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Semiconductor materials, devices, Semiconductors are essential components of modern electronics, optoelectronics,

optoelectronics, emerging and developing quantum devices, allowing transistors, solar cells, LEDs, and

technologies, 2D
perouskites, quantum devices.

materials, flexible electronics to function [1]. This overview delves into semiconductor physics,
key material features, existing and upcoming devices, and their applications in

energy, computer, and communication technologies [2]. Novel materials, such as
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1. INTRODUCTION

Semiconductors are materials with electrical
conductivity that falls somewhere between
conductors and insulators and may be tuned
using doping, temperature, and applied electric
fields [5]. Silicon (Si) has long dominated
electronics due to its abundance, stable oxide
production, and well-understood characteristics,
which serve as the foundation for transistors,
microprocessors, and integrated circuits [6].
Despite this, recent applications in high-
frequency electronics, optoelectronics, and
renewable energy highlight Si's shortcomings,

perouskites, 2D semiconductors, -and topological insulators, are highlighted for
their adjustable characteristics, high carrier mobility, and multifunctionality [3].
The overview links fundamental concepts to practical applications, emphasizing
the problems and future divections for next-generation technologies [4].

such as indirect bandgap and low mobility [7].
Emerging materials, like GaN, SiC, 2D transition
metal dichalcogenides (TMDs), perovskites, and
topological insulators, overcome these limits by
providing increased mobility, broader bandgaps,
and multifunctionality [8]. These developments
allow for smaller, faster, and more energy-
efficient devices, paving the way for flexible
electronics, high-efficiency solar cells, and
quantum computing applications [9]. This review
combines fundamental semiconductor physics,
device designs, and future technologies, focusing
on how innovative materials can overcome
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traditional constraints [10]. Understanding these
linkages is critical for developing next-generation

Intrinsic

Valence Band
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Valence Band

technologies  that can  fulfill  changing
technological needs [11].

Acceptor
Valence Band

Figure 1: Band Structure of Semiconductors

2. Semiconductor Physics Fundamentals

2.1 Band Structure and Charge Carriers

The electronic band structure of semiconductors,
which consists of a filled valence band and an
empty conduction band separated by a bandgap,
governs their behavior [12]. The bandgap
determines whether a semiconductor is direct or
indirect, and it affects optical absorption and
emission properties, which are critical for devices
such as LEDs and solar cells [13]. Electrons in the
conduction band and holes in the valence band
function as charge carriers, and how they behave
under electric fields impacts device performance
[14]. Thermal energy, photon absorption, or

electrical injection generates carriers, while
recombination mechanisms include radiative,
non-radiative, and Auger reactions dissipate
energy [15]. Direct bandgap semiconductors, such
as GaAs and perovskites, emit light readily, but
Si's  indirect bandgap restricts  radiative
recombination [16]. Engineering the band
structure, heterojunctions, and quantum wells
enables for control over carrier confinement and
transport, which improves optoelectronic
performance [17]. These principles are crucial for
developing high-efficiency devices ranging from
photodetectors to lasers [18].
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Figure 2: Direct vs. Indirect Bandgap Semiconductors

2.2 Carrier Generation and Recombination lifetimes perform better in charge collecting and
Carrier creation happens when electrons gather light emission [22]. Surface passivation, defect
sufficient energy to bridge the bandgap through removal, and heterostructure engineering can
thermal, optical, or electrical excitation [19]. reduce recombination, which improves device
Recombination, the reverse process, can be performance [23]. Perovskite semiconductors, for
radiative (produces photons) or non-radiative example, have long lifetimes and high diffusion
(dissipates  energy as heat [20]. Auger lengths, making them ideal for high-efficiency
recombination, or three-particle interaction, is optoelectronic devices [24]. Understanding the
important in high-carrier density systems such production and recombination processes is
laser diodes and concentrated solar cells [21]. essential for optimizing LEDs, solar cells, and
Device efficiency is determined by carrier lifetime photodetectors [25].

and diffusion length; materials with longer

Table 1: Carrier Lifetimes of Key Semiconductors

Material Carrier Carrier  Lifetime Notes on Device Performance
Type (ns)

Silicon (Si) Electron 1-10 Stapdgrd microelectronics, limited light
emission

Silicon (Si) Hole 1-10 Efficient in digital devices but indirect
bandgap

‘GaAs HElectron ” 100-1000 HDirect bandgap, excellent for LEDs and 1asers|

‘GaAs HHole H 10-100 HSupports high-speed optoelectronics |

https://thesesjournal.com | Afzal et al., 2026 | Page 3061


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

SPECTRUM OF ENGINEERING SCIENCES

ISSN (E) 3007-3138 (P) 3007-312X

VOLUME 4, ISSUE 6, 2026

Material Carrier Carrier  Lifetime Notes on Device Performance
Type (ns)
Perovskite . P .
(CH,NH,PbLy) Electron 1000-5000 High diffusion length, ideal for solar cells
‘Perovskite HHole H 1000-5000 HBalanced transport enhances device efficiency

Caption: Carrier lifetimes in representative
showing  suitability  for
optoelectronic and photovoltaic devices.

semiconductors

2.3 Electron Transport and Mobility

Electron and hole mobility characterize how
quickly carriers travel in an electric field and are
affected by scattering from phonons, impurities,
and interfaces [26]. High-mobility materials like
GaN, graphene, and MoS, provide quicker
switching rates, higher frequencies, and increased
device efficiency [27]. Because of their atomic

15000

10000

Electron Mobility (cm?V.s)

thinness, 2D materials have less dispersion,
which leads to better transport along the plane
[28]. Carrier mobility is also affected by doping,
defect density, and temperature, all of which are
crucial for a device's reliability [29]. Advanced
device topologies, such as heterostructures and
van der Waals stacking, improve transport
efficiency and allow for multifunctional
applications [30]. Understanding mobility is
critical for high-speed transistors, radio frequency
devices, and optoelectronics.

8000
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Figure 3: Electron Mobility Comparison

3. Key Semiconductor Materials

3.1 Silicon (Si)

Silicon remains the dominating semiconductor
due to its abundance, low cost, and oxide
stability, which serves as the foundation for

CMOS technology [31]. SOI technology has
increased speed and reduced parasitic
capacitance, allowing for scalability to nanoscale
size [32]. Si is especially important for power
electronics due to its thermal conductivity and
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mechanical strength [33]. Despite its indirect
bandgap, silicon remains dominant in digital
electronics, whereas hybrid systems integrate
silicon with other semiconductors to address
optoelectronic restrictions [34]. Si photonics is an
emerging application that combines electrical and
optical devices on the same chip [35].

3.2 III-V Semiconductors

GaAs, InP and related III'V semiconductors
provide direct bandgaps, high electron mobility,
and programmable bandgaps, making them
excellent for use in LEDs, laser diodes, high-
frequency transistors, and optical
communications [36]. GaAs is well-suited for
microwave and millimeter-wave devices, whereas
InP offers lownoise photodetectors and high-
speed optical modulators [37]. III-V compounds
are required for highly efficient multijunction
solar cells [38]. Integration problems with Si have
prompted hybrid methods, which combine III-V
materials for optoelectronics with Si for
electronics [39].

3.3 Wide Bandgap Semiconductors
GaN and SiC feature large bandgaps, which allow
for high breakdown voltages, high temperature

Perovskite ABX; Crystal with BXg Octahedra

functioning, and high power density [40]. These
materials have applications in power electronics,
RF amplifiers, and electric cars [41]. High
thermal conductivity enables effective heat
dissipation, which is critical for high-power
applications [42]. Wide bandgap semiconductors
outperform silicon in hostile environments,
making them crucial for next-generation energy-
efficient devices [43].

3.4 Emerging Materials

Perovskites, TMDs, and topological insulators are
a novel type of semiconductor with tunable
characteristics, high absorption, and
multifunctional potential [44]. Perovskites offer
high-efficiency solar cells and LEDs by solution-
based processing [45]. 2D TMDs offer atomically
thin channels for flexible, high-performance
transistors [46]. Topological insulators provide
stable surface states with spin-momentum
locking, allowing for spintronics and quantum
computing applications [47]. Hybrid devices that

combine traditional and developing
semiconductors enable multifunctional
applications such as flexible electronics,

photonics, and quantum devices [48].
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Figure 4: Crystal structures of Si, GaAs, perovsktes, and TMDs.
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Table 2: Key Material Properties

Electron .. |[Thermal
Material ?i;;dgap Mobility }-Iolze /V%Oblhty Conductivity Applications
¢ (cm?/Vs) v (W/mK)
Sil'icon L2 1400 450 150 Microelectronics,  solar
(Si) cells
High-speed electronics,
GaAs 1.42 8500 400 46 LEDs, lasers
GaN 3.4 1500 300 130 Povs{er electronics, RF
devices
Sic 3.2 700 100 370 Highvoltage  power
devices
MoS, 18 200-400 100-200 34 Flexil?le electronics,
(2D) transistors
Perovskite | 1.55-1.6  ||20-60 20-60 0.5-1 Solar ~cells,  LEDs,
photodetectors

Caption: Comparison of conventional and
emerging semiconductor materials relevant to
device performance.

4. Semiconductor Devices

4.1 Diodes and Transistors

Diodes, MOSFETs, and BJTs are fundamental
electrical components that rely on p-n junction
physics [49]. Scaling CMOS technology increases
integration density, but short-channel effects and
heat dissipation pose issues [50]. Advanced
transistor architectures, such as FinFETs and gate-
allaround FETs, reduce leakage while increasing
performance [51]. Emerging 2D materials enable
ultra-scalable, low-power transistors [52]. Device
reliability, thermal control, and integration with
heterogeneous
engineering difficulties [53].

materials remain  significant

4.2 Optoelectronic Devices

LEDs, laser diodes, and photodetectors use
carrier recombination and optical absorption
[54]. Organic and perovskite semiconductors
offer versatile, low-cost devices [55]. High-

efficiency perovskite solar cells have achieved
power conversion efficiencies of more than 25%,
rivaling silicon-based devices [56]. Improving
material quality, interfaces, and light control is
critical for efficiency and stability [57].

4.3 Power Electronics

GaN and SiC enable high-voltage converters, RF
amplifiers, and electric vehicle power systems
[58]. High breakdown voltage, thermal stability,
and low on-resistance enable energy-efficient
operation [59]. Hybrid integration with silicon
improves system performance while lowering
space and cost [60].

4.4 Emerging Device Architectures

Quantum dots, memristors, ferroelectrics, and
two-dimensional transistors provide novel device
concepts for neuromorphic computing, quantum
computing, and ultra-low-power electronics [61].
Hybrid material systems have tunable electrical
and optical properties, making them ideal for
multifunctional applications [62].
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Conventional Silicon MOSFET
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Figure 5: Schematic of conventional vs. 2D transistor structures.

Table 3: Device Types vs. Material Suitability

. Conventional . .

Device Type Materials Emerging Materials Notes

MOSFET Si MoS,, WSe, 2D - t.ra.ms1stors for scaling and
flexibility

‘LED ”GaAs, GaN HPerovskites HHigh~efficiency light emission

Solar Cell Si Perovskites, GaAs High absorption, solution
processable

‘Power Electronics ”Si, SiC, GaN HGaN, SiC HHigh voltage, high temperature

Photodetector Si, GaAs Perovskites, TMDs Broadb:?n.d absorption. and high
responsivity

Quantum Device||.. Topological Insulators, 2D||. .

(Qubits) Si T™MDs Spin-based quantum states

Flexible Electronics  ||Organic, TMDs Perovskites, MoS,, g/iii?;mcal flexibility and  thin

Caption: Mapping of semiconductor materials to
device applications.

5. Emerging Applications

5.1 Renewable Energy and Energy Storage
Semiconductors enable solar cells,
thermoelectrics, and  photoelectrochemical
devices for renewable energy [63]. Perovskites and
TMDs offer excellent absorption and solution

processability (64]. Wide bandgap
semiconductors, such as SiC, are essential for
efficient power electronics in renewable energy
systems [65].

5.2 Quantum Technologies

Semiconductors enable silicon qubits, topological
qubits, and spintronic devices for quantum
computing [66]. Long coherence periods,
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adjustable spin states, and integration potential
make them excellent for large-scale quantum
architectures [67].

5.3 Flexible and Wearable Electronics

Organic, perovskite, and 2D semiconductors
make it possible to create bendable, lightweight
sensors, displays, and health monitors [68].
Mechanical flexibility and good performance are

Conventional Electronics

Optoelectronics and

essential for wearable technology adoption [69].

5.4 Al and Neuromorphic Computing
Memristors and ferroelectric devices use brain-
inspired computing to create low-power, high-
efficiency neuromorphic systems [70]. 2D
semiconductors can be integrated with
conventional circuits to create hybrid Al
platforms [71].

Emerging Technologies

Power Electronics

= = [cvos]

CMOS, Microprocessors,

B 3
%‘m LEDs Laser Diodes GaN/siC

CMOS, Microprocessors

Si O GaAs/GaN

DO =g

n-v Wide Bandgap 2D Materials

& Wide Bandgap

=

Quantum Neuromorphic
Computing Devices

&) &)

Power Devices ;
Solar Cells GaN/siC

B

Topological Insulators

si @

t t t

GaAs Wide Bandgap 2D Materials Topological Insulators

Figure 6: Application roadmap from conventional electronics to quantum and flexible technologies.

6. Future Perspectives

Future semiconductor research focuses on novel
materials, heterostructures, defect engineering,
and multifunctional devices [72]. Integration
issues, thermal control, and scaling remain
critical areas of focus [73]. Emerging hybrid
systems that combine conventional and
innovative semiconductors hold promise for
breakthroughs in  optoelectronics,  energy
harvesting, quantum computing, and flexible
electronics [74]. Advanced simulation, material
synthesis, and fabrication techniques will propel
innovation during the next decade [75].

7. Conclusion

Semiconductors continue to play a crucial role in
technological advancement. Traditional Si-based
devices cohabit with new materials like
perovskites, TMDs, and topological insulators,
allowing for multifunctional applications [76].
Understanding fundamental physics, optimizing
material properties, and investigating innovative
technologies are critical for meeting the needs of
high-speed, energy-efficient, quantum, and
flexible applications [77]. Research into hybrid
devices, quantum technologies, and new
materials promises to revolutionize electronics
and optoelectronics [78].
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