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ABSTRACT: Wide-bandgap (WBG) semiconductors such as silicon carbide (SiC) and gallium nitride (GaN) are revolutionizing
high-power electronics due to their superior thermal conductivity, breakdown voltage, and energy efficiency. These materials are
critical in electric vehicles, renewable energy systems, and high-frequency applications like 5G infrastructure. However, their
production processes are resource-intensive and present significant environmental challenges. This review evaluates recent
advancements in sustainable WBG semiconductor manufacturing, focusing on low-energy epitaxial growth, closed-loop recycling,
and the mitigation of toxic by-products. Additionally, it highlights the role of Industry 4.0 innovations, such as Al-driven process
optimization and [oT-based resource management, in enhancing sustainability. The review identifies research gaps in cost reduction,
alternative WBG materials like Gallium Oxide (Ga;O3) and Diamond, and scalable green manufacturing solutions. It underscores
the necessity for industry-wide collaboration and regulatory frameworks to drive the adoption of eco-friendly semiconductor
fabrication. The findings of this study provide a roadmap for advancing sustainability in WBG semiconductor production, ensuring
their long-term viability in the transition toward energy-efficient technologies.
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1. Introduction

As global industries push for sustainable and energy-efficient technologies, Wide-Bandgap (WBG)
semiconductors such as silicon carbide (SiC) and gallium nitride (GaN) are increasingly recognized for their potential
to revolutionize high-power and high-frequency applications. Their superior properties, including higher thermal
conductivity, breakdown voltage, and energy efficiency, make them indispensable in electric vehicles (EVs), renewable
energy systems, and 5G infrastructure [1]. However, despite their advantages, the resource-intensive production
processes of WBG semiconductors pose significant environmental challenges [2]. The demand for these materials has
surged in recent years due to their integration into critical energy applications. Still, concerns over the sustainability of
their production and life-cycle remain unresolved. The rapid expansion of the semiconductor industry necessitates
urgent consideration of how manufacturing practices can be improved to reduce carbon footprints, optimize energy
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consumption, and promote resource efficiency. This review examines sustainable manufacturing approaches, material
recycling, and circular economy strategies to mitigate these environmental concerns, differentiating itself from previous
studies that primarily focus on WBG material properties.

WBG semiconductors offer key advantages over traditional silicon-based devices. SiC has a wide bandgap of 3.26 eV,
high thermal conductivity (4.9 W/cm-K), and a critical electric field strength ten times higher than silicon, making it
ideal for high-temperature and high-voltage applications [3]. Similarly, GaN has a bandgap of 3.4 eV, high electron
mobility, and superior power density, making it suitable for high-frequency electronics [4]. These properties enable
WBG semiconductors to enhance power conversion system efficiency significantly, reducing energy losses and
promoting sustainability in photovoltaic inverters, wind turbines, and EV powertrains [5]. Beyond SiC and GaN, emerging
WBG materials such as gallium oxide (Ga>0s3) and diamond exhibit unique properties for specialized applications. Ga;Os,
with a bandgap of around 4.8 eV, enables extreme high-voltage applications, while diamond, with a 5.5 eV bandgap, offers
exceptional thermal conductivity [6]. These next-generation materials are expected to complement SiC and GaN in high-
power electronics, offering solutions that balance performance, longevity, and sustainability.

Despite their technological benefits, the production of WBG semiconductors is energy-intensive and
environmentally taxing. Epitaxial growth techniques such as chemical vapor deposition (CVD) and molecular beam
epitaxy (MBE) demand high temperatures, leading to substantial greenhouse gas emissions [7]. The extraction of raw
materials such as gallium contributes to ecological degradation and supply chain vulnerabilities, as China controls a
major portion of WBG material production [8]. The energy-intensive purification processes required to produce high-
quality WBG materials further exacerbate their environmental impact. The industrial-scale manufacturing of WBG
devices results in significant waste generation, including toxic by-products, requiring advanced mitigation strategies.
Companies are increasingly exploring green synthesis methods, including lower-temperature deposition techniques and
alternative solvents, to minimize chemical waste and energy consumption while maintaining high material purity levels.

End-of-life disposal presents another sustainability concern. Current recycling methods for SiC and GaN remain
inefficient, leading to substantial electronic waste (e-waste). The improper disposal of WBG materials can cause
hazardous substances to leach into the environment, posing health risks [9]. Addressing these issues requires innovative
recycling strategies and regulatory frameworks. Implementing closed-loop recycling systems for reclaiming valuable
semiconductor materials has been proposed as a viable solution, yet widespread adoption remains limited due to
economic and technological barriers. The global semiconductor industry must enhance collaboration between
manufacturers, policymakers, and research institutions to develop efficient e-waste processing methods and improve
material recovery from discarded electronic devices.

While previous studies have primarily focused on the performance advantages of WBG semiconductors, fewer
have examined their sustainability challenges and mitigation strategies. This review aims to assess the environmental
impact of WBG semiconductor manufacturing through life-cycle analysis, explore energy-efficient fabrication methods,
including low-energy epitaxial growth techniques, examine circular economy practices, such as WBG material
recycling and waste reduction [10], and identify future research directions for improving the sustainability of WBG
semiconductor production. A key contribution of this review is its integration of recent advancements in sustainable
semiconductor manufacturing, providing a holistic perspective that combines material science, industrial engineering,
and environmental policy. The paper also highlights ongoing initiatives by semiconductor companies to adopt greener
supply chain practices, aiming to reduce reliance on nonrenewable raw materials and optimize logistics to decrease
overall carbon emissions.

Understanding the trade-offs between performance optimization and sustainability is crucial for guiding future
innovations in semiconductor technology. Given the increasing reliance on WBG materials in emerging energy
applications, finding ways to enhance their recyclability, reduce environmental footprints, and streamline supply chains
will be essential. The review will analyze existing challenges and propose strategic recommendations for industry-wide
sustainability improvements.

This paper discusses recent advancements in WBG semiconductor technologies, focusing on their applications in
high-power and energy-efficient industries. It analyzes current sustainability initiatives, including green manufacturing
techniques and circular economy strategies, and explores challenges associated with WBG semiconductor production,
from raw material extraction to life-cycle management. The paper also outlines future prospects for sustainable
semiconductor development and strategic steps to align with global sustainability goals. By presenting a holistic analysis
of sustainable WBG semiconductor manufacturing, this review serves as a critical reference for researchers, industry
stakeholders, and policymakers seeking to promote sustainable semiconductor manufacturing and reduce the ecological
footprint of next-generation electronics.
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2. Semiconductor Fundamentals and Historical Development
2.1. Introduction to Semiconductors

Semiconductors are essential materials characterized by their electrical conductivity, which lies between that of
conductors and insulators, making them vital for controlling electric current in electronic devices [11]. They are
classified into intrinsic semiconductors, which are pure, and extrinsic semiconductors, which are doped with impurities
to enhance conductivity [12]. Among the semiconductors, silicon is used extensively due to its high-temperature
stability and effective doping capabilities, allowing for the creation of both p-type and n-type semiconductors [12,13].
However, the increasing demand for more energy-efficient and sustainable electronic systems has exposed silicon’s
limitations in high-power and high-temperature applications, driving the transition toward Wide-Bandgap (WBG)
semiconductors [13,14]. While silicon-based semiconductors have shaped modern electronics, their high energy
consumption, material waste, and limited efficiency in power applications have raised sustainability concerns. WBG
semiconductors offer superior performance in high-power applications, significantly reducing energy losses and carbon
footprints. Their ability to operate at higher voltages and temperatures without excessive cooling requirements makes
them a crucial advancement for sustainable energy applications, including electric vehicles (EVs), renewable energy
systems, and power grids [7,15].

2.2. The Shift to Wide-Bandgap (WBG) Semiconductors

The increasing demand for more efficient, reliable, and high-performance electronic systems has driven a transition
from traditional silicon-based semiconductors to Wide-Bandgap (WBG) technologies. Wide-bandgap (WBG)
semiconductors like Silicon Carbide (SiC) and Gallium Nitride (GaN) outperform Silicon (Si) by offering significantly
larger bandgaps—around 3.26 eV for SiC and 3.4 ¢V for GaN (Figure 1, Table 1), allowing them to function at much
higher voltages, temperatures, and frequencies while reducing energy losses and minimizing thermal degradation [16].
These properties have made WBG semiconductors the preferred choice in high-power applications [17].
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Figure 1. Materials Properties of WBG semiconductors (SiC, GaN) compared to Si presented in a spider chart. The chart maps
key properties, including electric field (MV/cm), thermal conductivity (W/cm-°C), melting point (x1000 °C), electron velocity
(%107 cm/s), and energy gap (eV). The numbers 1-5 represent the scale or intensity of each property. Superscripts: ! Indicates

materials properties relevant to high-voltage operation, and ? Indicates properties important for high-temperature applications.

Beyond their electrical performance, WBG materials are more sustainable than traditional silicon-based devices.
The adoption of SiC in electric vehicle powertrains has significantly improved efficiency, as seen in Tesla’s Model 3,
which utilizes SiC-based inverters to extend driving range while minimizing thermal losses [18,19]. Similarly, GaN has
been widely adopted in high-frequency power conversion applications, enabling more compact and energy-efficient
solar inverters and power grids [6]. This transition is pivotal in achieving a more sustainable electronics industry by
reducing material waste, energy consumption, and overall carbon emissions [5,6].
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2.3. Fundamental Properties of Wide-Bandgap (WBG) Semiconductors

WBG semiconductors possess unique material properties, making them superior to traditional silicon devices in
power applications. With their inherent characteristics, WBG devices can function effectively at temperatures up to
300 °C, far exceeding the 150 °C limit of traditional silicon devices [16,18]. Their superior material properties, including
high thermal conductivity, high critical electric fields, and reduced conduction losses, make them ideal for various
applications [6,20].

Silicon carbide (SiC) exhibits a thermal conductivity of approximately 4.9 W/cm-K, which is significantly higher
than silicon’s 1.5 W/cm-K (Table 1, Figure 1), making SiC particularly advantageous for high-temperature applications
such as electric vehicle powertrains due to its effective heat dissipation capabilities [16,21]. In contrast, gallium nitride
(GaN) has a lower thermal conductivity of about 1.3 W/cm-K, but its higher electron mobility (up to 2000 cm?/V-s)
(Table 1) allows for enhanced efficiency in high-frequency switching applications, such as 5G networks and radar
systems [22,23]. However, the thermal management of GaN-based devices remains critical, as self-heating effects can
lead to performance degradation [24].

A life-Cycle Assessment (LCA) of semiconductor materials indicates that WBG semiconductor devices, such as
silicon carbide (SiC) and gallium nitride (GaN), significantly enhance the efficiency of power electronics, achieving
over 30% reduction in power losses compared to traditional silicon-based devices [5]. These materials enable higher
switching speeds, greater power densities, and improved thermal performance, allowing for smaller and lighter power
converters, which in turn reduce raw material consumption and enhance recyclability [25]. Ongoing research is focused
on developing environmentally friendly recycling processes for WBG semiconductors and promoting a circular
economy in electronic manufacturing. The integration of a parametric life-cycle assessment (PLCA) model in the design
phase can further optimize the environmental impacts of these technologies, ensuring sustainable practices in the power
electronics sector [26].

The integration of SiC and GaN into power electronics has revolutionized modern energy infrastructure,
contributing to the sustainability of electric grids, solar inverters, and energy storage systems. These advancements
highlight WBG semiconductors’ essential role in reducing energy consumption, minimizing waste, and ensuring more
efficient power conversion in future electronic systems [7].

Table 1. Physical properties of Silicon (Si), Silicon Carbide (SiC) and Gallium Nitride (GaN) [27].

Electrical Property Si 4H-SiC GaN
Bandgap energy (eV) 1.1 3.26 34
Thermal Conduction (W/cm-K) 1.5 4.9 1.3
Electron Mobility (cm?/V-s) 1300 900 900-2000
Saturation drift velocity 1 x 107 2 x 107 2.5 % 107

2.4. Historical Development of Wide-Bandgap (WBG) Semiconductors

The history of semiconductors is encapsulated by major discoveries, starting with Alessandro Volta, who, in 1782,
coined the term “semiconductor”, providing a name that would form the groundwork for other explorations to come
(Figure 2) [27]. The photovoltaic effect, discovered by Alexandre-Edmond Becquerel in 1839, was pivotal for modern
solar technology, culminating in Charles Fritts’ creation of the first solar cell in 1883 using selenium (Figure 2) [28].
In the early 20th century, Sir John Ambrose Fleming was credited for pioneering the invention of the vacuum tube in
1904 (Figure 2). This was then followed by the discovery of the first commercial silicon transistor by John Bardeen and
Walter Brattain in 1947 (Figure 2), establishing silicon as the dominant semiconductor material [13]. However, by the
1990s, silicon’s limitations in high-power and high-temperature applications prompted research into alternative
materials like silicon carbide (SiC) and gallium nitride (GaN), which were recognized as Wide-Bandgap semiconductors
[12,29]. This evolution reflects the ongoing quest for improved semiconductor performance and applications.
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2.4.1. Emergence of SiC and GaN

Silicon Carbide (SiC) power devices, developed in the 1990s, have significantly transformed the semiconductor
industry by enabling high-temperature applications due to their exceptional properties, such as high thermal
conductivity and electric field strength, making them ideal for power electronics in electric vehicles and renewable
energy systems [15,30]. Concurrently, Gallium Nitride appeared in the early 2000s as a key material for high-frequency
electronics with better breakdown voltage and switching speed than traditional silicon semiconductors, making it crucial
for high-performance applications [16]. The advancements in Wide-Bandgap (WBG) materials like SiC and GaN enhance
efficiency and allow operation at higher voltages and temperatures, facilitating innovations in power management systems
and contributing to sustainability efforts within the technology sector [31]. This evolution in semiconductor technology
marks a pivotal shift, driving the development of more efficient and reliable power electronics.

2.4.2. Pivotal Technological Advancements

The Power Electronic Building Block (PEBB) program, initiated in 1994, significantly advanced Silicon Carbide
(SiC) technology by focusing on reducing the size, weight, and cost of military power electronics, which also benefited
commercial sectors like electric vehicles [32]. SiC devices have shown remarkable capabilities, handling voltages up
to 20 kV, making them ideal for applications in electric vehicle powertrains and energy storage systems [16].
Concurrently, Gallium Nitride (GaN) devices have gained traction for their efficiency in power conversion, particularly
in electric vehicles where compact and energy-efficient designs are essential [16]. By the mid-2000s, Wide-Bandgap
(WBG) semiconductors, including SiC and GaN, demonstrated significant performance enhancements, with GaN
devices achieving switching frequencies up to 2 MHz, which is beneficial for fast chargers and RF amplifiers [16,33].
This synergy between military and commercial applications has propelled the development of advanced power
electronics technologies.

2.4.3. Impact on Modern Applications

The integration of Wide-Bandgap (WBG) semiconductors has considerably modernized applications in
contemporary electric vehicle and renewable energy sectors. Their superior properties enable more efficient and
compact power management systems, thereby enhancing the vehicle’s performance and range in EVs [16,20]. In
renewable energy systems, SiC devices have notably improved the efficiency of photovoltaic inverters, minimizing
energy losses and costs associated with solar energy conversion [18]. Furthermore, GaN and SiC are pivotal in
revolutionizing power supply systems by reducing energy losses during conversion processes and contributing to
sustainability efforts to lower carbon footprints [34,35]. Emerging WBG materials like aluminum phosphide, diamond,
and boron nitride also show promise due to their superior properties, such as high thermal conductivity and breakdown
strength, which are essential for high-power applications in extreme environments [36]. Collectively, all these
developments contribute to the global efforts aimed at tackling modern energy-related problems and minimizing the
carbon footprint [16,20].

2.4.4. Evolution Toward Sustainable Manufacturing

The transition to sustainable manufacturing is crucial in WBG semiconductor manufacturing since the sector
involves highly energy-intensive processes with environmentally toxic by-products. The integration of Industry 4.0
technologies, including Internet of Things (IoT), Artificial Intelligence (Al), and automation, plays a vital role in
reducing energy consumption, optimizing resource use, and minimizing waste [37,38]. Advanced data-driven
approaches like machine learning and real-time energy monitoring allow semiconductor fabs to analyze energy usage
patterns and implement targeted interventions to optimize efficiency [39,40]. Furthermore, simulation and Al-driven
decision-support tools enhance resource management, contributing to significant reductions in greenhouse gas
emissions and promoting sustainable production [41,42].

In semiconductor manufacturing, Al-driven process optimization has enabled manufacturers to reduce energy
waste and improve yield efficiency through real-time monitoring systems. The implementation of loT-based predictive
maintenance also plays a critical role in reducing material waste and enhancing overall sustainability [38,43]. The
development of sustainable IoT systems, such as the SUPERIOT project, emphasizes eco-friendly materials and energy-
harvesting technologies, aligning with broader sustainability goals [44]. The integration of Al, IoT, and automation in WBG
semiconductor manufacturing represents a major step toward a more sustainable and environmentally friendly industry [8,45].
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2.4.5. Environmental Impact of Manufacturing

The semiconductor industry is a significant contributor to carbon emissions and water consumption, necessitating
the adoption of innovative sustainability strategies. Carbon emissions in semiconductor fabs primarily arise from energy
consumption and the use of fluorinated compounds, which are potent greenhouse gases [45,46]. Strategies to reduce
these emissions include transitioning to renewable energy sources and improving energy efficiency in fabrication
processes [47]. However, despite these efforts, the industry’s overall emissions continue to grow, highlighting the need
for more aggressive emission reduction commitments and cleaner manufacturing technologies.

Water usage is another major concern in semiconductor production, as fabs consume vast amounts of ultrapure
water (UPW). Some facilities use over 2 million gallons per day for wafer processing, making water recycling and
reclamation critical strategies for reducing demand on municipal water systems [48,49]. Technologies such as reverse
osmosis and ceramic membrane filtration have improved water recycling rates, helping environmental impacts [50,51].
Furthermore, the reuse of de-ionized water can significantly reduce water consumption and associated carbon emissions,
though it requires careful management to balance water savings with energy use [52]. As the semiconductor industry
expands globally, particularly in regions like China and Southeast Asia, these sustainability strategies will be crucial in
mitigating environmental impacts [53].

2.4.6. Current Innovations

Innovations in WBG semiconductor manufacturing are addressing environmental challenges through closed-loop
recycling systems and green chemistry principles. Closed-loop recycling systems enable the recovery of valuable
materials from end-of-life (EoL) WBG devices, reducing reliance on virgin raw materials and minimizing environmental
impact [54]. With GaN substrate recycling, a laser slicing process has been developed to recover GaN substrates, allowing
their reuse in power device fabrication without degrading structural or electrical properties (Table 2) [54]. Researchers
have successfully extracted indium, gallium, and germanium from spent LEDs, LCDs, and photovoltaics using
hydrometallurgical and biohydrometallurgical methods, achieving recovery rates above 95% for indium and 99% for
gallium (Table 2) [55,56]. Recycling selenium-based optoelectronic devices are possible through a closed-space
evaporation process that recovers 98% of selenium and 100% of gold electrodes from end-of-life photovoltaic devices
(Table 2) [57].

Table 2. Comparison of Recycling Methods for WBG Semiconductors [54-57].

Material/Device Recycling Method Efficiency/Yield
GaN substrates Laser slicing No degradation
Indium (from LCDs) Mineral acid leaching Over 95% recovery
Gallium (from GaN LEDs) HCL leaching after annealing 99% recovery
Selenium Closed-space evaporation 98% for selenium,
(from photovoltaics) 100% for gold

2.4.7. Integration of Industry 4.0 and Reconfigurable Technologies

The integration of Industry 4.0 technologies, such as Smart Sensors, Cyber-Physical Systems (CPS), the Internet
of Things (IoT), and Artificial Intelligence (Al), is revolutionizing manufacturing processes by enhancing resource
management and minimizing emissions, particularly in semiconductor production [58,59]. These intelligent
manufacturing systems facilitate real-time data analysis and automation, allowing adaptive manufacturing to swiftly
respond to changing market demands [60,61]. Reconfigurable technologies play a crucial role in this transformation,
enabling manufacturers to fine-tune their processes dynamically, boosting production efficiency and significantly
reducing waste and environmental impact [58,62]. By leveraging these advanced technologies, industries can achieve
higher operational effectiveness and sustainability, positioning themselves competitively in the evolving digital
landscape [59,60]. Automation and robotics further enhance efficiency by minimizing human intervention in wafer
handling, assembly, and packaging, thereby improving yield and reducing scrap materials [63]. Reconfigurable IC
designs and 3D-integrated circuits (3D-ICs) support modular electronics, enabling component reuse and reducing
electronic waste [64].
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2.4.8. Toward a Circular Economy

The semiconductor industry embraces circular economy principles by prioritizing resource optimization and waste
minimization across the product life-cycle. Blockchain, IoT, and Al are being utilized to enhance supply chain
transparency and facilitate material reuse [65]. Companies have implemented recycling programs and resource recovery
initiatives, demonstrating industry-wide commitment to sustainability [66,67]. By integrating advanced recycling
technologies, green chemistry principles, and Industry 4.0 solutions, the semiconductor industry is moving toward a
more sustainable and circular economy, ensuring long-term viability and environmental responsibility [68,69].

3. WBG Semiconductor Manufacturing
3.1. GaN and SiC Semiconductor Manufacturing Route
3.1.1. GaN Manufacturing Route

The manufacturing of gallium nitride (GaN) involves several critical steps to ensure the formation of high-quality
layers suitable for advanced electronic applications. The process begins with substrate preparation, where materials like
sapphire, silicon, and silicon-on-insulator (SOI) are cleaned and patterned to create a defect-free surface for GaN growth
[70]. Epitaxial growth, primarily achieved through Metal-Organic Chemical Vapor Deposition (MOCVD), facilitates
the deposition of GaN from metal-organic precursors at elevated temperatures, often utilizing a buffer layer to enhance
the quality of the film [35,71]. To improve sustainability, low-temperature MOCVD techniques and Atomic Layer
Deposition (ALD) are being implemented to minimize energy consumption and carbon emissions, thereby reducing the
environmental footprint of GaN manufacturing [72,73].

Doping is performed via ion implantation techniques, where elements like magnesium are introduced to achieve p-type
conductivity and nitrogen plasma treatments help enhance carrier activation [74]. The adoption of alternative, less-toxic
precursors in doping processes aligns with green chemistry principles, further minimizing the ecological impact of
semiconductor manufacturing [72]. Closed-loop water recycling systems have been introduced to reduce water and chemical
usage in GaN growth processes, making them more environmentally sustainable [48].

3.1.2. SiC Manufacturing Route

Silicon Carbide (SiC) substrates are primarily produced using the physical vapor transport (PVT) technique, which
ensures high-quality single-crystal formation and addresses the limitations of melt-based growth methods [75,76].
Following substrate production, wafers undergo chemical-mechanical polishing (CMP) to ensure surface smoothness
before subsequent epitaxial growth via Chemical Vapor Deposition (CVD) [75,77]. Recent advancements in low-
temperature CVD techniques are being adopted to reduce energy consumption, significantly improving sustainability
in SiC fabrication [78].

Doping in SiC is typically achieved through ion implantation (nitrogen for n-type, aluminum for p-type),
necessitating precise control to maintain material integrity while optimizing device efficiency [79]. Advances in
alternative doping strategies, such as plasma-assisted doping and solid-phase diffusion, are emerging as energy-efficient,
lower-waste solutions [80]. Innovations in micro-powder recycling through alkali wash and pickling have provided a
sustainable method to recover SiC material while maintaining high device performance [81].

To further enhance sustainability, water purification and reuse technologies have been integrated into SiC fabs,
reducing ultrapure water and sulfuric acid consumption [48]. Moreover, the adoption of renewable energy sources and
carbon capture technologies in SiC production is helping to achieve negative emissions, significantly lowering the
carbon footprint of SiC manufacturing [82].

3.2. Innovations in WBG Semiconductor Manufacturing

The growing demand for Wide-Bandgap (WBG) semiconductors, including silicon carbide (SiC), gallium nitride
(GaN), and ultrawide-bandgap (UWBG) materials like gallium oxide (Ga»Os;), has necessitated a shift toward
sustainable manufacturing practices. With concerns over raw material scarcity and energy consumption, comprehensive
life cycle assessments (LCA) are being conducted to identify environmental hotspots in WBG production [83]. Key
innovations in sustainable WBG semiconductor manufacturing include green chemistry, Al-driven process optimization,
and advanced recycling techniques [84—86].

Several low-energy deposition techniques are being explored to reduce the energy burden of semiconductor
manufacturing. Low-temperature Chemical Vapor Deposition (CVD) (Figure 3b) minimizes energy use while
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maintaining high-quality material growth, unlike traditional Chemical Vapor Deposition (Figure 3a), which is energy-
intensive [87-89]. Atomic Layer Deposition (ALD) (Figure 3c) enables precise control over film thickness, reducing
material waste and power consumption [72]. Molecular Beam Epitaxy (MBE) (Figure 3d) enhances material purity
while operating at lower temperatures, significantly cutting down on energy requirements [90]. Green chemistry
approaches are being implemented to replace hazardous chemicals like hydrogen fluoride (HF) in WBG processing.
The use of aliphatic amino acids as corrosion inhibitors in CMP slurries is one such advancement, reducing reliance on
environmentally harmful chemicals [78,91].
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Figure 3. (a) Schematic of the main steps of the CVD process [92]; (b) Schematic Diagram of ALD type reaction to a high Vacuum
Low-temperature CVD process [93]; (¢) The reaction process of ALD [94]; (d) Typical MBE system [95].

As WBG semiconductor demand increases, sustainable material recovery and recycling methods are becoming
critical. Recycling initiatives include the recovery of gallium and silicon from production by-products through advanced
chemical separation techniques [96]. For instance, the recycling of GaN, a refractory e-waste material, involves
chemical pretreatment and thermodynamic processes to recover gallium, aligning with urban mining initiatives and
international recycling directives [97]. Closed-loop recycling systems reintegrate reclaimed materials back into the
manufacturing cycle, reducing reliance on virgin raw materials [98].

The integration of Industry 4.0 technologies, such as artificial intelligence (Al), machine learning, and digital twin
simulations, is significantly enhancing the sustainability of wide bandgap (WBG) manufacturing. Al-driven process
optimization has been shown to reduce energy consumption by 30% and improve material efficiency. Al technologies
enable dynamic adaptation to changing conditions, reduce variability, and enhance quality through predictive
maintenance and real-time monitoring [95,96]. The Internet of Things (IoT) plays a crucial role in predictive
maintenance by monitoring equipment performance and predicting breakdowns, which minimizes downtime and
reduces waste from defective products [37,96]. Digital twin simulations further contribute to sustainability by allowing
semiconductor fabs to model production processes, thereby optimizing operational efficiency and energy use [99].
These digital twins, supported by IoT and Al, provide real-time insights and enable continuous improvement in
production processes, reducing downtime and enhancing maintenance strategies [99]. The integration of Al and IoT in
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manufacturing not only enhances operational efficiency but also supports sustainable practices by lowering expenses,
increasing productivity, and decreasing waste [37].

With the rising demand for WBG semiconductors, concerns over ethical material sourcing have emerged. The
industry is increasingly adopting traceability systems to ensure sustainable procurement of materials like gallium and
silicon, addressing environmental degradation and human rights concerns [100]. Government regulations such as the
European Green Deal and U.S. federal incentives encourage investments in energy-efficient semiconductor
technologies [101].

4. Applications of Wide-Bandgap (WBG) Semiconductors in Sustainable Technologies

Wide-bandgap (WBG) semiconductors have gained significant attention for their transformative impact on various
industries, especially in the pursuit of sustainable technologies. These materials are driving innovation in electric
vehicles (EVs), renewable energy systems, 5G infrastructure, smart grids, and other crucial applications (Figure 4). The
integration of SiC and GaN in these technologies contributes to improved energy efficiency, reduced carbon emissions,
and overall sustainability.
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Figure 4. Si, SiC, and GaN opportunities (Source: Power Electronics News) [102].

Silicon Carbide (SiC) devices are transforming electric vehicle (EV) power systems (Figure 4) by significantly
enhancing the efficiency of inverters and power modules. These components outperform traditional silicon systems,
achieving efficiencies exceeding 95% and thereby minimizing energy losses during power conversion, which is crucial
for optimizing energy use in EV traction inverters [15,99]. SiC technology allows for operation at higher voltages and
temperatures, further reducing energy losses and improving powertrain efficiency, which translates into extended
driving ranges and reduced recharging frequency [103]. SiC’s capability to handle higher switching frequencies
facilitates faster energy transfer, leading to quicker charging times for EVs [104]. This efficiency enhances vehicle
performance and supports the transition to cleaner transportation by lowering energy consumption and reducing the
carbon footprint of EVs, promoting sustainability in the automotive sector [100,102].

Gallium Nitride (GaN) transistors are revolutionizing renewable energy systems, particularly in solar inverters and
wind turbine power electronics (Figure 4), due to their ability to handle high voltages and frequencies with minimal
energy loss. This capability is crucial for managing the fluctuating nature of renewable energy sources enhancing the
robustness of designs in these applications [34,105]. GaN technology significantly improves power conversion
efficiency, which facilitates better integration of renewable energy into power grids, leading to higher energy yields
from solar panels and wind turbines [103,104]. By minimizing energy losses during power conversion, GaN devices
support sustainability goals by maximizing output from renewable resources and reduce overall energy waste [106]. As
these systems become more efficient and reliable, the adoption of solar and wind energy is expected to increase, further
decreasing reliance on fossil fuels and contributing to a cleaner, more sustainable energy future [107,108].

The integration of Gallium Nitride (GaN) semiconductors into 5G infrastructure (Figure 4) significantly enhances
sustainability by enabling higher frequency operations with reduced power consumption compared to traditional silicon
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devices. This efficiency leads to lower energy usage in 5G base stations, which is crucial for meeting the growing data
demands of modern communication networks while adhering to sustainable practices [34]. GaN’s ability to minimize
heat generation reduces cooling requirements, resulting in substantial energy savings [20]. The compact design of GaN-
based equipment further decreases the energy and resources needed for infrastructure development, facilitating faster
data transmission with lower energy consumption [109]. GaN and Silicon Carbide (SiC) devices improve smart grid
efficiency by reducing energy losses during transmission and distribution, optimizing grid performance, and supporting
the integration of renewable energy sources [110]. This combination of advancements promotes sustainability through
the effective utilization of clean energy resources and enhances overall grid stability [111].

Sectors other than electric vehicles and renewable energy systems (Figure 4) have been the nascent target of Wide-
Bandgap semiconductors. In acrospace and military applications, these materials are essential for high-temperature and
high-power systems, enhancing reliability and energy efficiency in mission-critical operations under extreme conditions
[16,34]. Their superior properties, such as high breakdown voltage and good thermal conductivity, greatly improve their
performance while cutting down on energy consumption [16]. In consumer electronics, WBG semiconductors are
increasingly used in chargers and power supplies, leading to lower energy consumption in everyday devices [18]. This
transition aligns with sustainability goals by promoting efficient technologies and helping to minimize electronic waste
[112]. As WBG technologies continue to evolve, they are poised to drive innovation and support the global shift toward
greener technologies across multiple industries [18,20].

5. Challenges and Future Prospects of Wide-Bandgap (WBG) Semiconductors

Several significant challenges must be addressed to fully realize the potential and enable the widespread adoption
of WBG semiconductors. These challenges span across cost and scalability, material availability, integration with
existing technologies, and environmental sustainability.

5.1. Cost and Scalability

The cost and scalability of WBG semiconductor manufacturing remain significant challenges, primarily due to the
expensive fabrication processes and limited material availability. Despite advancements in fabrication techniques, the
high cost and complexity of producing WBG semiconductors, such as SiC and GaN, hinder their large-scale adoption.
The capital-intensive nature of production, particularly the requirement for specialized equipment and cleanroom
environments, poses additional challenges for scaling up manufacturing [113].

Future research should focus on reducing production costs through automation, the use of larger-diameter wafers,
and improved material utilization techniques. The transition to 200 mm SiC wafers, for instance, is expected to lower
costs by increasing wafer yield while reducing defects and material waste [114]. Al-driven predictive maintenance in
semiconductor fabs can optimize resource allocation, further enhancing fabrication efficiency and cost-effectiveness.
Exploring alternative low-cost substrates for GaN and SiC, such as sapphire and engineered silicon, is another promising
avenue for cost reduction while maintaining high device performance.

5.2. Material Availability and Sustainability

Material scarcity, particularly of gallium nitride and silicon carbide, poses a major limitation to the expansion of
WBG semiconductor applications. The extraction and refinement processes for SiC and GaN are energy-intensive,
contributing to their environmental footprint [111,112]. The demand for these materials by industries like automotive
and construction further exacerbates supply chain vulnerabilities [113,114].

Research should be directed toward alternative Ultrawide-Bandgap (UWBG) materials, including gallium oxide
(Gay03) and diamond, which have superior breakdown voltage and thermal conductivity for next-generation high-power
applications [115]. However, challenges such as p-type doping limitations and scalable fabrication methods must be
addressed to make these materials viable for widespread adoption.

To enhance sustainability, urban mining initiatives that extract critical elements from e-waste, such as indium,
gallium, and rare earth metals, should be further explored [97]. The development of closed-loop recycling systems in
semiconductor manufacturing could significantly reduce reliance on virgin raw materials, making the industry more
environmentally friendly [98]. Advancements in Al-driven material discovery could accelerate the identification of novel
materials with optimal electrical and thermal properties, further expanding the scope of sustainable WBG semiconductors.



Intelligent and Sustainable Manufacturing 2025, 2, 10010 12 of 18

5.3. Integration with Existing Technologies

The transition from traditional silicon-based semiconductors to Wide-Bandgap (WBG) semiconductors poses
significant integration challenges for existing technologies. Industries like automotive and telecommunications must
invest heavily in upgrading their infrastructures to accommodate these new materials, which can delay widespread
adoption due to the substantial modifications required for power electronics and thermal management systems [8,18].
The integration process is complicated by issues such as lattice mismatches, which can lead to defects that adversely
affect the performance and reliability of WBG devices [116].

Future research should focus on hybrid SiYWBG systems, such as half-bridge converters, which demonstrate the
potential for incremental adoption without extensive infrastructure overhauls [9]. The development of advanced device
architectures and innovative cooling techniques will be essential for optimizing performance and reliability [107,108].

5.4. Ultrawide-Bandgap (UWBG) Materials

Ultrawide-Bandgap (UWBG) materials, including gallium oxide (Ga;03), diamond, and aluminum nitride (AIN),
offer significant promise for high-power and high-frequency applications due to their superior material properties. These
materials provide higher breakdown voltage, better thermal conductivity, and greater efficiency compared to traditional
WBG semiconductors [17,36].

Future research should address the challenges of UWBG material fabrication, such as high production costs, defect
management, and scalable synthesis techniques [115,116]. Investments in innovative production methods, like
magnetron sputtering for p-type doping, could significantly enhance device performance and enable widespread
adoption in advanced electronic applications [117].

5.5. Long-Term Sustainability and Environmental Impact

Wide-Bandgap (WBG) semiconductors offer significant advantages in reducing energy consumption and carbon
emissions in power electronics applications due to their superior performance characteristics [20,118]. However, the
production processes for these materials are energy-intensive and raise sustainability concerns.

Future research should prioritize energy-efficient fabrication techniques and the use of renewable energy sources
in production facilities. The development of greener chemical processes, such as environmentally friendly corrosion
inhibitors in Chemical Mechanical Planarization (CMP) slurries, is crucial for reducing the environmental footprint of
semiconductor manufacturing. Green supply chain management approaches can enhance sustainability by addressing
technological risks and improving resource utilization [119,120].

As the semiconductor industry evolves, investing in research and development to create energy-efficient
technologies and minimize electronic waste will be essential for ensuring that advancements in Wide-Bandgap (WBG)
semiconductors contribute to a cleaner and greener future [117,120].

5.6. Policy Frameworks and Industry Collaboration for Sustainable WBG Manufacturing

Future research directions in the semiconductor industry should increasingly focus on regulatory initiatives to
achieve carbon neutrality and enhance sustainability. The CHIPS and Science Act of 2022 in the United States
exemplifies a significant legislative effort, allocating $280 billion to bolster domestic semiconductor production and
innovation while fostering international partnerships, such as with India, to establish new fabrication facilities [121].
This act highlights the importance of government incentives in driving industry growth and sustainability. Similarly,
the European Union’s initiatives could serve as a model for global carbon-neutral policies in semiconductor
manufacturing, emphasizing the need for cleaner energy sources and low-carbon footprint tools [45]. The industry is
already making strides in this direction, as seen in efforts to reduce greenhouse gas emissions and energy consumption
in lithography processes, with innovations like optical curing systems replacing traditional energy-intensive methods
[122]. These advancements underscore the potential for regulatory frameworks to support technological innovations
that reduce environmental impact. Furthermore, collaboration across the supply chain is crucial for achieving a net-zero
semiconductor ecosystem, as it allows for the optimization of equipment and operations to significantly cut energy use
[45]. Future research should thus explore the integration of such regulatory initiatives with technological advancements
to create a sustainable and competitive semiconductor industry globally.

6. Conclusions

Wide-bandgap (WBG) semiconductors, particularly silicon carbide (SiC) and gallium nitride (GaN), have
demonstrated exceptional potential in enhancing power electronics efficiency while reducing energy losses. However,
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their high manufacturing costs, material scarcity, and environmental impact necessitate the development of more sustainable
and scalable production methods. This review has explored key advancements in WBG semiconductor sustainability,
including low-energy fabrication techniques, circular economy strategies, and closed-loop recycling initiatives.

One of the critical challenges remains the scalability of emerging ultrawide-bandgap (UWBG) materials such as
Gallium Oxide and Diamond. While these materials promise superior performance in high-power applications, their
fabrication techniques require further refinement to ensure cost-effectiveness and environmental responsibility. The
integration of Industry 4.0 technologies, such as Al-driven process optimization, digital twins, and IoT-enabled
predictive maintenance, has proven instrumental in reducing energy consumption and minimizing waste in
semiconductor fabs.

Despite these advancements, further research is needed to address material recyclability, reduce reliance on
hazardous processing chemicals, and enhance green supply chain logistics. Policymakers, researchers, and industry
leaders must collaborate to establish global sustainability standards and accelerate the transition toward environmentally
responsible semiconductor manufacturing. As WBG technology continues to evolve, its role in electric mobility,
renewable energy, and next-generation electronics will remain pivotal in shaping a more sustainable future.
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