(1-x)Gex nanowire solar cell varies reflecting 

changes in current density, voltage, power output, and efficiency.

Table 3.3: Summarizing the data for different Ge-Si(1-x)Ge -Si configuration

Solar Cell 

Structure

Jsc 

(A/cm

²)

Voc 

(V)

Pm 

(W/cm²

)

Vm (V)
Im 

(A/cm²)
FF

Efficien

cy (%)

Axially Graded 

Ge-Si . Ge . -Si

7.4626e

-11

0.3102

53

1.67564e

-11

0.2399

99

6.98186e

-11

0.7237

27
14.775

Axially Graded 

Ge-Si . Ge . -

Si . Ge . -

Si . Ge . -Si

4.0753

3e-11

0.2709

59

7.70521e

-12
0.22

3.50237e

-11

0.6977

79
6.79408

Core to Shell (Si 

Core 

SiGe . Ge .

Shell)

5.8202

8e-11

0.1607

93

5.53278e

-12
0.12

4.61065e

-11

0.5911

97
4.87854

Core to Shell (Ge 

Core SiGe . -Si 

Shell)

5.7353

9e-11

0.1263

25

3.86033e

-12

0.0799

999

4.82542e

-11

0.5328

1
3.40385

Axially Graded Ge-Si . Ge . -Si structure shows the highest performance with the 

best balance between current and voltage. It has the highest Jsc (7.4626e-11 A/cm²), 

open circuit voltage (Voc = 0.310253 V), and fill factor (0.723727), leading to the 

highest efficiency of 14.775%. This is indicative of an optimal balance of material 

properties at this composition. Axially Graded Ge-Si . Ge . -Si . Ge . -Si . Ge . -

Si structure, while showing lower performance than the Si . Ge . counterpart, still 

provides respectable values with an efficiency of 6.79408%. The axial grading helps 
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balance the current and voltage but results in lower Jsc and Voc compared to the 

uniform structure.  Core-Shell (Si Core SiGe . Ge . Shell) design sacrifices open 

circuit voltage Voc = 0.160793 V) and fill factor (0.591197) but maintains a decent 

short circuit current. The efficiency is moderate at 4.87854%, which can be attributed 

to better surface passivation from the core-shell structure but a trade-off in voltage.  

Core-Shell (Ge Core SiGe . -Si Shell) structure exhibits the lowest performance 

across the board, with the smallest Voc (0.126325 V) and the lowest efficiency 

(3.40385%). Although the short-circuit current remains relatively high, the decrease 

in open-circuit voltage and fill factor considerably limits the overall power output of 

the solar cell.

The superior performance of the axially graded Ge-Si . Ge . -Si nanowire solar cell 

structure, even surpassing the core-shell design with expected surface passivation 

benefits, can be attributed to efficient drift of photo-generated carriers. The spatial 

bandgap gradient helps drive electrons and holes towards their respective contacts, 

reducing recombination losses and enhancing current collection. In contrast, core-

shell structures have a more abrupt junction, which can hinder the smooth transport 

of carriers. Besides, the gradual transition of materials ensures that photo-generated 

carriers are more efficiently transported before recombination can occur. The 

reduction of bulk recombination is key to maintaining high short circuit current 

while still achieving a high open circuit voltage. In core-shell designs, while surface 

passivation reduces surface recombination, the bulk recombination is not as 

effectively minimized if there are imperfections in the core region or at the core-shell 

interface. The axially graded Ge-Si . Ge . -Si structure achieves better band 

alignment across the junctions, allowing for more effective charge separation and 

reduced voltage loss. This leads to a higher open-circuit voltage and an improved fill 

factor (FF). However, the core shell configuration may experience misalignment of 

the conduction and valence bands at the interface, creating potential energy barriers 

that hinder efficient carrier transport and extraction.
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4.1 Introduction

technology has significantly increased energy demand. Renewable technologies like 

solar cells can become key to this cumulative call for power. A large percentage of 

solar industries use silicon to generate electricity. The market-ruling crystalline 

silicon solar cell has certain downsides like high cost of production and stagnant 

efficiency. To efficiently address the rising global energy demand, researchers are 

actively exploring innovative materials and device structures that can overcome the 

performance and cost limitations of conventional silicon-based solar cells. Several 

materials, including perovskites and chalcogenides, have been explored, but they face 

significant stability challenges, necessitating alternative solutions [4.1-4.3]. To 

develop high-efficiency solar cells, researchers have explored various ways to modify 

material structures, one of which is the creation of Quantum Dot Solar Cells 

(QDSCs). These devices utilize quantum dots as light-absorbing materials to enhance 

spectral absorption and improve overall energy conversion efficiency.

Quantum Dot Solar Cells (QDSCs) utilize the principle of multiple exciton 

generation (MEG), in which a single high-energy photon can produce multiple 

charge carriers. This process enhances light-to-electricity conversion efficiency by 
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in conventional solar cells. This mechanism theoretically enables power conversion 

efficiencies as high as 60%, as predicted by detailed balance limit models under ideal 

MEG conditions, significantly exceeding the Shockley Queisser limit of 32% [4.4,

4.5]. While first- and second-generation solar cells have reached near their practical 

efficiency limits, making further advancements challenging, third-generation solar 

cells, including QDSCs, have struggled to exceed even one-fourth of their theoretical 

efficiency potential, primarily due to non-radiative recombination and stability 

concerns. However, recent advancements in material synthesis, surface passivation, 

and interfacial engineering have led to efficiency improvements. PbS-based QDSCs 

have reached efficiencies close to 10%, while CsPbI perovskite QDSCs have now 

exceeded 15% in PCE [4.6-4.8]. These advances highlight the potential of QDs for 

photovoltaic applications, particularly in hybrid structures. In pursuit of low-toxicity 

alternatives, CuInS (CIS) quantum dots have shown increasing promise; for 

instance, multilayer TiO /CIS/CdS/CdSe architectures have achieved efficiencies up 

to 8.54% due to graded band alignment and interface engineering [4.9, 4.10]. 

Additionally, CIS QDs synthesized via an aqueous-phase chemical precipitation 

method using thioglycolic acid as a capping agent demonstrated 5.4% efficiency in 

TiO NPs/HSs/CIS/ZnS photoanodes, offering a scalable and environmentally 

friendly Pb- and Cd-free approach [4.11].

Despite significant advancements in quantum dot solar cells, TiO quantum dots 

(QDs) have received limited attention as active light absorbers. Due to their wide 

bandgap (~3.7 eV in QD form), TiO QDs primarily absorb ultraviolet (UV) 

photons a portion of the solar spectrum often neglected in conventional 

photovoltaic designs. While these characteristic limits, their standalone power 

conversion efficiency (PCE), it presents a valuable opportunity in tandem 

architectures. In such configurations, TiO QDs can function as UV-selective top 

layers, absorbing high-energy photons and allowing the remaining visible and 

infrared light to reach the underlying sub-cells. This enhances spectral utilization 

and simultaneously protects UV-sensitive materials like perovskite, organic, or 

silicon-based absorbers [4.12,4.13]. The most efficient tandem solar cells, especially 

those utilizing III V semiconductor materials, have achieved efficiencies above 46% 
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under concentrated sunlight [4.14]. Motivated by this progress, the present study 

focuses on the use of TiO quantum dots (QDs) not for record standalone efficiency, 

but as a stable, non-toxic, and low-cost UV-absorbing layer suitable for tandem solar 

cell integration. In this design, TiO QDs function as the upper absorber layer, while 

mesoporous TiO is employed as the electron transport layer (ETL), facilitating 

efficient charge extraction and transport. Rather than discarding the UV portion of 

sunlight or relying on complex UV filters, this approach enables simultaneous UV 

energy harvesting and photostability enhancement for the entire device, offering a 

novel pathway toward more efficient and durable next-generation photovoltaic 

systems. Moreover, TiO is highly compatible with existing solution-based 

processing techniques such as spin-coating, dip-coating, and screen printing, which 

supports its scalability for large-area, low-cost device fabrication. 

Conventional TiO electron transport layers (ETLs) often suffer from low carrier 

mobility, which leads to inefficient photogenerated electron transport and increased 

recombination losses. Dui Rahman et al. explored a solar cell design incorporating 

TiO and graphite as absorber materials; however, it resulted in a lower efficiency of 

1.09% [4.15]. To overcome these limitations, one effective strategy for enhancing 

solar cell performance is interfacial engineering. Proper band alignment between the 

active layer and the electron transport layer (ETL) is particularly important, as it 

facilitates efficient charge transfer, minimizes recombination losses, and improves 

overall device efficiency. Therefore, the proposed model is expected to enhance band 

alignment and lattice matching due to the intrinsic material compatibility between 

QD TiO and mesoporous TiO , which share the same composition but with an 

altered bandgap. The proposed solar cell features a ZnTe hole transport layer (HTL) 

atop TiO quantum dots (QDs), which act as UV absorbers with a wide bandgap 

(~3.7 eV). Photogenerated electrons are transported via an underlying mesoporous 

TiO electron transport layer (ETL), as illustrated in Figure 5.1(a). While the 

integration of a narrow-bandgap bottom sub-cell (e.g., silicon or perovskite) is 

beyond the scope of this study, the design remains adaptable for future tandem 

configurations.
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4.2 Literature Review

he development of quantum dot-based solar cells (QDSCs) marks a major 

breakthrough in third-generation photovoltaic technology. These cells are designed 

to overcome the efficiency limitations of traditional single-junction devices by 

exploiting quantum confinement effects and tunable electronic properties of quantum 

dots. The focus has gradually shifted from conventional bulk semiconductors to 

nanostructured absorbers such as quantum dots (QDs), which offer unique size-

tunable bandgaps, multiple exciton generation, and compatibility with tandem device 

architectures. A clear understanding of this progression highlights how the present 

work on TiO quantum dots (QDs) for ultraviolet (UV) photon harvesting builds 

upon earlier concepts and breakthroughs.

4.2.1 Early Developments in Photovoltaics and MEG Concept

The theoretical efficiency of single-junction solar cells, constrained by the Shockley

Queisser limit, was first described in 1961, establishing ~33% as the upper bound for 

conventional devices [4.28]. In the early 2000s, researchers proposed the concept of 

multiple exciton generation (MEG), in which a single high-energy photon can 

produce multiple electron hole pairs. This phenomenon has the potential to 

significantly increase photocurrent and, in theory, achieve solar cell efficiencies 

exceeding 60%. [4.29]. This idea provided the foundation for using semiconductor 

quantum dots in photovoltaics, as their quantum confinement effects allowed for 

energy levels suitable for MEG.

4.2.2 Emergence of Quantum Dot Solar Cells

The first wave of experimental QDSCs utilized PbS and PbSe nanocrystals, which 

demonstrated broad spectral absorption and tunable bandgaps. Early devices, 

however, suffered from low efficiencies due to high trap densities and unstable 

interfaces [4.30]. Subsequent refinements in surface passivation, heterojunction 

design, and ligand engineering helped push efficiencies close to 10% [4.31]. Around 

the same time, perovskite quantum dots (e.g., CsPbI ) emerged, combining the 

favorable optical properties of QDs with perovskite stability, leading to devices 

achieving efficiencies above 15% [4.32, 4.33].



Chapter 4: Quantum dot metal oxide for UV ray utilization in tandem solar cell 

77PH.D. THESIS BY ABIR JANA, 2026

4.2.3 Non-Toxic and Alternative QD Materials

Concerns regarding lead toxicity and environmental sustainability spurred research 

into non-toxic QDs such as CuInS (CIS). Architectures incorporating CIS and CdSe 

layers within TiO scaffolds demonstrated power conversion efficiencies of 8.54% 

due to favorable band alignment [4.34]. Aqueous synthesis routes further produced 

CIS QDs with ~5.4% efficiency, indicating scalability and environmental friendliness 

[4.35]. These studies emphasized the importance of material choice and interface 

design in improving both performance and sustainability.

4.2.4 The Need for UV Photon Harvesting

Despite improvements in visible and near-infrared performance, the UV portion of 

the solar spectrum remained underutilized. Conventional absorbers like silicon and 

perovskites show weak UV absorption and are prone to degradation under prolonged 

UV exposure [4.36]. This created an opportunity for wide-bandgap QDs such as 

TiO , which can selectively absorb high-energy UV photons. By integrating such 

QDs as a UV-harvesting layer, tandem architectures can both improve efficiency and 

protect underlying sub-cells from UV damage.

4.2.5 TiO Quantum Dots in Tandem Architectures

Titanium dioxide (TiO ), already well established as an electron transport material 

in dye-sensitized and perovskite solar cells, has recently gained attention as a 

promising UV-selective absorber. Its wide bandgap, strong UV absorption, and 

excellent chemical stability make it suitable for improving the efficiency and 

durability of next-generation photovoltaic devices. Nanoscale TiO exhibits strong 

confinement effects, widening its bandgap to ~3.7 eV and enabling absorption in the 

300 400 nm range [4.37]. Unlike Cd- or Pb-based QDs, TiO QDs are non-toxic, 

chemically stable, and environmentally benign, making them particularly attractive 

for integration in tandem architectures [4.38]. In this role, TiO QDs act as both 

UV absorbers and spectral filters, transmitting visible and infrared light to deeper 

junctions while harvesting the otherwise wasted UV photons.
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4.2.6 Experimental Progress on TiO QD Solar Cells

Recent work has demonstrated the fabrication of TiO QDs via sol gel and 

ultrasonication methods, producing QDs in the 3 5 nm size range with widened 

bandgaps around 3.7 eV [4.41]. Photoluminescence studies confirmed strong UV 

emission at ~360 378 nm, consistent with efficient UV absorption and confinement 

[4.42]. Devices fabricated with these quantum dots (QDs) achieved efficiencies of 

approximately 4.7%, featuring an open-circuit voltage (Voc) of 0.77 V, a short-circuit 

current density (Jsc) of 7.43 mA/cm², and a fill factor (FF) of 65.5% [4.41]. While 

these values are lower than mainstream QDSCs, the significance lies in their 

integration into tandem solar cells, where even modest improvements in UV 

harvesting can substantially raise the overall efficiency and enhance device longevity 

[4.43].

4.2.7 Summary of Literature Insights

From the Shockley Queisser efficiency framework [4.28] to the multiple exciton 

generation concept [4.29], the literature reflects a consistent pursuit of strategies to 

extend the operational limits of photovoltaics. The evolution from Pb-based QDs 

[4.30,4.31] to perovskite QDs [4.32, 4.33] and non-toxic CIS QDs [4.34, 4.35] laid 

the groundwork for environmentally sustainable QDSCs. Against this backdrop, 

TiO QDs have emerged as a niche but impactful solution, specifically targeting the 

underutilized UV spectrum. Their unique role is not in maximizing standalone 

efficiency, but in contributing incremental gains and durability in tandem 

architectures [4.41]. The reviewed studies confirm that TiO quantum dots are a 

promising pathway toward both higher efficiency and improved stability in next-

generation solar cells.

4.3 Experimental Details

The quantum dot (QD) solar cell was synthesized using a cost-effective sol-gel reflux 

condensation method. In this process, 1 g of TiO powder was dispersed in 5 ml of 

2-propanol and stirred magnetically for 1 hour at room temperature to obtain a 

uniform solution. The resulting mixture was then spin-coated onto a fluorine-doped 

tin oxide (FTO) glass substrate at 3000 rpm for 1 minute, with the procedure 
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repeated three times to form a uniform and compact TiO layer. After each coating 

cycle, the substrate was annealed at 110°C for 10 minutes to improve film adhesion 

and crystallinity. This deposited TiO layer functions as the electron-collecting layer 

in the solar cell structure.

The UV-absorbing TiO quantum dot (QD) solution was synthesized by dissolving 

20 mM titanium tetra-isopropoxide (TTIP) in 20 mM glacial acetic acid with 

continuous stirring for 15 minutes. Afterward, deionized water was added, and the 

mixture was stirred for 1 hour at room temperature [4.16]. Then, 250 ml of 

concentrated HNO was slowly added while heating the solution to 70°C. Once the 

reaction mixture cooled, 5 ml of deionized water was introduced, followed by 

refluxing for 7 hours at 100°C. The resulting product was annealed for 30 minutes 

at 400°C to enhance crystallinity.

For preparing the colloidal suspension, the annealed TiO QD powder was dispersed 

in 2-propanol and ultrasonicated for 8 hours at 45°C with a flow rate of 300 L/min 

[4.17]. This QD solution was then spin-coated onto the mesoporous TiO -coated 

substrate at 3000 rpm for 1 minute, repeated three times to achieve a total film 

thickness of about 800 nm. Finally, the semi-fabricated device was preheated at 60°C 

for 10 minutes to ensure proper film adhesion and solvent evaporation.

A ZnTe hole transport layer (~200 nm) was subsequently deposited via thermal 

evaporation at 300°C under a vacuum of 10 mbar [4.18]. For metal contact 

formation, silver paste was screen printed to the ZnTe layer, which serves as the 

hole-collecting electrode. The device was mildly annealed at 120°C for 10 minutes to 

enhance interfacial adhesion and electrical connectivity. The approximate thickness 

of the silver contact is 100 150 nm. The FTO substrate served as the electron-

collecting electrode, with proper cleaning to ensure reliable contact. This step 

completed the fabrication of the device structure, which is schematically shown in 

Figure 4.1(a). The complete fabrication process and sequential steps involved are 

depicted in Figure 4.1(b).
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Figure 4.1(a): Schematic illustration of the proposed structure

4.4 Device Physics

Solar efficiency is affected by several factors, including our inability to utilize the 

entire spectrum of light for electricity production, generation of trap states, charge 

recombination, and lattice mismatch that facilitates point defects. When developing 

Figure 4.1(b): The fabrication process: (a) Weighing the precursor materials(b), the precursor 
solution is mixed (c), Ultra sonification of solution (d)Masking of the sample (e)The QD-coated 

substrate (f) Thermal deposition of ZnTe (g) After deposition of ZnTe. (h) Final assembly.
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a photovoltaic solar cell, the primary goal is to optimize the efficiency-to-cost ratio. 

Tandem solar cells help to solve this problem to some extent. TiO , a broad bandgap 

material, absorbs the UV range of the spectrum, improving the cell's effectiveness 

while minimizing expense, compared to the currently used silicon solar cell, which is 

a narrow bandgap material covering the infrared to the visible light spectrum. The 

proposed structure can be a suitable candidate for the upper part of a tandem solar 

cell [4.19]. Quantum dot solar cells adhere to the operational guidelines established 

by the multiple electron generation. When a bulk semiconductor absorbs one photon, 

it triggers a transition of electrons moving from the valence band into the conduction 

band, which has a higher energy level, but if the bulk semiconductor is not paired 

with another component or a p-n junction is not formed, the electron will instead 

relax to the lowest of the conduction band, resulting in wasted heat as shown in Fig. 

4.2(a) and 4.2(b). This occurs because the energy levels in bulk semiconductors are 

very tightly separated, and the energy released corresponds to infrared energy. 

Unlike in QD, the electron, after absorption of a photon, may be exited to LUMO 1. 

Energy loss in relaxation is sufficient to be in the range of visible light, which gets 

reabsorbed by the neighbouring electron, and the energy of this visible light is high 

enough to excite the electron, as shown in Fig. 4.2(b). Multiple generations will only 

occur if the energy state is distinct enough to produce energy equivalent to photon 

energy [4.20].

            

                                    (a)                                                                   (b)

Figure. 4.2(a) Band alignment of TiO2 mesoporous and TiO2 QD (b) Energy state of bulk and QD 

nanomaterials
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In contrast to QD, an electron can leave LUMO 1 after it has absorbed a photon, and 

the very high energy loss that occurs during relaxation puts it within range of visible 

light. The neighbouring electron will then reabsorb this visible light, and the energy 

of this visible light is sufficient to activate the electron. 

4.4 Result and discussion

The tandem solar cell design leverages the complementary absorption properties of 

ZnTe and TiO quantum dots (QDs) to enhance overall efficiency. The ZnTe layer 

effectively absorbs high-energy photons in the ultraviolet (UV) to green region, 

ensuring efficient utilization of the higher-energy portion of the solar spectrum. This 

absorption is critical as it harnesses photons that have higher energy levels, thereby 

contributing significantly to the power conversion efficiency (PCE). Meanwhile, the 

TiO QDs layer primarily absorbs UV energy and some visible rays, further boosting 

the efficiency in the high-energy region. The combined absorption characteristics of 

these two layers ensure a broad coverage of the solar spectrum from the UV to the 

green area. Additionally, their transparency in the near-infrared region above 550 

nm for ZnTe and above 400 nm for TiO QDs allows lower-energy photons to pass 

through to the underlying bottom layer [4.21].

This synergy maximizes the use of the entire solar spectrum, leading to higher 

overall efficiency. Quantum dots (QDs) inherently possess a high density of surface 

defects, a recombination site for charge carriers. This characteristic can significantly 

impact the performance of QD-based solar cells. In our study, the interfaces between 

ZnTe, TiO QDs, and mesoporous TiO play a significant part in the overall device 

performance. Poor interface quality can lead to substantial efficiency losses due to 

increased recombination of charge carriers. Specifically, our device's reduced Jsc and 

overall PCE can be attributed to inefficient charge separation at the ZnTe/TiO QD 

interface. This suggests that the interfacial engineering between these layers needs 

to be optimized to minimize recombination losses and enhance charge transport 

[4.22]. Table 4.1 shows the performance of TiO quantum dot (QD) layers as both 

the interlayer and absorber layer. The Voc of 0.77 V indicates a reasonably good 

potential difference generated by the cell. However, while moderate, the Jsc value of 

7.43 mA/cm² points towards potential inefficiencies in the charge production and 
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collection. The fill factor (FF) of 65.51% indicates moderate charge carrier collection 

efficiency but also suggests room for improvement in reducing resistive losses within 

the cell. The fabricated quantum dot (QD) solar cell achieved a power conversion 

efficiency (PCE) of 4.68%, which was determined using the following formula:

         (4.1)

Table 4.1: Performance parameters of fabricated QD solar cell

Interlayer Absorber

Layer

Voc

(V)

Jsc

(mA/cm2 )

FF(%) PCE(%)

TiO2 QD TiO2 QD 0.77      7.43 65.51% 4.68%

Figure 4.3: IV curves of TiO2 QD generated using MATLAB-Simulink

In Figure 4.1(a), the schematic diagram of the proposed model shows the device 

structure consisting of a TiO quantum dot (QD) layer deposited on mesoporous 

TiO , followed by a hole collector layer formed on the surface of the QD layer. This 

configuration enables effective light absorption, charge separation, and carrier 

transport within the solar cell. It has been reported that forming heterojunctions 

with metal oxides can improve the device's general performance. Figure 4.3 shows 

the I-V characteristics of the proposed model, which is plotted using MATLAB 
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Simulink. SEM investigations clarified the shape and size distribution of the TiO2 

and mesoporous TiO2 nanopowder.

           

(a)                                                   (b)

Figure. 4.4 Scanning Electron Microscope image of (a) modified TiO2 quantum dot (b) mesoporous 

TiO2 [4.23]

Figure 4.4(a) is an SEM image of TiO2 QD, taken at a higher magnification of 65.3 

KX with a scale bar of 10 nm, which provides a more detailed view of the particles. 

It confirms the quantum dot structure of TiO , with an average size of 3 4 nm and a 

highly porous morphology. This type of structure enhances charge transport, as 

discussed in the experimental section. The rough surface texture observed at this 

magnification can further enhance the catalytic properties, which are advantageous 

for photovoltaic and photocatalytic applications. This account shows that sol-gel and 

ultrasonication are simple and environmentally friendly methods for synthesizing 

pure QDs of TiO2 in phases. The quantum dots (QDs) exhibit an exceptionally high 

surface-to-volume ratio due to their nanoscale dimensions, enhancing their efficiency 

in applications where increased surface interaction plays a critical role in optimizing 

performance. Figure 4.4(b) depicts the SEM image of mesoporous TiO particles 

with a scale bar of 500 nm, confirming their relatively small dimensions, with the 

majority of particles measuring below 100 nm in diameter. The nanoparticles exhibit 

a predominantly spherical morphology with a tendency to aggregate, a characteristic 

commonly observed in nano powders due to their high surface energy and strong 

interparticle van der Waals interactions. The uniformity in particle size suggests a 
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controlled synthesis process, resulting in a consistent product. The smooth surface 

texture of the particles indicates well-crystallized TiO2, which is beneficial for 

applications requiring high photocatalytic activity and efficient electron transport in 

solar cells. The fabrication process yielded TiO nanoparticles in various forms. 

Ultrasonication plays a crucial role in achieving different particle dimensions and is 

one of the fastest and most cost-effective techniques for processing nanomaterials.  

The sonification time can be increased for further size reduction, maintaining the 

same temperature and flow rate. It is also noted that ultra-sonification produces 

cavitation. When a fluid's pressure goes below the vapor pressure, it forms bubbles. 

Shear stresses rupture bubbles, causing small shockwaves that weaken particles over 

a specific time. Vibrational frequencies create small cracks in sections, causing 

fracturing particles into smaller sizes. It is also noticed that the sizes of QD particles 

are not the same instead, there is variation from 3nm to 5 nm on average. The surface 

defects produced in QD are more than mesoporous TiO2, as relevant from SEM 

images; the sonification process could also generate this. It has been reported that if 

the processing temperature is increased from 45° C to 60° C, the possible defects can 

be reduced to a significant extent [4.24]. Besides the size of particles, band alignment 

is also an essential prerequisite for developing optoelectronic devices with 

heterojunction. It typically controls the movement of charge trajectories through the 

device. The conduction band of the ETL layer must be at a lower energy than the 

LUMO of QD, or the electron affinity of ETL must be greater than QD and HTL's. 

The bandgap (Eg) of the QD TiO2 (Eg) can be calculated using the Effective Mass 

Approximation (EMA) equation, and it has been estimated as 3.7eV. 

         (4.2)

Where Eg(bulk) is bandgap of TiO2(3.2 eV), R is the size of QD  TiO2, is the 

-16, of 

electron(9.1×10-31 kg), of hole, e is charge of 

electron(1.6×10-19) and , R is the radius that 

corresponds to the particle size, which was experimentally determined from SEM 

and XRD measurements of the synthesized quantum dots. While this method 

provides a reasonable theoretical estimation, experimental validation through 
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techniques such as UV-Vis absorption spectroscopy (Abs) and ultraviolet 

photoelectron spectroscopy (UPS) would be required for precise measurement. 

Figure. 4.5(a): XRD plot of (i) TiO2 quantum dot (ii) mesoporous TiO2 [4.23]

      

(i)                                                               (ii) 

Figure. 4.5(b): PL spectra of (i) TiO2 quantum dot (ii) Quantum Efficiency (QE) spectrum of the 

fabricated quantum dot (QD) solar cell

QD and nanoparticle sizes can also be studied using an X-ray diffraction (XRD) 

pattern. Figure 4.5(a)(i) and Figure 4.5(a)(ii) show the XRD pattern of TiO2 QD and 

TiO2 mesoporous. The particle size of TiO QDs was estimated using Scherrer s 

equation applied to XRD data. The Scherer equation is as follows:

                                                                            (4.3)

(i)                                           (ii)
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Here, k is a dimensionless shape factor of value 0.9, is the wavelength of the X-ray, 

denotes Bragg angle at half maximum intensity, and

. While this method provides a 

reasonable approximation of crystallite size, it does not account for factors such as 

agglomeration or variations in particle shape. The average size of TiO2 QD is 

calculated as 5.02 nm at peak position (2

105.59. The XRD pattern provided likely corresponds to anatase TiO2 quantum dots, 

given the peak positions and their broadening. The XRD data is compared with the 

JCPDS card data for anatase (JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276), 

which confirm that the observed peaks align well with the expected diffraction 

patterns of TiO . The broadened peaks in Figure 4.5(a)(i) occur due to small particle 

sizes. The XRD pattern predominantly matches one phase (e.g., anatase), which 

indicates high phase purity. Anatase TiO2 boasts superior electron mobility, 

facilitating efficient electron transport from quantum dots to electrodes, thereby 

reducing recombination losses. Its conduction band aligns well with the energy levels 

of many quantum dots, promoting efficient electron injection and charge separation. 

The high surface area of anatase TiO provides more active sites for quantum dot 

attachment, which increases light absorption and enhances the generated 

photocurrent.

Additionally, Anatase TiO2 is chemically stable and resistant to photo corrosion, 

ensuring long-term durability and consistent performance of QDSCs. Its structure 

supports efficient charge separation and electron extraction, reducing recombination 

rates and improving quantum efficiency. Furthermore, anatase TiO2 enhances light 

scattering within the solar cell, increasing the optical path length and chances of light 

absorption by quantum dots. It is versatile and compatible with a wide range of 

quantum dots, allowing optimization for different spectral ranges and applications. 

Surface modifications of anatase TiO2 improve the binding and stability of quantum 

dots, enhancing overall solar cell performance. In Figure 4.5(a)(ii), the pattern 

indicates the presence of both anatase and rutile phases of TiO2. The key peaks 

observed at approximately 25°, 27°, 37°, 48°, 55°, and 62° match well with the (101), 

(110), (004), (200), (105), and (204) planes of anatase, and the (110) plane of rutile, 

respectively. The relatively sharp peaks suggest that the TiO2 particles are well-
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crystallized and not in the nanometre size typical of quantum dots. Using the 

Scherrer equation with an assumed FWHM of 0.1° for the peak at 25°, the estimated 

crystallite size is approximately 83.4 nm, indicating larger particles, and The average 

particle size of the mesoporous TiO was determined to be approximately 64.5 nm.

This mixed-phase composition of anatase and rutile TiO2 can be advantageous for 

solar cell applications, as anatase offers high photocatalytic activity. In contrast, 

rutile provides better stability and a higher refractive index. Larger TiO particles 

can enhance electron transport by providing better connectivity between grains and 

reducing charge recombination losses, thereby improving the overall efficiency of the 

solar cell [4.25].

The electrical performance of the fabricated TiO quantum dot (QD) solar cell is 

strongly affected by the size and morphology of the quantum dots, as confirmed by 

SEM and XRD analyses. Average crystallite size of ~5.02 nm and the narrow particle 

size range of 3 5 nm promotes quantum confinement, which widens the bandgap to 

~3.7 eV and enables selective UV absorption. The high surface-to-volume ratio of 

these nanostructures facilitates efficient exciton generation and separation, while the 

mesoporous structure improves light scattering and provides interconnected 

pathways for charge carrier transport. These structural advantages contribute to 

effective charge extraction and reduced recombination, supporting the observed 

short-circuit current density (7.43 mA/cm²) and fill factor (65.51%). Moreover, the 

relatively uniform particle distribution minimizes interfacial barriers, improving 

carrier mobility and reducing energy losses. Although minor variations in size may 

introduce trap states, the controlled synthesis conditions help maintain crystallinity 

and suppress defect formation. Thus, the particle size distribution and surface 

architecture of TiO QDs play a critical role in achieving stable and efficient 

photovoltaic performance in the proposed device structure.

Figure 4.5(b)(i) shows the photoluminescence (PL) spectrum of TiO2 quantum dots 

(QDs). The spectrum exhibits two key peaks: the primary emission at 360 nm and a 

secondary emission at 378 nm. The primary peak at 360 nm corresponds to the high-

energy UV emission characteristic of the quantum dots' bandgap, indicating an 

efficient absorption and re-emission of UV light. This property is particularly 
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advantageous in tandem solar cells, where the top cell, typically a wide-bandgap 

material, absorbs higher energy photons and transmits lower energy photons to the 

bottom narrow-bandgap material. The secondary peak at 378 nm suggests the 

presence of additional emission features, possibly due to surface states or defect states 

within the TiO2 QDs. The gradual decrease in intensity beyond these peaks indicates 

a lower emission at longer wavelengths. The strong UV absorption and emission 

characteristics of TiO quantum dots (QDs), indicated by peaks at 360 nm and 378 

nm, enhance energy transfer processes in tandem solar cells and enable better 

utilization of the solar spectrum, thereby improving overall efficiency. However, the 

peak observed at 378 nm, which likely corresponds to defect-related states, 

underscores the need for precise defect control to reduce non-radiative 

recombination losses and maintain high device performance. The PL spectrum 

underscores the potential of TiO2 QDs to significantly contribute to the performance 

enhancement of tandem solar cells through effective UV light absorption and 

emission [4.24, 4.26-4.27]. 

The Quantum Efficiency plot shown in Figure 4.5(b, ii) were recorded across the 

spectral range of 300 800 nm under steady-state conditions at room temperature. 

To ensure accuracy, multiple scans were averaged, and experimental inconsistencies 

due to light fluctuations and sample alignment were minimized. The plot supports 

the photoluminescence spectrum of TiO2 quantum dots by confirming their high 

efficiency in converting UV light into electrical energy. The strong alignment 

between the quantum efficiency (QE) peak at 360 nm and the photoluminescence 

(PL) emission peak confirms the effectiveness of TiO quantum dots (QDs) in 

boosting the UV light response, thereby enhancing the performance of tandem solar 

cells. This improved UV absorption and conversion capability is crucial for 

maximizing the efficiency and performance of tandem solar cells, making TiO2 QDs 

a valuable component in these advanced photovoltaic systems.
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Figure 4.5(c): Energy-dispersive X-ray spectroscopy (EDS) spectrum of the fabricated quantum dot 

(QD) solar cell

Figure 4.5(c) presents the Energy Dispersive X-ray Spectroscopy (EDS) spectrum of 

the fabricated sample, showing distinct elemental peaks corresponding to oxygen 

(O), zinc (Zn), tellurium (Te), and titanium (Ti). The most intense peak appears at 

approximately 4.5 keV, confirming that titanium is the dominant element in the 

sample composition. The presence of oxygen suggests the sample contains oxides, 

such as titanium dioxide (TiO2). Zinc is identified by peaks around 1.0 keV and 8.6 

keV, indicating its presence, potentially in the form of zinc telluride (ZnTe). 

Tellurium peaks are observed around 3.7 keV and 4.3 keV, suggesting the sample 

includes tellurium compounds. 

Compared to well-established quantum dot systems such as CdS/CdSe and CuInS -

based structures, the TiO QD-based device in this work exhibits a distinct design 

philosophy and functionality. While co-sensitized multilayer photoanodes like 

TiO2 NCs/TiO2 HSs/CIS/CdS/CdSe(Xmin)/ZnS have achieved higher efficiencies 

up to 8.54% through band alignment engineering and co-passivation strategies they 

primarily operate in the visible region and require complex layer stacking and toxic 

materials like Cd or In. In contrast, the use of non-toxic, stable, and scalable TiO

QDs offers a compelling route to enhancing overall tandem cell performance by 

capturing UV photons that most absorbers neglect. It also provides an additional 

benefit of photostability and protection for underlying absorber layers. Furthermore, 
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unlike CdSe or CIS QDs which require strict synthesis conditions or surface 

treatments, the TiO QDs in this study were synthesized using a low-cost, 

environmentally friendly sol-gel approach [4.9, 4.11].
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5.1. Introduction:

Gas sensing has become crucial in various real-life circumstances ranging from 

domestic arenas to industrial complexes in the field of health, food, chemical, and 

automation to name a few. Besides, the area is provided with more impetus for 

maintaining environmental norms, censoring pollution, and exploring scientific 

investigations [5.1-5.5]. For satisfying the future demand for sustainable energy 

sources, hydrogen has emerged as an attractive choice due to its highest specific 

energy content with a yield of about 122 kJ/g, eco-friendly and renewable 

characteristics [5.6, 5.7]. It is also employed in fuel cell production, petroleum 

refining, generators, nuclear reactors, and so on. If employed, green-hydrogen 

technology can foster decarbonization and attain the economic evolution that will 

emphasize sustainable development.

Despite all these magnificent features, hydrogen is extremely flammable and 

explosive because of low ignition energy, low boiling point, and broader flammable 

span with air fuel ratio from 0.14 to 10 [5.8-5.11]. In particular, the detection of 

hydrogen gas is considered to be an important research front rapid detection of gas 

leakage is a necessity [5.12]. Hence, it is of utmost importance to create highly 

selective, rapid sensing, low-cost, energy efficient, and scalable hydrogen sensors for 

fast detection even at a low concentration. 
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Over the past few decades, field effect transistor (FET) based hydrogen gas 

sensors have been widely explored and are high in demand. Attributes like low-power 

consumption, better on-chip integration, good sensitivity, and capability of detecting 

weakly adsorbed molecules make FET-based gas sensors a promising choice. The 

first FET hydrogen sensor was proposed in 1975 by Lundstrom et.al. [5.13] where 

Palladium was considered as the sensing gate electrode. The results presented in this 

study show that a palladium-gate MOS transistor can effectively operate as a 

hydrogen sensor, demonstrating a sensitivity of around 10 ppm of hydrogen in air 

and exhibiting a reasonable response time when operated at 150°C. Following up, 

various FET structures have been proposed for hydrogen sensing. In 2008, M. Safari 

et.al. proposed an SOI-based MOSFET hydrogen sensor with a platinum gate 

electrode [5.14]. They modeled the dipole created at the interface of Pt/SiO2 as a 

capacitor to capture the effect of adsorbed hydrogen gas on the platinum surface at 

different pressures. In this study, the authors presented an analytical approach to 

monitor changes in the threshold voltage and formulated an equation to predict its 

variation in a MOSFET-based gas sensor under different hydrogen gas pressures. 

Owing to their superior sensitivity and lower power consumption compared to 

conventional MOSFETs, Tunnel Field-Effect Transistor (TFET)-based gas sensors 

have also been extensively investigated in recent years. In 2012, D. Sarkar et.al. 

proposed a TFET hydrogen sensor that exhibited 10000 times better sensitivity in 

comparison to the MOSFET counterpart [5.15]. Jaya Madan and Rishu Chaujar 

studied a hetero-dielectric TFET as a hydrogen gas sensor that leverages the band-

to-band tunneling phenomenon [5.16]. Their findings revealed that at a pressure of 

1 × 10 ¹ Torr, the sensitivity of a conventional Tunnel Field-Effect Transistor 

(TFET) is approximately 626 times greater than that of a conventional MOSFET, 

highlighting the superior detection capability of TFET-based gas sensors. Gate-All-

Around (GAA) FETs are also demonstrated for hydrogen gas sensing. S. Mokkapati 

et.al. studied a junctionless (JL) GAA nanowire gas sensor with a palladium gate 

material [5.17]. Their work focussed on low-power hydrogen sensing for a range of 

ambient temperatures (250-450 K) at various gas pressures. They achieved a 

threshold voltage sensitivity of ~100 mV and current sensitivity of ~40 for 

Torr hydrogen gas pressure. Y. Pratap el. al focussed on exploring the impact of 
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geometrical parameters of a GAA JL FET on its sensitivity [5.18]. Their conclusion 

was that the Gate-All-Around (GAA) Junctionless Transistor (JLT) exhibits 

superior sensitivity compared to the inversion mode GAA MOSFET. By 

incorporating the Gate-All-

further enhanced by nearly three times compared to the conventional TFET. This 

improvement results from the superior electrostatic control offered by the cylindrical 

GAA geometry, which enables better modulation of the channel potential.

Furthermore, at the same hydrogen pressure of 1 × 10 ¹ Torr, the High-Dielectric 

(HD) GAA-TFET demonstrates a remarkable increase in sensitivity 

approximately 3.5 × 10 times higher than the conventional MOSFET, 56 times 

higher than the conventional TFET, and 30 times higher than the standard GAA-

TFET, respectively. Recently, in 2021, H.D. Sehgal et.al proposed a junctionless fin 

field effect transistor (JL-FinFET) based hydrogen sensor where threshold voltage 

sensitivity was found to be 0.53 V at Torr with 40 nm fin height and 50 nm 

channel thickness [5.19]. Other FET architectures like trench gate MOSFET 

[5.20] and polarity-controlled FET [5.21] have also been used for hydrogen gas 

sensors.

Hydrogen sensors can be broadly categorized into several types, including catalytic, 

electrochemical, resistance-based, work function-based, and optical sensors [5.22, 

5.23]. Among them, the micromachined thermoelectric hydrogen sensor ( -THS), 

developed for use in hydrogen refueling stations, exhibits a linear response over a 

wide hydrogen concentration range in air from 10 ppm to 4%. Additionally, 

amperometric hydrogen sensors have been reported to detect hydrogen 

concentrations ranging from 5 ppm (in argon) up to 100%, demonstrating their wide 

applicability. Moreover, thin films of palladium-coated Mg Ni alloys have been 

investigated for room-temperature hydrogen detection, effectively covering a 

detection range between 10 ppm and 10%, showing strong potential for low-power, 

ambient-condition operation. Work-function based detection method is more 

advantageous as it can detect as low as 5 ppm of hydrogen gas. The main principle 

of such sensors is the work-function variation when gas molecules are adsorbed over 

the surface. For this method of detection, metal-semiconductor Schottky diodes 

(MSD) and metal-oxide-semiconductor field effect transistors (MOSFET) are 
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popular choices. In hydrogen-sensitive MOS structures, hydrogen atoms diffuse 

through the metal layer and adsorb at the metal oxide interface. At this interface, 

the adsorbed hydrogen atoms become polarized, forming a dipole layer that modifies 

the metal work function and shifts the energy levels at the metal insulator 

interface.Typically, palladium (Pd) and platinum (Pt) are the most commonly used 

materials for hydrogen gas sensing due to their high catalytic activity and strong 

hydrogen absorption capability. However, other materials such as iridium (Ir) [5.24], 

palladium silver (Pd Ag) alloys [5.25], and palladium chromium (Pd Cr) 

composites [5.26] have also been explored as gate electrodes in metal insulator

semiconductor (MIS) configurations to enhance sensor performance and stability.

However, sensors that rely on a single device are often prone to measurement 

inaccuracies due to several factors:

a) Unstable response over time,

b) Lack of reproducibility between measurements, and

c) Challenges in maintaining high resolution across a wide range of sample 

concentrations.

These limitations highlight the need for advanced sensor architectures or array-

based systems to achieve greater accuracy and reliability [5.27]. Such errors can be 

plunged significantly by interpreting multiple measurement data from a single 

sensor. A faster approach is the use of an array of multiple sensors [5.28] which is 

even able to cater as a real-time detector of multiple gases [5.29]. The crossbar 

architecture gas sensors have been reported with two perpendicularly intersecting 

sets of wires with a sensing device placed at each intersecting point [5.27]. Thus, 

the crossbar architecture is deployed in memristor-based memory to utilize the 

advantage of very high-density composition. SnO2-based sensors array has proved to 

be commercially viable for detecting multiple organic samples [5.30, 5.31].

      With the promotion of the Internet of Things (IoT), the requirement for 

miniaturized gas sensors has amplified manyfold with the prime requirement of 

scalability, and reliability with extremely low power consumption [5.32- 5.33]. To 

meet such requirements without compromising sensitivity, selectivity, and 

reliability, hydrogen gas sensors based on the metal-semiconductor Schottky devices 

can be proved to be promising candidates. When the array is exposed to the gas, the 

work function of the sensing electrode changes based on the pressure of the gas 
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molecules, impacting the current conduction. In this manner, the crossbar 

architecture can be put to efficient use as a gas sensor using change in work function 

[5.27, 5.28]. However, Sneak path current (SPC) is one of the unavoidable 

phenomena in crossbar array configuration [5.34, 5.40] which are unsought current 

paths in crossbar that result in degraded read accuracy and overall flawed 

performance in sensor application [5.27]. 

      In this work, we have proposed a crossbar-based architecture for gas sensing 

applications. The main motivation is to design a system with the capability to detect 

gas molecules at different footprints. With this crossbar architecture, we can witness 

how the output current distribution changes for different at different gas pressure. 

This is because of its capability to incorporate the slightest current response of the 

gas molecules at different pressures during voltage sweep. Moreover, such 

architecture can provide a considerable solution to detect different gas molecules 

which have very close characteristics.

5.2 Literature Review

5.2.1 Early Developments in Hydrogen Gas Sensors

Hydrogen sensing has been a research priority since the 1970s, largely due to 

earliest milestone was the demonstration of a palladium-gated MOSFET hydrogen 

sensor by Lundström et al. in 1975 [5.56]. This device showcased that palladium, 

due to its unique catalytic properties, could selectively adsorb and dissociate 

hydrogen molecules, thereby altering the work function and modulating transistor 

characteristics. It achieved sensitivities in the order of 10 ppm at elevated 

temperatures, laying the groundwork for MOSFET-based hydrogen detectors.

5.2.2 Transition to Advanced FET Architectures

Subsequent decades saw refinements in MOSFET hydrogen sensors. In 2008, Safari 

et al. modeled platinum-gated SOI MOSFETs as hydrogen sensors, using capacitive 

dipole models to relate threshold voltage shifts with gas adsorption [5.57]. While 

MOSFETs provided robust platforms, their sensitivity was limited. To address this, 

tunnel field-effect transistors (TFETs) emerged as ultra-sensitive alternatives. In 

2012, Sarkar and Banerjee demonstrated that TFET-based hydrogen sensors could 
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outperform MOSFETs by several orders of magnitude in sensitivity due to their 

band-to-band tunneling mechanism [5.58]. Further progress came from hetero-

dielectric TFETs (Madan and Chaujar, 2016), gate-all-around nanowire FETs 

[5.59], and junctionless FinFETs [5.60], each architecture improving gate 

controllability, reducing leakage, and enabling lower detection limits under varying 

pressures and temperatures.

5.2.3 Diversification of Hydrogen Sensor Technologies

Alongside FET-based sensors, other approaches matured. Catalytic sensors, 

electrochemical detectors, and resistive metal-oxide sensors became common for 

industrial safety and environmental monitoring [5.61, 5.62]. Work-function-based 

detectors using Schottky diodes and MOS capacitors, especially with palladium and 

platinum electrodes, gained prominence for their ability to detect hydrogen 

concentrations down to a few ppm. Materials innovation further expanded the

palette: Pd Ag and Pd Cr alloys, iridium contacts, and Mg Ni thin films were 

introduced to improve selectivity and stability [5.63-5.65]. Despite progress, single-

device architectures suffered from reproducibility issues, noise susceptibility, and 

limited scalability.

5.2.4 Emergence of Sensor Arrays and Crossbar Architectures

To overcome the shortcomings of single-sensor devices, the concept of sensor arrays 

gained traction in the 2010s. Multi-element arrays allowed averaging of responses, 

redundancy for error minimization, and multiplexed detection of multiple gases 

[5.66, 5.67]. Crossbar architectures, originally developed for high-density memory, 

were adapted to gas sensing by embedding sensing elements at each wire junction. 

This approach enabled massively parallel, scalable, and miniaturized sensor systems 

with potential for IoT-driven applications [5.68], [5.69]. However, the key 

challenge that emerged was sneak-path currents (SPC), which degraded sensing 

accuracy in dense arrays [5.70].

5.2.5 Toward Crossbar-Based Hydrogen Sensors

The growing emphasis on IoT, low-power electronics, and real-time gas monitoring 

in the 2020s has reinforced the need for compact, reliable hydrogen sensing platforms 
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[5.71]. Leveraging crossbar arrays provides unique advantages: spatial voltage 

distribution enables many-to-many mapping between reference and sensing states, 

inherently boosting sensitivity and robustness. Recent simulation frameworks, 

including TCAD and hydrogen adsorption models, have been used to capture 

Schottky barrier modulation at palladium electrodes and predict crossbar-level 

performance trends. Key insights show that interconnect resistance, electrode work 

function shifts, and array size directly govern voltage/current distributions and 

sensitivity metrics, providing critical design rules for scalable fabrication.

Synthesis: The trajectory of hydrogen gas sensors has evolved from single-device 

palladium MOSFETs in the 1970s [5.56] to advanced FET families (SOI 

MOSFETs, TFETs, FinFETs, and GAA FETs) [5.57-5.60], and finally to array-

based platforms exploiting crossbar architectures [5.66-5.70]. While early sensors 

established hydrogen detection as viable, crossbar-based architectures now represent 

the frontier by combining scalability, IoT integration, and enhanced sensitivity a 

transition clearly embodied in the 2024 study of Jana et al. on CAS-based hydrogen 

gas sensing platforms [5.71].
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5.3. Proposed fabrication recipe:

Fig 5.1: Proposed fabrication methodology of the single sensing device which is integrated into a 

crossbar network.

For the experimental implementation of the proposed architecture, we have proposed 

the following fabrication steps which may spur future experimental works. The steps 

are as follows:

(i) Vertical and horizontal copper electrode lines, each with a thickness of 2 nm, are 

deposited on the surface of a clean silicon wafer through precise patterning using 

nanolithography, followed by electron beam evaporation. This process ensures 

accurate alignment and uniform electrode formation essential for the crossbar 

architecture. Several strategies have been developed to form nanostructures 

electrochemically. It is one of the promising techniques to fabricate nanowire sensor 

arrays [5.41-5.44].

(ii) Each cell of the sensor array (composed of charge-plasma electrode 

( )/crystalline silicon/ sensing electrode ( )) is fabricated simultaneously at the 
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point of intersection of copper lines. 12 nm thick and 14 nm wide composed of charge-

plasma electrode ( ) layer is deposited on the intersection of each copper grid via 

a layer-by-layer chemical deposition technique [5.45].

(iii) A trench of 10 nm depth and 10 nm broad is created in the ( ) region via dry 

etching.

(iv) Crystalline silicon is grown into the trench of via an oxidation control 

technique. To obtain the desired height and diameter of 25 nm and 10 nm 

respectively, double oxidation is carried out. The first oxidation will be at 900 C and 

the second at 1000 C temperature [5.46].

(v) Surface of the silicon pillar will be masked using a nanolithography process so 

that the entire structure can be isolated from each other via an isolation layer (SiO2). 

Lithography at the nanoscale can be achieved using a negative-tone photoresist that 

contains a radical photo-initiator capable of being excited through two-photon 

absorption. This technique allows precise patterning with sub-100 nm resolution, 

enabling the fabrication of complex nanostructures while minimizing exposure 

damage and enhancing spatial control.[5.47].

(vi) Isolation layer of Silicon dioxide is deposited on the entire structure, by plasma-

enhanced chemical vapor deposition (PECVD). A gas mixture of nitrous oxide (N2O) 

and silane should be used in PECVD [5.48].

(vii) Photo resist is removed from the surface of the silicon pillar and sensing 

electrode of 2 nm thickness is deposited on the surface of crystalline silicon by UPD 

(Under potential deposition) [5.49]. UPD is an electrochemical process to deposit a 

single layer of atoms onto a surface.

(viii) Again negative-tone photoresist is deposited on the entire surface including the 

side walls of sensing electrode and except the upper part of sensing electrode (it will 

be masked).

(ix) Counter electrode lines of copper (2 nm thickness) will be deposited 

electrochemically. These lines will join all cells together.

(x) After the deposition of copper lines, the photoresist will be etched from the surface 

of the isolation layer as well as from the side walls of sensing electrode. Generally, 

propylene glycol monomethyl ether acetate (PGMEA) is used to remove the 

negative-tone photoresist.
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      There are several steps at which the variability induced during fabrication can 

impact the proposed sensor network performance. Although it is difficult to estimate 

all the factors through which discrepancy may creep in, some points are listed below:

(a) Wordline and Bitline fabrication: During the deposition of interconnect metals to 

create wordlines and bitlines, the thickness of the electrode is a critical parameter 

that directly affects the resistance of the interconnects. Thinner electrodes increase 

resistance, leading to greater voltage drops and power losses, while thicker 

electrodes reduce resistance but may cause fabrication challenges such as step 

coverage issues or increased parasitic capacitance. Therefore, optimizing electrode 

thickness is essential to balance electrical performance, fabrication feasibility, and 

device reliability. As can be seen from our simulation framework, the variation in 

interconnect resistance can cause changes in the sensitivities of the individual devices 

in the proposed network. Moreover, due to variability in metal deposition, the 

interconnect resistance may not be consistent over the entire interconnect, thus the 

sensitivity can get impacted.

(b) Sensing device fabrication: The variability in the fabrication of a single device can 

usher in stochasticity in the sensitivity of a single device which will reflect on the 

conductance of the sensing devices in the proposed crossbar network causing 

variation in the readout current, subsequently system sensitivity.

(c) Readout circuity: Although not addressed in this manuscript, the readout circuit 

will play a vital role in determining both the readout current and the overall 

noise performance, and linearity factors that are essential for accurate detection and 

reliable measurement in crossbar-based sensing architectures. Thus, fabrication-wise 

variability in the readout circuit will cause stochasticity in the network sensitivity.

5.4. Simulation Methodology:

5.4.1 Hydrogen Gas Model:

The hydrogen (H ) gas sensing mechanism is primarily based on the adsorption and 

dissociation of hydrogen molecules on the palladium (Pd) electrode surface [5.35]. 

During this process, hydrogen molecules dissociate into atomic hydrogen, and some 

of these atoms diffuse into the metal layer, forming dipoles at the metal
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semiconductor interface. These interfacial dipoles modify the local work function and 

influence the electrical characteristics of the device, enabling hydrogen detection.

Consequently, the work function of the metal changes. 

For analytical formalism of the work function change due to gas molecules, first, we 

calculate the flux of the gas ( ), given by:

where is the gas pressure, is gas molecular mass, is Boltzmann constant and 

is temperature. For all the analysis in this study, we have considered room 

temperature. It is mentioned in [5.36] that hydrogen adsorption on the Palladium 

surface is a second-order process. Thus, hydrogen coverage on the surface ( ) can 

be obtained from the second-order Langmuir isotherm as:

Figure 5.2: The crossbar architecture for hydrogen sensing: (a) Motivation for the crossbar network. For a single sensor 
device, we can perform one-to-one sensing between reference data (with no gas) and sensing data (with gas). However, with 

a crossbar network, due to inherent spatial voltage distribution, we can obtain many-to-many mapping between reference 
and sensing data. (b) Crossbar architecture schematic for the proposed system with all components. (c) Simulation 

framework of this work including all the models. (d) Validation of the gas model with previously reported study [5.15]
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where is sticking parameter initially, represents adsorption site concentration 

on the surface, is desorption energy and is a constant. Using the hydrogen 

coverage on the surface in equation (5.2), we can obtain hydrogen coverage at the 

interface ( ) by solving the following equation as mentioned in [5.52]:

where and are the heat of adsorption per H atoms on the surface and 

interface respectively. Now, follows the Tempkin Isotherm [5.52] and it can be 

expressed as: . Here, is initial heat of adsorption per H 

atoms and can be represented as , where is the charge of an electron, 

is the effective dipole constant, is adsorption site concentration at the interface 

and is permittivity. The ultimate change in workfunction of Palladium with 

hydrogen gas pressure is given by:

To validate this set of equations (5.1-5.4), we have plotted the final work function 

variation from equation (5.4) with that provided in [5.15] for both Palladium and 

Platinum (see Figure. 5.2d) and they have an excellent match.

5.4.2. Technology Computer-Aided Design (TCAD) Models:

For simulating the proposed device structure, the SILVACO ATLAS TCAD 

simulation tool was utilized [5.37]. To consider the Schottky contact, we have 

considered the finite surface recombination velocity (FSRV) method by mentioning 

the surf.rec command in the contact statement. Moreover, we have incorporated the 

Universal Schottky Tunneling model (UST) to account for the tunneling of the 

majority of carriers through the metal-semiconductor interface [5.38]. For mobility, 
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we have used the Lombardi mobility model (CVT) for incorporating mobility 

variation with carrier concentrations and electric fields. SRH and AUGER models 

are also invoked for minority carrier recombination. Band-gap narrowing effect has 

been considered. For carrier statistics, Fermi-Dirac mode is activated. Lastly, the 

drift-diffusion model is primarily used to capture the transport mechanism.

      For validation, we have calibrated our simulation setup with experimental results 

[5.50], which are shown in Figure. 5.3b. It can be seen that our simulation models 

capture the Schottky effect and are in good agreement with the previously reported 

experimental results. This adds confidence to our TCAD simulation framework.

   

5.4.3 Crossbar Simulation Model:

The crossbar simulation model comprises two sections: The voltage distribution part 

and the Current distribution part [5.39]. As the current voltage characteristics of 

the two-terminal silicon devices are inherently non-linear, an iterative approach was 

employed to compute the current through each device within the crossbar array. A 

look-up table (LUT) was constructed using the device current values obtained from 

TCAD simulations under various applied bias conditions and different hydrogen gas 

pressures. This LUT serves as a reference for accurately modelling the current 

distribution and overall sensing behaviour of the crossbar system. The voltage 

distribution across the crossbar has been calculated based on the following equation 

[5.51]:

where and are the row and column indices for a crossbar array. is the 

conductance of the two terminal silicon devices at the grid point while is 

the interconnect conductance between two adjacent sensor devices. The device 

currents corresponding to the finally converged voltage distribution are evaluated 

and plugged into the final output current ( ) equation, which is given below:
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where is the current obtained from LUT with the final voltage distribution. 

      It is to be noted that (in equation 5.5) and (in equation 5.6) are row and 

column-specific sneak path parameters. As mentioned in [5.51], these parameters 

conductance of the constituting devices. Although these are approximation 

parameters, they provide a better computational time advantage while maintaining 

similar a

5.5 Result and Discussion:

A single sensing device geometry has been shown in Fig. 5.3(a). A 10 nm undoped 

silicon (Si) film has been considered as the conducting material. The total length of 

the Si film is 25 nm. A charge plasma electrode ( ) has been included to modulate 

the carrier concentration in the device. Workfunction of this electrode has been kept 

fixed at 4 eV throughout the study. Palladium is considered to be the sensing 

electrode ( ). Based on the pressure of the gas molecules, the work function of this 

electrode changes which impacts the current conduction. Fig. 5.3(b) shows the 

calibration results of the TCAD simulation framework with the previously reported 

experimental results. For understanding the device physics of the single sensing cell, 

the energy-band diagram is shown in Fig. 5.3(c). For higher work functions of the 

sensing electrode, it can be seen that the Schottky barrier height is decreasing at the 

right end. This indicates that in cases with a higher work function, fewer charge 

carriers participate in current conduction at a given applied bias, resulting in reduced 

overall current flow through the device. This effect has been reflected in the current-

voltage characteristics which are shown in Fig. 5.3(d). For a higher work function of 

, we see that the current reduces and requires a larger voltage to saturate. For 

comparison, we have provided Table 5.2 which shows the performance of the 

proposed device in comparison to previously reported data.
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One of the most important parameters to analyze for a crossbar 

array is the voltage distribution. In Figure 5.4, we have shown the voltage 

distribution study of the proposed crossbar sensor system for various conditions. 

Normalized voltage variation is shown in Fig. 5.4(a-c) which is calculated by 

(a) Schematic of the dual-electrode (sensing electrode ( ) & charge-
plasma electrode ( )) silicon film (b) Calibration results of the TCAD simulation framework with previously reported 

experimental results [5.50] neuro (c) Energy band diagrams and (d) Current-voltage characteristics of the proposed 
device for different SE workfunctions.

Normalized voltages are plotted for (a) different sensing electrode workfunctions at 
interconnect resistance (

electrode ( = 5.22 eV) and array number (n) of 20. (c) different array numbers at interconnect resistance ( ) of 

workfunction of (d) 5.22 eV (e) 5.19 eV (f) 5.15 eV (g) 5.10 eV. It is to be noted that in (d-g) yellow, green, blue, violet, 
and black coloured bars represent the cases with array sizes of 5×5, 10×10, 15×15, 20×20, and 25×25 respectively. 

Array number (n) means an array size of (n × n) has been considered.
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normalizing the voltage along a row with the input voltage of that row. It can be 

seen that for a fixed interconnect resistance (

the normalized voltage decreases with a decrease in sensing electrode work function 

( ) (see Fig. 5.4(a)). In other words, higher gas pressure leads to a decrease in the 

normalized voltage of the proposed system. The reason can be attributed to the 

higher conductance of the sensing cells at a lower sensing electrode work function as 

can be seen from Fig. 5.3(d). Since lower normalized voltage is associated with higher 

sneak paths in the crossbar array, we can conclude that at higher gas pressure the 

array will be more prone to sneak path issues. Keeping constant at 5.22 eV 

along the 20th column, the normalized voltage has reduced by 37.8% for 

in comparison to 

sizes as well while keeping , 

array size leads to more paths for sneak current flow in the crossbar which will lead 

to lesser normalized voltage. This trend has been captured in Fig. 5.4(c). Another 

key figure of merit for the crossbar architecture is the mean voltage across the array. 

This parameter represents the average potential difference experienced by the 

individual devices within the crossbar and provides insights into the uniformity of 

bias distribution, power consumption, and overall sensing efficiency of the system. 

Mean currents for different and 

Array Size

10
0.4994 0.1018 0.0130 0.0040

0.0637 0.1105 0.0040 0.0081

20
0.0181 0.0033 0.0011 0.0005

0.0025 0.0046 0.0007 0.0018

30
0.0038 0.0007 0.0003 0.0002

0.0006 0.0013 0.0003 0.0011

.( )
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From the mean voltages plotted in Fig. 5.4(d-g), we can deduce several trends which 

are crucial in understanding the proposed sensor system. Firstly, for every sensing 

electrode work function, we see that mean voltage decreases with higher 

interconnect resistance (a trend that has been seen in normalized voltages as well). 

The impact of 113ntercomnect resistance increases with a decrease in as the array 

becomes more prone to sneak currents in higher condition. Secondly, we can 

notice mean voltages decrease at higher sensing electrode work functions ( ). 

Thirdly, mean voltages are higher for smaller array sizes, for instance, the yellow 

bars (array size of 5×5) in Fig. 5.4(d-g) are always higher than black bars (25×25) 

for every interconnect resistance and sensing electrode work function. For smaller 

array sizes, the IR drop across the crossbar reduces considerably, and thus the 

voltages across all the nodes increase. Moreover, the sneak paths increase in a larger 

array which contributes to the lowering of node voltages in a crossbar. These trends 

will help us to better understand the current distribution in the crossbar in 

subsequent sections.

Figure 5.5 exhibits the current distribution in the crossbar array for different 

interconnect resistances, sensing electrode work functions, and array sizes. From all 

  

(a-l) Current distribution in the crossbar sensor system for different interconnect 
resistances ( ) and sensing electrode workfunctions ( ). In all these histogram plots, pink bars are for a 10×10 array 

and purple ones are for a 20×20 array.
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of the distributions, it can be noticed that the spread of the current histogram 

increases with the array size. A higher spread of current histogram leads to 

overlapping of current levels for a certain sensing electrode work function with that 

of the pristine condition. For lower , the current distribution is observed to spread 

more due to the higher conductance of the sensing electrode. This can be better 

understood from the node voltage distribution which is discussed in the previous 

section. Quantitively, it has been found that the mean current values for = 5.22 

eV, 5.19 eV, and 5.15 eV in a 10×10 array setup with 10 are A, 

A and A respectively. In other words, there is a reduction of 

80% and 88% in mean currents for cases = 5.19 eV & 5.15 eV w.r.t. pristine 

condition ( = 5.22 eV). For the cases with 0 and 30 , the 

reduction percentages slow down to 86% and 82% for 5.15 eV. In a 20×20 array 

setup, the mean currents are always lower for all as can be seen in Table 5.1. We 

can capture two general trends from Table 5.1: (1) With an increase in , mean 

current decreases, and (2) With an increase in array size, mean 

Sensitivity heatmaps are shown for very low-pressure condition ( ) in 
(a-c) 10x10 array and (d-f) 20×20 array setups with interconnect resistance ( of (a,d) 10 , (b,e) 20 and (c,f) 

30 . The colour bars on the right of each plot show sensitivity values.
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current decreases for all . These are implied in the voltage distribution as well. 

However, a counterintuitive observation can be made by looking at the mean current 

variation with the reduction in From previous discussions, we can understand 

that with a lower the conductance of the sensing cell increases which leads to 

more voltage degradation in the crossbar. This should lead to a lower mean current 

but we can notice in Table 5.1, the mean current is higher for = 5.10 eV in 

comparison to = 5.15 eV & 5.19 eV cases. Furthermore, the mean current in 

= 5.15 eV is equal to that in = 5.19 eV for and even higher than the 

later for . In the crossbar, two different processes are operating 

which results in above mentioned counterintuitive observations. First, lower  will 

lead to a higher voltage drop. Secondly, cell conductance increases with lower . 

Now, the mean current for lower can be higher than that of higher when the 

current corresponding to the lower node voltage for low the case is greater than 

the current corresponding to higher node voltage in high cases. Next, we have 

chosen two cases to explain this phenomenon: (i) array size of 10×10 with 10

the mean voltages for = 5.15 eV & 5.10 eV are 0.79V and 0.757V respectively 

(see Figure 5.4). The corresponding current values for these voltages are obtained as 

and (from Figure 5.3(d)). (ii) array size of 20×20 with 

30 the mean voltages for = 5.15 eV & 5.10 eV are 0.29V and 0.26V respectively 

(see Figure 5.4). The corresponding current values for these voltages are obtained as 

and (from Figure 5.3(d)). From the above two cases, we 

see that average voltage reduces for lower but the current increases. These 

variations have a significant impact on system sensitivity and provide design 

guidelines for the proposed sensor system which are discussed in the next section.
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In this work, the sensitivity metric at every junction of the crossbar has been 

calculated as the ratio of current flowing through the sensing device at the junction 

without gas condition to that with gas condition ( . 

      Figure 5.6 shows the spatial variation of sensitivity metric for different 

interconnect resistances of (a,d) 10 , (b,e) 20 and (c,f) 30 in a 10×10 (a-c) & 20×20 

(d-f) array setups. It is to be noted that Figure 5.6 is for the sensitivity of the proposed 

sensor system at = 5.19 eV. For a particular interconnect resistance, the 

sensitivity increases with an increase in array size. With a larger array, the voltage 

distribution becomes more distinct for different gas pressures. This leads to higher 

fluctuations of the currents and subsequently sensitivity increases. As we move from 

lower to higher interconnect resistance cases for a particular array size, we see that 

the sensitivity increases for a 10×10 array but for a 20×20 array, it reduces. The 

reason can be attributed to lower crossbar currents for the pristine condition at a 

higher array size due to larger voltage distortion. The currents at no gas condition 

decrease faster than that with a gas condition, and the sensitivity metric reduces, and 

that trend can be observed in Figure 5.6(d-f). While for the 10×10 array, the no gas 

condition currents do not drop so much. Thus, we see the sensitivity increase in this 

case. Furthermore, the spatial variation shows that the sensitivity is lower along 

starting columns in comparison to the later ones. For optimizing the crossbar 

The sensitivity metric distribution of all sensors in the proposed crossbar 
architecture in (a-d) 10×10 array and (e-h) 20×20 array with interconnect resistance varied from 10 to 40 in steps 

of 10 . The dark blue, sky blue, and green curves are for = 5.19 eV, 5.15 eV and 5.10 eV respectively
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metrics, a statistical analysis has been done based on the sensitivity metric 

distributions with different crossbar parameters which are interconnect resistances 

and array sizes.

      The distribution plots in Figure 5.7 help us to understand the pattern of 

sensitivity distribution in a crossbar architecture for different parametric conditions. 

For instance, in a 10×10 array setup (Figure 5.7(a-d)), the peak sensitivity increases 

for all the gas pressures. The reverse trend can be observed for the 20x20 array setup 

(Figure 5.7(e-h)). In a 20×20 array, with an increase in interconnect resistances, the 

distributions for = 5.15eV & 5.10 eV shift leftward meaning the sensitivity 

decreases. The curve for = 5.19 eV also moves towards the left but the rate of 

change is small in comparison to the other two cases. It can be noticed that for 

= 20 to 40 , the probability of lower sensitivity is higher for = 5.10 eV in 

comparison to that for = 5.15 eV. In the 10×10 array condition, we can observe 

a monotonous trend for sensitivity in all gas pressures. It is to be noted that although 

the probability distribution overlap between two gas pressure conditions, the spatial 

distribution or sensitivity pattern is unique in each condition (this can be seen in 

Figure 5.6). Hence, for the proposed crossbar system, we have to characterize the 

sensitivity in two ways: (i) peak sensitivity and (ii) sensitivity spatial variation. 

Considerable peak sensitivity difference between different gas pressure conditions 

along with uniqueness in the spatial distribution of sensitivity metric is the ideal 

combination. Accounting these two factors into consideration, we can conclude that 

a lower array size ( with interconnecting resistance between 20-50 can 

be seen as an optimal solution.
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TABLE 5.2: Comparison between the scaling effect on sensitivity in our work and that of previously reported studies

References
Transport

Mode

Channel Dimensions
Drain Current ( )

Sensitivity
Length ( )

(nm)
Thickness ( )

(nm)
Silicon MOSFET

[5.53]
DD 50 20

2.08 ( )
4.56 ( )

GAA Silicon FET
[5.53]

DD 20 20 (diameter) 5.96 ( )
33.1 ( )

JL GAA Silicon FET
[5.54]

DD 40 10 (diameter)
7.17 ( )

38.80 ( )
Silicon CG-NWFET

[5.55]
DD 50 10 (diameter)

7.08 ( )
37.26 ( )

InGaAs CG-NWFET
[5.55]

DD 50 10 (diameter)
7.30 ( )

40.51 ( )
GAA NW JL FET

[5.17]
DD 50 12 (diameter)

12 ( )
38 ( )

JL FinFET
[5.19]

DD 50
1.4 ( )

4.95 ( )

Our Work DD 25 10
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6.1 Introduction

In recent years, the demand for high-performance biosensors has grown 

significantly, driven by the need for sensitive and reliable detection methods in 

healthcare, environmental monitoring, and food safety. Researchers have been 

exploring innovative device architectures and materials to enhance sensor 

performance. Biosensors can be classified based on their transduction mechanisms, 

including electrochemical biosensors (e.g., genic sensors), electronic biosensors (such 

as various FETs like MOSFETs, ISFETs, and TFETs), and gravimetric biosensors 

(thermal and acoustic sensors) [6.1]. Among these, electronic biosensors stand out 

for their established fabrication technologies, CMOS compatibility, and integrability 

with standard ICs. Field-Effect Transistors (FETs) are particularly attractive for 

label-free detection due to their scalability, cost-effectiveness, and ability to integrate 

sensors and measurement systems on a chip [6.2-6.3].

Tunnel Field-Effect Transistors (TFETs) are promising candidates for biosensors, 

offering advantages like lower subthreshold swing (SS), reduced ambipolar 

characteristics, and high sensitivity through tunneling mechanisms [6.4-6.8]. 

Scaling to sub-10 nm demands alternative channel, source, and pocket materials to 

meet IRDS drive current limits [6.9]. Germanium (Ge), with its low bandgap and 

high hole mobility, is a strong candidate [6.10-6.11]. As a pseudo-direct bandgap 
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material, Ge offers enhanced band-to-band tunneling (BTBT) efficiency compared to 

Si [6.12]. Kim et al. demonstrated that Si-Ge-Si TFETs outperform Si-Si-Si and Ge-

Ge-Ge counterparts due to optimized tunneling resistance and reduced ambipolarity 

at the Ge/Si heterojunctions [6.13]. However, pure Ge-based devices face challenges 

such as lattice mismatch with Si and integration complexities [6.14].

Graded SiGe channels address these challenges by maximizing transconductance and 

improving performance [6.15]. Early SiGe FETs with SiO insulation and TiSi

Schottky gates mitigated gate leakage and enhanced hole mobility through spacer 

layers [6.16]. Advances like hybrid SiGe-channel CMOS and SiGe-based FINFETs 

achieved high speeds and scalability for 10 nm nodes [6.17-6.18]. Si . Ge . and 

Si . Ge . graded channels demonstrated improved ON currents, reduced OFF 

currents, and better SS compared to Si-based devices [6.19-6.20]. However, vertical 

grading faces limitations in scalability and stability, constrained by critical layer 

thickness and defect formation [6.15,6.21-6.22]. Recently, Lee et al. fabricated a 

CMOS-compatible gate-all-around SiGe TFET with high Ge content (Si . Ge . ) 

and achieved remarkable SS and low leakage current [6.23].

To overcome performance degradation from defects and ambipolarity, this study 

proposes a Graded SiGe Tunnel Field-Effect Transistor (Gr.SiGe-TFET) biosensor. 

By incorporating graded SiGe layers in a Ge-SiGe-Si configuration, the structure 

addresses key TFET challenges, ensuring high sensitivity and stable performance. 

Shih et al. showed graded Si/Ge TFETs optimize tunneling barriers for ON/OFF 

switching and suppress short-channel effects in sub-10 nm devices, but scaling 

challenges persist with ambipolarity [6.24].  This study proposes an ultrathin 

biosensor using a Gr.SiGe-TFET highlighting its advantages in label-free 

biomolecule detection. 

6.2 Literature Review

6.2.1 Early Developments in Biosensors

The demand for biosensors has steadily increased over the past few decades, with 

applications spanning healthcare, environmental monitoring, and food safety. Early 
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biosensors were based on electrochemical principles, capable of detecting enzymatic 

or molecular interactions by converting chemical reactions into electrical signals 

[6.34]. However, these traditional devices faced challenges in terms of sensitivity, 

selectivity, and scalability. The advent of semiconductor-based biosensors, 

particularly those employing field-effect transistors (FETs), marked a significant 

advancement due to their compatibility with CMOS technology, scalability, and 

ability to achieve label-free detection [6.35, 6.36].

6.2.2 Emergence of Tunnel Field-Effect Transistors (TFETs) in Biosensing

FET-based biosensors evolved from MOSFETs and ISFETs to more advanced 

devices that could address the limitations of conventional transistors. In this context, 

tunnel field-effect transistors (TFETs) emerged as promising biosensing platforms. 

TFETs offered superior electrostatic control, lower subthreshold swing (SS), and 

higher sensitivity through band-to-band tunneling (BTBT), making them attractive 

for detecting biomolecules at ultra-low concentrations [6.37-6.39]. Early analytical 

models of dielectric-modulated TFET biosensors demonstrated label-free detection 

of biomolecules by exploiting variations in dielectric permittivity within the sensing 

cavity [6.38, 6.39]. Kanungo et al. later provided comparative performance studies, 

confirming that TFET-based biosensors outperform short-gate or MOS-based 

devices in terms of sensitivity [6.40].

6.2.3 SiGe Materials and Graded Channels in Transistor Design

The drive toward sub-10 nm nodes necessitated exploration of alternative channel 

and source materials. Germanium (Ge) gained attention for its low bandgap and high 

hole mobility, offering improved tunneling efficiency compared to silicon [6.43, 

6.44]. Initial studies showed that Si Ge Si heterojunction TFETs outperformed 

pure Si- or Ge-based structures, as the heterojunction reduced ambipolarity and 

optimized tunneling resistance [6.45, 6.46]. However, lattice mismatch and 

integration challenges limited the practical adoption of pure Ge channels [6.47].

To overcome these drawbacks, graded SiGe channels were introduced. By gradually 

varying the germanium mole fraction, graded channels improved electrostatic 
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control, maximized transconductance, and reduced defect formation [6.48]. Early 

implementations using SiGe FETs with spacer layers and Schottky gates showed 

reductions in gate leakage and improvements in hole mobility [6.49]. With further 

refinements, hybrid SiGe CMOS and SiGe FinFETs achieved high speed and 

scalability suitable for advanced technology nodes [6.50, 6.51]. Experimental works 

confirmed that devices such as Si . Ge . and Si . Ge . channels could deliver 

higher ON currents, lower OFF currents, and improved SS compared to 

conventional Si devices [6.52, 6.53]. However, vertically graded layers faced 

limitations due to critical thickness constraints and defect formation [6.54, 6.55].

6.2.4 Advances in TFET Biosensor Architectures

Recent efforts focused on optimizing TFET biosensors by incorporating advanced 

materials and structural engineering. For instance, Lee et al. demonstrated gate-all-

around SiGe TFETs with high Ge content (Si . Ge . ), achieving excellent SS and 

reduced leakage [6.56]. Meanwhile, Shih and Chien highlighted the benefits of 

graded SiGe heterojunctions for short-channel TFETs, demonstrating suppression 

of ambipolarity and optimization of tunneling barriers [6.57]. In biosensing 

contexts, dielectric modulation using cavities filled with biomolecules of varying 

permittivity (e.g., biotin, keratin, gelatin) allowed direct correlation of device 

electrical characteristics with molecular properties [6.58].

6.2.5 Comparative Insights and Current Research Directions

The progression from abrupt heterojunction TFETs (Ge Ge Si, Ge Si Si) to 

graded SiGe structures marks a crucial improvement in biosensor design. Abrupt 

heterostructures often suffered from large tunneling resistance, strain-induced 

defects, and limited electrostatic control. In contrast, graded SiGe configurations 

(Ge Gr.SiGe Si) provided smoother band transitions, minimized lattice mismatch, 

and reduced defect density. Simulation-driven studies using ATLAS Silvaco 

confirmed that graded channels yielded superior Ion/Ioff ratios, tunneling current 

efficiency, and dielectric sensitivity, particularly for biomolecules with higher 

permittivity values.
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Synthesis: The literature shows a clear trajectory from conventional electrochemical 

biosensors [6.34] toward CMOS-compatible FET biosensors [6.35, 6.36], and 

subsequently toward TFET-based platforms exploiting band-to-band tunneling 

[6.37- 6.40]. The introduction of SiGe channels [6.46], followed by graded SiGe 

architectures [6.48- 6.53], resolved key performance bottlenecks by improving 

tunneling efficiency, defect tolerance, and dielectric sensitivity. Today, graded SiGe 

TFET biosensors represent the frontier, combining advanced materials with 

dielectric modulation to achieve high sensitivity, selectivity, and scalability for next-

generation biomedical applications [6.56- 6.58].

6.3 Device structure, Theoretical foundation, Simulation Aspects 

(a)

(b) 
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(c)

(d)

Fig. 6.1. (a) schematic picture of proposed graded channel TFET biosensor (b) Ge-Si-Si, (c) Ge-

Ge-Si, (d) Ge-Si . Ge . -Si structures for comparative analysis 

A schematic presentation of the device structure is given in Figure 6.1. The 

Parameters employed in the proposed device for modeling and simulation purposes 

are given in Table 6.1.

Table 6.1: Parameters utilized in the proposed device for modeling and simulation purposes

Parameters Value 

Source Length 10 nm 

Intrinsic Channel Length 40 nm 

Drain Length 10 nm 

Thickness of Channel 

( ) 

10 nm 

Thickness of oxide layer 

( ox) 

1 nm 

Device width ( ) 20 nm 
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Work function of the gate 

metal ( ) 

4.45 eV 

Source region 

Concentration 

1020( ) 

Intrinsic Chennel 

Concentration 

1016( )cm-3  

Drain Pocket 

Concentration 

1014( )cm-3  

Drain region 

Concentration 

1018( ) m-3 

For the device shown in figure 6.1, the 2-D Poisson equation is as follows:

: , i=1,2,3,4, 5 as regions depicted in figure 6.1          (6.1)

is the two-dimensional potential, n and q are the carrier density and charge, 

is the dielectric permittivity.

From figure 6.1, the region i

Parabolic approximation 

i=1,2,3,4,5          (6.2)

Where 2-D potential profile, is one dimensional potential along 

length. To calculate we apply the boundary conditions as: -

1)

2)          (6.3)

3)

is the surface potential, is the thickness of the graded 

channel.  denotes the Germanium mole fraction in Silicon in each region. 

Solving,
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, 

         (6.4)

VGS is the gate to source voltage, is the flat-band voltage corresponding to 

every region, is the permittivity. is the oxide capacitance. Now 1-D equation 

takes the form,

         (6.5)

is the characteristics length given by, (6.6)

The general solution of the above differential equation,

, where, 

,          (6.7)

In this study, we have simulated four distinct TFET structures to analyze their 

performance as biosensors: Ge-SiGe graded-Si (denoted as Ge_Gr.SiGe_Si), Ge-Si-

Si, Ge-Ge-Si, and Ge-Si . Ge . -Si, as shown in figure 6.1(a,b,c,d) respectively. Each 

structure represents a unique approach to enhancing tunneling efficiency and 

sensitivity to dielectric modulation. The Ge-Ge-Si configuration utilizes a 

heterojunction with abrupt transitions, while the Ge-Si-Si structure incorporates a 

conventional Si drain. The Ge-Si . Ge . -Si design introduces an intermediate SiGe 

layer for smoother bandgap alignment, and the Ge-SiGe graded-Si structure employs 

a graded composition to minimize lattice mismatch and optimize band-to-band 

tunneling. These structures are modeled to explore their potential for high-

sensitivity biosensing, focusing on their dielectric modulation response and overall 

electrostatic control. To analyze the device characteristics, ATLAS Silvaco had been 

applied in the simulation. Along with local BTBT model, FD statistics, DD carrier 

mode is used to calculate Band to band tunneling generation rate at uniform electric 
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field where [6.13] P is considered 2.5 for indirect tunneling and calibrated [6.23]. 

For the simulation environment, we have considered dielectric constant values 

(k=2,4,6,9,12) corresponding to biomolecules such as Biotin, Ferro-cytochrome, 

Bacteriophage T7, Keratin, and Gelatin [6.25].

From fabrication aspect, the arrangement can be grown on a silicon substrate 

followed by the layers of graded SiGe and SiO2 for gate oxide, respectively. From a 

fabrication aspect, the possible fabrication process begins with SOI substrates, where 

initial characterization using nano-beam and X-ray diffraction confirms minimal 

strain.  Selective epitaxial growth methods are generally used for the formation of 

SiGe and Si layers with specific grading profiles. Ultrahigh vacuum chemical vapor 

deposition (UHV-CVD) is employed for selective epitaxial growth [6.26]. 

Subsequently, gate dielectric is generally formed via rapid thermal oxidation. 

Dopants at source/drain are implanted followed by activation with rapid thermal 

annealing where cavities can be etched out by buffered HF. The development of 

materials with precise compositional is achieved such as chemical vapor deposition, 

metal-assisted vapor-liquid-solid (VLS) growth techniques, laser ablation with 

thermal evaporation and dynamic shadowing deposition [6.27-6.32]. 

Experimentally, the lower heat conductivity of Si/Si Ge superlattices (SLs) with 

compositional gradients has been observed both in theory and in practice [6.33].  

Zhang et al showed through MD simulations that the heat conductivity of 

compositionally graded SiGe nanowires (NWs) can decrease by as much as 57% when 

contrasted with SiGe NWs featuring sharp interfaces [6.27]. They introduced a 

compositional gradient ranging from 90% to 50% and 10% to 50% in the area near 

the SiGe interface.
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6.3 Results and Discussion

Figure 6.2: Energy band diagram of the proposed Graded SiGe channel Dielectric Modulated 

Tunnel FET BioSensor

In the context of the Graded SiGe channel Dielectric Modulated Tunnel FET 

BioSensor, the energy band diagram (Figure 6.2) reveals significant variations in 

tunneling distance based on different configurations. The Ge-Ge-Si configuration 

offers the highest tunneling distance due to the substantial bandgap difference 

between the Ge source and the Si drain, which creates a more substantial Energy band 

barrier for electrons to tunnel through. In contrast, configurations such as 

Ge_Gr.SiGe_Si, Ge-Si0.5Ge0.5-Si, and Ge-Si-Si exhibit shorter tunneling distances. 

This is because the graded SiGe layers and the intermediate Si0.5Ge0.5 layer in these 

configurations provide a more gradual transition in the energy band, reducing the 

overall potential barrier height and width. Consequently, the electrons encounter a 

narrower and less abrupt barrier, facilitating easier tunneling. The Ge-Si-Si 

structure, while also having a significant bandgap difference, presents a relatively 

moderate tunneling distance compared to Ge-Ge-Si due to the direct Ge to Si 

transition without the intermediate graded layer, resulting in a different tunneling 
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profile. The varied tunneling distances directly impact the device's performance, 

affecting the ON-state current and the overall efficiency of the TFET BioSensor.

Figure 6.3: Potential Energy Curves for Different Semiconductor Structures

Figure 6.4: Electric field distribution in TFETs showing the impact of different semiconductor 

structures
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Figure 6.5: BTBT plot comparing the tunneling current at the source side for various 

configurations using the local tunneling model

Figure 6.6: Current drain voltage graph illustrating the trade-offs between Ion/Ioff ratio, 

ambipolarity, and on-current for various SiGe graded structures
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Figure 6.7: Comparison of Ion sensitivity between Ge-Ge-Si, Ge-Si-Si, Ge- Si0.5Ge0.5-Si, and 

Ge_Gr.SiGe_Si - models as a function of biosensor permittivity

The potential energy curves in Figure 6.3 illustrate the variations across different 

semiconductor interfaces, highlighting their impact on strain relaxation and defect 

dynamics. The Ge-Ge-Si structure shows a smoother potential rise due to similar 

lattice constants but struggles with managing strain and defects, affecting 

performance. In contrast, the Ge-Si-Si and Ge-Si0.5Ge0.5-Si structures exhibit sharp 

potential changes, resulting in high strain, lattice mismatch, and a greater propensity 

for threading dislocations (TDs) and other defects. The Ge_Gr.SiGe_Si structure, 

with its gradual Ge mole fraction transition, effectively reduces lattice mismatch and 

strain, minimizing defects and improving the crystal quality of the Ge-Si0.5Ge0.5-Si

channel layer.

Figure 6.4 shows the electric field distribution across different structures, with the 

sharpest increase near the source for Ge-Si-Si, enhancing tunneling but increasing 

defect risks. The Ge_Gr.SiGe_Si structure displays a smoother electric field profile, 

reducing lattice mismatch and strain, thus lowering defect density, and improving 

reliability. This balance makes the Ge_Gr.SiGe_Si structure particularly 

advantageous for integrating high-mobility SiGe channels in advanced devices, 

enabling better performance and scalability.
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A comparative analysis in figure 6.5 shows the rate of increase in BTBT follows the 

sequence: Ge-Si-Si, Ge-Si0.5Ge0.5-Si, Ge-Ge-Si, and Ge_Gr.SiGe_Si. The Ge-Si-Si 

configuration exhibits the steepest increase in BTBT due to its abrupt transition, 

which creates a significant potential barrier that enhances tunneling rates. In the Ge-

Ge-Si0.5Ge0.5-Si -Si and Ge-Ge-Si configurations, intermediate SiGe layers smooth 

the potential transition, reducing the tunneling barrier and moderating the BTBT 

rate compared to Ge-Si-Si. The Ge_Gr.SiGe_Si structure further improves tunneling 

efficiency due to its gradual potential variation, enhancing the process more 

effectively.

The current drain voltage graph in figure 6.6 reveals that the Ge-Si-Ge structure has 

the lowest Ion/Ioff ratio, indicating poor on-off current differentiation. The Ge-Si-

Si structure, while exhibiting the lowest ambipolarity, fails to produce significant on-

current due to less effective carrier transport. In contrast, the Ge-Si0.5Ge0.5-Si 

structure shows higher ambipolarity but also higher on-current, as the presence of 

Ge enhances carrier mobility, increasing current. The Ge_Gr.SiGe_Si structure 

strikes a balance by optimizing the Ion/Ioff ratio, providing improved performance 

with an increase in ambipolarity similar to the Ge-Si0.5Ge0.5-Si structure.  This 

optimization is attributed to the graded SiGe layer, which effectively manages strain 

and reduces defects, facilitating better tunneling and carrier transport, thereby 

enhancing TFET operation. 

In figure 6.7, the Ion sensitivity of the proposed biosensor structures was evaluated 

for dielectric constants (k=2,4,6,9,12), with the results highlighting distinct 

performance trends. The Ge-Ge-Si structure exhibited moderate sensitivity, with 

values of 8.97, 26.58, 42.02, 61.81, and 78.60, respectively. Its sensitivity increases 

with k due to efficient tunneling at the Ge/Si heterojunction but is limited by higher 

ambipolarity and abrupt band transitions. The Ge-Si-Si configuration showed the 

lowest sensitivity, with values of 3.85, 8.26, 11.25, 14.70, and 17.49, resulting from 

significant tunneling resistance due to abrupt Ge/Si and Si/Si interfaces, which 

hinder BTBT efficiency. The Ge-Si . Ge . -Si structure provided significantly 

higher sensitivity, with values of 15.31, 42.42, 66.08, 96.91, and 123.63, benefiting 

from the intermediate SiGe layer that smoothens the bandgap transition and reduces
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tunneling resistance. The highest sensitivity was observed in the Ge_Gr.SiGe_Si 

structure, with values of 17.47, 48.70, 76.09, 111.84, and 142.79, due to its graded 

composition, which creates a continuous potential barrier, minimizes lattice 

mismatch, and reduces defect density. This design ensures enhanced tunneling 

efficiency and amplifies the device's response to dielectric variations, making it the 

most suitable for high-sensitivity biosensing applications

For selectivity of k=2 with respect to other bimolecular dielectricity, Ge-Si-Si 

achieves the highest values 46.57,  Ge-Gr.SiGe-Si shows slightly lower but 

comparable values to Ge-Si . Ge . -Si, indicating its effectiveness in low-dielectric 

environments. Ge-Ge-Si shows consistently lower selectivity compared to graded 

structures, with a steep decline as k increases. For selectivity of k=4 the Ge-Ge-Si 

structure demonstrates the highest selectivity for k=4/2 (296.27), followed by Ge-

Si . Ge . -Si (277.13) and Gr.SiGe-Si (278.59) emphasizing their suitability for 

intermediate contrasts. For Selectivity of k=6, Gr.SiGe-Si and Ge-Si . Ge . -Si 

alternate as the best performers in this range, with near-identical selectivity values 

for all k. Ge-Ge-Si and Ge-Si-Si shows weaker performance in this range. For 

Selectivity of k=9 and k=12, Graded SiGe-Si and Ge-Si . Ge . -Si consistently 

outperform others in high dielectric contrast scenarios. For k=12/2, the Graded 

SiGe-Si structure achieves the highest selectivity (815.71), followed closely by Ge-

Si . Ge . -Si (807.54). Ge-Ge-Si performs well in extreme ratios but shows a sharper 

decline in intermediate ranges. Ge-Si-Si remains the weakest across all high-

dielectric contrast cases due to its abrupt interfaces and limited electrostatic control. 

Graded and intermediate SiGe structures show superior scalability, sensitivity and 

maintain consistent performance across all k.
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The below mentioned data compares the selectivity values (defined as the ratio of 

sensitivities) of four TFET-based biosensor structures Ge-Ge-Si, Ge-Si-Si, Ge-

Si . Ge . -Si, and Graded SiGe-Si under various dielectric constant (k) ratios.

Table 6.2:  Selectivity for k=2 with respect to k=4,6,9,12

Table 6.3:  Selectivity for k=4 with respect to k=2,6,9,12

Table 6.4:  Selectivity for k=6 with respect to k=2,4,9,12

Selectivity with 

respect to k=4

Selectivity with 

respect to k=6

Selectivity with 

respect to k=9

Selectivity with 

respect to k=12

Ge Ge- Si 33.75278 21.34846 14.51167 11.41209

Ge -Si -Si 46.56948 34.19523 26.18202 22.00104

Ge -Si . Ge . -Si 36.08461 23.16738 15.79636 12.38329

Ge -Gr. SiGe -Si 35.89538 22.9855 15.64552 12.25922

Selectivity with 

respect to k=2

Selectivity with 

respect to k=6

Selectivity with 

respect to k=9

Selectivity with 

respect to k=12

Ge Ge- Si 296.2719 63.24948 42.99399 33.81081

Ge -Si -Si 214.7329 73.42842 56.22142 47.24348

Ge -Si . Ge . -Si 277.1265 64.20295 43.7759 34.31739

Ge -Gr. SiGe -Si 278.5874 64.03472 43.58644 34.15265

Selectivity with 

respect to k=2

Selectivity with 

respect to k=4

Selectivity with 

respect to k=9

Selectivity with 

respect to k=12

Ge Ge- Si 468.4179 158.1041 67.97524 53.45626

Ge -Si -Si 292.4385 136.1871 76.5663 64.33951

Ge -Si . Ge . -Si 431.6414 155.7561 68.18362 53.45142

Ge -Gr. SiGe -Si 435.0568 156.1653 68.06688 53.33457
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Table 6.5:  Selectivity for k=9 with respect to k=2,4,6,12

Table 6.6:  Selectivity for k=12 with respect to 2,4,6,9

Selectivity with 

respect to k=2

Selectivity with 

respect to k=4

Selectivity with 

respect to k=6

Selectivity with 

respect to k=12

Ge Ge- Si 689.1007 232.5907 147.1124 78.64078

Ge -Si -Si 381.9415 177.8681 130.6058 84.03111

Ge -Si . Ge . -Si 633.0572 228.4362 146.6628 78.39334

Ge -Gr. SiGe -Si 639.1608 229.4292 146.9143 78.35613

Selectivity with 

respect to k=2

Selectivity with 

respect to k=4

Selectivity with 

respect to k=6

Selectivity with 

respect to k=9

Ge Ge- Si 876.2639 295.7634 187.0688 127.1605

Ge -Si -Si 454.5239 211.6694 155.4255 119.0036

Ge -Si . Ge . -Si 807.5396 291.3975 187.0858 127.5619

Ge -Gr. SiGe -Si 815.7126 292.8031 187.4957 127.6224
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

7.2 Future Work

7.3 Final Remarks

7.1 Conclusion

The overall research presented in this thesis consolidates the theoretical, simulation-

based, and comparative studies of advanced nanostructured solar cells and sensors, 

emphasizing the integration of material science, semiconductor physics, and device 

engineering. The work provides a comprehensive understanding of how nanoscale 

modification and heterostructure design can significantly enhance energy conversion 

efficiency and sensing performance in emerging photovoltaic and sensor 

technologies.

The first phase of this research focused on the Axially Graded Si(1 x)Ge(x) Nanowire 

Solar Cell, which introduced a compositional gradient along the nanowire axis to 

optimize band alignment, carrier mobility, and optical absorption. Through Monte 

Carlo-based simulations, it was demonstrated that axial grading of germanium 

content allows smoother band transitions and improved carrier separation compared 

to abrupt heterojunction structures. This results in minimized recombination losses 

and an optimized built-in electric field, achieving notable improvement in short-

circuit current density and conversion efficiency. The graded structure also 

successfully addressed the limitations of traditional Si or SiGe core shell designs by 

maintaining structural compatibility and reducing strain-induced defects, providing 

a strong foundation for high-performance, cost-effective nanowire photovoltaics.

In the second phase, the research extended to Quantum Dot Metal Oxide for UV Ray 

Utilization in Tandem Solar Cells, where TiO quantum dots were integrated as an 
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upper sub-cell material to exploit the high-energy ultraviolet spectrum. The study 

addressed a key bottleneck in conventional silicon and perovskite photovoltaics 

their limited response in the UV region. By incorporating TiO QDs in a tandem 

configuration, enhanced photon absorption and multiple exciton generation (MEG) 

were achieved, thereby extending the spectral range and improving quantum 

efficiency. The simulation and optical modeling indicated that quantum confinement 

effects within TiO QDs significantly elevate electron excitation rates, thus 

enhancing photocurrent generation in tandem architectures. This work also 

established the design rule for optimal thickness, bandgap tuning, and interface 

passivation to suppress recombination and maintain stability under varying 

illumination conditions.

The third component of this research dealt with the Crossbar Architecture-Based 

Hydrogen Gas Sensor (CAS), a novel two-terminal silicon palladium hybrid system 

proposed for high-density, scalable gas detection platforms. Using TCAD 

simulations coupled with a palladium-hydrogen adsorption model, the study 

provided computational insights into how work function modulation governs 

sensitivity and response characteristics. The analysis of interconnect resistance, 

array size, and sneak path current behavior revealed the trade-off between sensitivity 

and scalability in large crossbar networks. The proposed fabrication route offered a 

viable path for realizing compact, low-power hydrogen sensors compatible with 

semiconductor integration. This study also highlighted how crossbar geometry 

enables spatial mapping of sensing signals, transforming a traditional single-point 

measurement into a multidimensional, pattern-based detection system an 

innovation directly applicable to Internet of Things (IoT) and environmental 

monitoring systems.

The final phase focused on Graded SiGe Channel Dielectric Modulated TFET 

Biosensors, where a novel Ge SiGe Si heterostructure was introduced to enhance 

label-free biomolecule detection. The graded channel structure was strategically 

engineered to overcome challenges such as low ON-current, high tunneling 

resistance, and interface-induced defects common in conventional TFET biosensors. 

Comparative analysis among Ge Ge Si, Ge Si Si, and Ge Si . Ge . Si 

configurations established that the graded SiGe channel offers superior performance, 
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achieving higher ON/OFF ratios, enhanced subthreshold swing, and improved Ion 

sensitivity across different biomolecular dielectric constants. The study concluded 

that graded SiGe channels minimize lattice mismatch and strain, reducing defect 

density and enabling precise electrostatic control. These findings contribute 

significantly to the design of ultra-sensitive, CMOS-compatible biosensors capable 

of real-time, label-free biological detection.

Collectively, the research outcomes validate that graded composition, quantum 

confinement, and nanoscale engineering are key enablers for next-generation 

nanodevices. Whether in photovoltaics or sensing, smooth energy band transitions, 

reduced defect densities, and optimized tunneling mechanisms are crucial to 

achieving higher efficiency and selectivity. Moreover, the integration of simulation 

and theoretical modeling with fabrication considerations bridges the gap between 

computational design and practical implementation, thereby enhancing device 

reliability and scalability. The synergy among these studies also establishes a 

common theme that nanostructured semiconductor architectures not only 

improve energy conversion and detection efficiency but also pave the way for self-

powered, intelligent sensor systems that merge energy harvesting with sensing 

functionality.

7.2 Future Work

While the current studies establish a solid foundation in simulation-driven 

nanodevice design, several avenues remain for extending this research toward 

experimental realization and multidisciplinary applications:

1. Experimental Fabrication and Characterization:

Future work should aim to experimentally realize the proposed axially 

graded Si(1 x)Ge(x) nanowires and TiO quantum dot tandem structures. 

Techniques such as chemical vapor deposition (CVD), molecular beam 

epitaxy (MBE), and pulsed laser deposition (PLD) can be employed to 

fabricate controlled gradient profiles. Comprehensive characterization using 

XRD, TEM, PL, and I V measurements will be essential to validate the 

simulated results and to study real-world issues like interface defects, carrier 

recombination, and thermal stability.
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2. Integration of Solar Energy Harvesting with Sensors:

Building on the demonstrated synergy between solar cells and sensors, a 

promising direction is to develop self-powered sensing systems where 

nanowire solar cells directly energize gas or biosensors. Such integration can 

lead to continuous, maintenance-free monitoring platforms for environmental 

and biomedical applications, especially in remote or resource-limited areas.

3. Exploration of Alternative Materials and Hybrid Architectures:

Future investigations could extend the graded concept to other material 

systems such as perovskite/SiGe heterojunctions, MoS /graphene hybrid 

channels, or wide-bandgap semiconductors (e.g., ZnO, GaN) for UV and gas 

sensing. These combinations may yield multifunctional devices with tunable 

optical, electrical, and catalytic properties.

4. Advanced Modeling and Machine Learning Integration:

Incorporating machine learning algorithms with TCAD and Monte Carlo 

simulations can accelerate design optimization by predicting complex 

parameter interactions. Such AI-driven models could enable real-time design 

feedback and parameter tuning for large-scale nanodevice networks like 

crossbar sensor arrays.

5. Miniaturization and Bio-Compatibility:

The graded SiGe TFET biosensor can be advanced through biocompatible 

encapsulation layers and microfluidic integration for real-time bioassays. 

Scaling down to sub-10 nm gate lengths and exploring flexible substrates 

would make the devices suitable for wearable and implantable healthcare 

systems.

6. Reliability, Stability, and Long-Term Operation:

Long-term performance analysis under varying environmental conditions 

(humidity, temperature, and radiation) remains essential. Future work should 

include accelerated aging tests and encapsulation strategies to ensure stable 

operation for field-deployed sensors and photovoltaic units.
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7. Towards Quantum-Aware Nanodevices:

Given the strong coupling between electronic confinement and charge 

transport in these devices, the next phase could involve quantum transport 

simulations and experimental verification of multiple exciton generation 

(MEG) and tunneling effects. These efforts could lead to quantum-engineered 

solar cells and sensors with unprecedented performance metrics.

7.3 Final Remarks

In conclusion, this thesis collectively demonstrates how nanoscale engineering

through composition grading, quantum confinement, and structural optimization

advances both solar energy harvesting and sensing technologies. The four studies 

bridge the domains of energy and detection, establishing a unified framework for 

designing high-efficiency, scalable, and self-sustaining nanodevices. These 

contributions not only advance scientific understanding but also provide a 

technological roadmap toward autonomous, intelligent, and sustainable energy

sensing ecosystems.


