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Abstract: Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTSs) have emerged as a promising solution for high-power
applications due to their superior electrical performance, higher efficiency, and thermal stability. As demand for efficient, cost-
effective, and sustainable solutions increases across industries such as telecommunications, electric vehicles, and renewable energy,
GaN HEMTSs are poised to play a key role in shaping the future of power electronics. This paper explores the optimization of GaN
HEMTSs for high-power applications by focusing on improving their performance, reducing costs, and ensuring sustainability. The
unique properties of GaN, such as its wide bandgap, high breakdown voltage, and high electron mobility, offer significant
advantages over traditional semiconductor materials like silicon. These attributes enable GaN HEMTs to operate at higher
frequencies, power densities, and temperatures, making them ideal for use in power amplifiers, inverters, and power supplies.
However, despite their advantages, the widespread adoption of GaN HEMTs faces challenges related to cost, reliability, and
integration into existing systems. Cost-effectiveness remains a critical barrier, primarily due to the complexity of manufacturing and
material sourcing. Recent advancements in wafer growth techniques, device design, and packaging are showing promise in
overcoming these barriers, offering the potential to reduce production costs and enhance reliability. Furthermore, sustainability
concerns surrounding the life cycle of GaN HEMTSs, including material usage and energy consumption, are being addressed through
research into more eco-friendly fabrication methods and the recycling of materials. This paper provides an in-depth analysis of the
current state of GaN HEMTs in high-power applications, identifies key optimization strategies for performance and cost, and
highlights ongoing efforts to enhance sustainability. By investigating the future trajectory of GaN HEMTSs, this work aims to
contribute valuable insights to the advancement of power electronics, driving the transition towards more efficient, affordable, and
sustainable solutions.

Keywords: GaN HEMTSs, High-Power Applications, Performance Optimization, Cost-Effectiveness, Sustainability, Power
Electronics, Semiconductor, Energy Efficiency, Reliability, Manufacturing Advancements.

1.0. Introduction

Gallium Nitride High Electron Mobility Transistors (GaN HEMTSs) have emerged as a groundbreaking technology, offering
remarkable performance in high-power applications. These transistors, which leverage the unique properties of GaN material, have
proven to be highly efficient in handling high voltages and frequencies, making them particularly suitable for demanding sectors
such as telecommunications, electric vehicles (EVs), and renewable energy (Daraojimba, et al., 2023). As the demand for advanced
power electronics grows, particularly in industries where energy efficiency and system reliability are paramount, GaN HEMTs stand
out for their potential to provide superior solutions in terms of both power density and operational efficiency (Akinsooto, Pretorius
& van Rhyn, 2012, Balogun, Ogunsola & Ogunmokun, 2022). Their ability to operate at higher frequencies and voltages with
reduced losses has made them a key component in the transition to more efficient, compact, and durable electronic systems.

In parallel with the growing need for high-performance power electronics, there is an increasing emphasis on cost-effectiveness and
sustainability. Industries like telecommunications, EVs, and renewable energy are under pressure to deliver products and services
that not only provide high performance but also contribute to sustainability goals. This growing demand for energy-efficient, low-
cost, and environmentally friendly solutions has driven innovation across power semiconductor technologies, with GaN HEMTs
being a prime candidate for meeting these objectives (Amafah, et al., 2023, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2023,
Ezeamii, et al., 2023).

This paper aims to explore how the optimization of GaN HEMTSs can address the crucial needs of performance, cost-effectiveness,
and sustainability. By examining the current challenges and exploring opportunities for improvement, the paper seeks to provide
insights into the future of GaN HEMTSs in high-power applications. This exploration will delve into key areas such as material
advancements, design optimization, and manufacturing strategies, with the ultimate goal of enhancing the adoption of GaN HEMTs
across industries while ensuring that these technologies remain both economically viable and aligned with global sustainability
objectives (Alozie, 2024, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2024, Famoti, et al., 2024).
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2.1. Methodology

This study adopted the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) approach to identify,
screen, and synthesize existing research that informs the future of Gallium Nitride High Electron Mobility Transistors (GaN HEMTS)
in high-power applications. The identification phase involved a comprehensive review of peer-reviewed journal articles, conference
proceedings, and technical reports from reputable sources that discuss GaN HEMTs” integration in power electronics, sustainability,
and economic viability. Databases such as IEEE Xplore, ScienceDirect, and Springer were searched using terms including “GaN
HEMTs,” “high-power electronics,” “cost optimization,” and “sustainability in semiconductors.” A total of 267 articles were initially
identified, and duplicates were removed using EndNote.

Screening was performed to eliminate irrelevant studies by assessing titles and abstracts against predefined inclusion criteria. These
criteria focused on studies that explored the performance improvement of GaN HEMTS, applications in power conversion systems,
and cost-benefit analyses. This step narrowed down the articles to 114. In the eligibility stage, full-text articles were reviewed in-
depth to determine their alignment with the objectives of the study—mainly technological advancements, sustainability dimensions,
and economic considerations in GaN HEMT deployment. After a rigorous review, 53 studies met all the inclusion criteria and were
selected for conceptual integration.

The final inclusion stage involved synthesizing findings using thematic analysis and evidence triangulation from selected articles,
including innovative works by Hsu et al. (2021), Keshmiri et al. (2020), and policy/engineering-oriented literature such as Abolore
et al. (2023) and Daraojimba et al. (2023). This comprehensive review enabled a structured conceptualization of how GaN HEMTSs
can be advanced for high-power applications with improved energy efficiency, cost-effectiveness, and alignment with global
sustainability goals.
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Figure 1: PRISMA Flow chart of the study methodology

2.2. Fundamentals of GaN HEMTs

Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTSs) are semiconductor devices that have garnered significant
attention due to their exceptional properties, making them highly suitable for high-power applications. These devices are based on
the unique material properties of GaN, which offer significant advantages over traditional semiconductor materials, particularly in
terms of performance, efficiency, and thermal management (Al Hasan, Matthew & Toriola, 2024, Dada & Adekola, 2024, Ewim, et
al., 2024). Understanding the fundamental properties of GaN, the differences between GaN and traditional materials like silicon, and
the basic operation and design principles of GaN HEMTSs is crucial for conceptualizing their future in high-power applications
(Daraojimba, et al., 2023).

One of the key properties of GaN that contributes to its effectiveness in high-power applications is its wide bandgap. The bandgap
of a material is a measure of the energy required to move an electron from the valence band to the conduction band. GaN has a wide
bandgap of approximately 3.4 eV, significantly higher than silicon, which has a bandgap of about 1.1 eV. This wider bandgap allows
GaN devices to operate at higher voltages, frequencies, and temperatures without the risk of breakdown or failure (Chukwuma-Eke,
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Ogunsola & Isibor, 2022, Collins, Hamza & Eweje, 2022). The increased bandgap results in superior performance in high-
temperature environments, which is critical for power electronic devices used in industries like telecommunications, electric vehicles,
and renewable energy, where heat dissipation is often a limiting factor for device longevity and reliability.

Alongside its wide bandgap, GaN exhibits a high breakdown voltage. Breakdown voltage is the voltage at which a semiconductor
material experiences electrical failure due to the breakdown of the insulating properties of the material. GaN HEMTSs are able to
withstand significantly higher voltages compared to silicon-based devices, which makes them well-suited for high-power
applications that require handling large amounts of electrical energy. GaN’s high breakdown voltage enables devices to operate more
efficiently under stress, reducing the likelihood of failure and improving overall reliability (Anyanwu, et al., 2025, Chinwe & Alozie,
2025, Eyo-Udo, et al., 2025). This property is particularly valuable in sectors such as power conversion, electric vehicles, and
telecommunications, where voltage fluctuations and high-power demands are common. Figure 2 shows the development of GaN
HEMTSs Fabricated on Silicon, Silicon-on-Insulator, and Engineered Substrates and the Heterogeneous Integration presented by Hsu,
etal., 2021.
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Figure 2: Development of GaN HEMTs Fabricated on Silicon, Silicon-on-Insulator, and Engineered Substrates and the
Heterogeneous Integration ((a) A roadmap of RF GaN HEMTSs technology. (b) A roadmap of Power GaN HEMTSs technology) (Hsu,
etal., 2021).

Another important property of GaN is its high electron mobility. Electron mobility refers to the ability of electrons to move through
a semiconductor material when an electric field is applied. GaN has superior electron mobility compared to traditional
semiconductors like silicon, allowing for faster switching speeds and higher current densities. This high electron mobility enables
GaN HEMTSs to operate at higher frequencies and switching speeds, making them ideal for high-frequency applications such as RF
amplification in telecommunications and radar systems. Additionally, the increased electron mobility reduces the power losses that
typically occur in traditional materials, resulting in more energy-efficient systems (Elumilade, et al., 2023, Ewim, et al., 2023,
Eyeghre, et al., 2023). This is a particularly important advantage in the context of renewable energy systems, where efficiency is key
to maximizing energy generation and minimizing losses.

When compared to traditional semiconductor materials like silicon, GaN offers several significant advantages in high-power
applications. Silicon has long been the standard material for semiconductor devices, owing to its relatively low cost and ease of
processing. However, silicon-based devices face several limitations in high-power and high-frequency applications due to their lower
bandgap, lower breakdown voltage, and limited electron mobility. In high-power applications, such as power conversion systems,
silicon devices often struggle with thermal management, efficiency, and switching speed, which limits their performance in
demanding environments (Chukwuma-Eke, Ogunsola & Isibor, 2021, Dirlikov, 2021).

GaN, on the other hand, offers superior thermal conductivity, enabling more effective heat dissipation, which is essential for high-
power systems that generate significant amounts of heat during operation. The ability of GaN HEMTs to operate at higher
temperatures without degradation allows for more compact and efficient designs, which are particularly beneficial in applications
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where space and weight constraints are critical, such as electric vehicles and aerospace systems (Daraojimba, et al., 2023).
Furthermore, GaN devices are more efficient at converting electrical power into useful work, meaning less energy is wasted as heat,
resulting in systems that are not only more efficient but also more reliable over time (Ayo-Farai, et al., 2024, Chigboh, Zouo &
Olamijuwon, 2024, Ezeamii, et al., 2024).

The basic operation and design principles of GaN HEMTs are rooted in the physics of semiconductor materials and the unique
characteristics of GaN. A GaN HEMT is a type of field-effect transistor (FET) that uses a heterojunction, or junction between two
different semiconductor materials, to enhance performance. In the case of GaN HEMTSs, the heterojunction is typically formed
between a GaN layer and a layer of Aluminum Gallium Nitride (AlGaN), which has a higher bandgap than GaN. This junction
creates a two-dimensional electron gas (2DEG) at the interface, which acts as a highly conductive channel for electron flow (Alozie,
et al., 2025, Chukwuma-Eke, Ogunsola & Isibor, 2025, Famoti, et al., 2025).

The 2DEG formed in GaN HEMTs is responsible for their high electron mobility, which allows for fast switching speeds and high
current handling capabilities. This high conductivity is key to reducing the on-resistance of the device, which in turn reduces power
losses during operation. The unique design of the GaN HEMT also allows for a shorter gate length compared to traditional silicon-
based devices, further enhancing its speed and efficiency (Balogun, Ogunsola & Ogunmokun, 2022, Bristol-Alagbariya, Ayanponle
& Ogedengbe, 2022). The gate controls the flow of electrons through the channel, and in GaN HEMTS, the shorter gate length
enables faster switching and higher-frequency operation.

In GaN HEMTS, the source and drain terminals are connected to the GaN channel, while the gate terminal is used to modulate the
flow of electrons between the source and drain. When a voltage is applied to the gate, it creates an electric field that controls the
flow of electrons through the channel, allowing for precise control of the current. The high electron mobility in GaN allows for faster
switching times, reducing the time it takes for the device to turn on and off, which is particularly beneficial in high-frequency
applications (Aniebonam, 2024, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2024, Famoti, et al., 2024).

The design of GaN HEMTs also takes advantage of the material’s high thermal conductivity. The ability to effectively dissipate heat
is crucial for maintaining performance and reliability, particularly in high-power environments. GaN devices are typically mounted
on substrates with good thermal conductivity, such as silicon carbide (SiC), to further enhance heat dissipation (Daraojimba, et al.,
2023). This helps prevent thermal runaway, a phenomenon where increasing temperature causes a device to fail. The combination
of GaN’s superior thermal properties, high breakdown voltage, and high electron mobility enables GaN HEMTsS to perform reliably
in high-power and high-temperature environments (Augoye, Muyiwa-Ajayi & Sobowale, 2024, Dada & Adekola, 2024, Ewim, et
al., 2024).

In conclusion, the fundamental properties of GaN, including its wide bandgap, high breakdown voltage, and high electron mobility,
make it an ideal material for high-power applications. Compared to traditional semiconductors like silicon, GaN offers significant
advantages in terms of performance, efficiency, and thermal management. The basic operation of GaN HEMTS is centered around
the unique heterojunction that forms a 2DEG, enabling high current densities and fast switching speeds (Bristol-Alagbariya,
Ayanponle & Ogedengbe, 2023, Collins, et al., 2023). As industries continue to demand more efficient, reliable, and sustainable
solutions, GaN HEMTSs are poised to play a critical role in the future of high-power applications, driving innovation in sectors like
telecommunications, electric vehicles, and renewable energy.

2.3. Performance Optimization in GaN HEMTs

Performance optimization in Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTS) is central to realizing the full
potential of these devices in high-power applications. As industries increasingly demand efficient, high-power, and reliable systems,
GaN HEMTSs stand out due to their superior characteristics over traditional materials like silicon. However, to ensure these devices
are effectively applied in high-demand sectors like telecommunications, electric vehicles, and renewable energy, continued
optimization in key performance areas such as power density, thermal management, frequency response, power handling, and
material innovations is essential (Efobi, et al., 2025, Gbaraba, et al., 2025, Hamza, et al., 2023). This section explores various
methods to optimize the performance of GaN HEMTS, ensuring they remain at the forefront of high-power applications.

Power density and efficiency are among the most critical parameters when evaluating the performance of power semiconductor
devices. In GaN HEMTSs, power density refers to the amount of power the device can handle per unit volume, while efficiency
pertains to the ability to convert electrical power into useful work without excessive losses. GaN HEMTs offer inherently superior
performance in these areas due to their wide bandgap and high electron mobility. These properties allow for high-voltage operation
and faster switching, reducing power losses typically seen in silicon-based devices (Alozie, et al., 2024, Bristol-Alagbariya,
Ayanponle & Ogedengbe, 2024). However, achieving optimal power density and efficiency requires careful attention to device
structure and design.

www.ijeais.org/ijaar
172



International Journal of Academic and Applied Research (IJAAR)
ISSN: 2643-9603
Vol. 9 Issue 4 April - 2025, Pages: 169-191

One of the main strategies for enhancing power density in GaN HEMTSs involves optimizing the geometry of the device. This includes
reducing the gate length and optimizing the channel structure. Shorter gate lengths allow for faster switching speeds, reducing the
time it takes for the device to transition between on and off states. This leads to a reduction in switching losses, enabling GaN
HEMTSs to achieve higher efficiencies at higher power levels (Apeh, et al., 2024, Banji, Adekola & Dada, 2024, Ewim, et al., 2024).
Additionally, the optimization of the channel width can improve current carrying capacity, allowing for more power to be handled
within a smaller device footprint. With these design changes, GaN HEMTSs can achieve significantly higher power densities
compared to traditional silicon-based devices (Daraojimba, et al., 2023: Osunkanmibi, et al., 2025).

In addition to optimizing geometry, the integration of high-quality materials is another avenue to boost power density and efficiency.
The choice of substrate material for GaN HEMTs plays a critical role in both power density and thermal management. Silicon carbide
(SiC) is commonly used as a substrate due to its superior thermal conductivity, allowing for more effective heat dissipation
(Chukwuma-Eke, Ogunsola & Isibor, 2022, Dirlikov, et al., 2021). This is essential for maintaining high efficiency, as excessive
heat can reduce the performance and reliability of GaN HEMTSs. The combination of GaN with SiC substrates has become a key
factor in achieving higher power densities while maintaining efficient operation, particularly in power conversion applications. The
basic structure of GaN HEMT as presented by Hsu, et al., 2021, is shown in figure 3.
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Figure 3; The basic structure of GaN HEMT (Hsu, et al., 2021).

Improving thermal management and heat dissipation is another critical aspect of optimizing GaN HEMT performance. High-power
semiconductor devices, especially those operating at high frequencies and voltages, generate substantial amounts of heat during
operation. If not managed properly, this heat can lead to device failure or degradation, severely affecting the overall system
performance. GaN HEMTSs, due to their high breakdown voltage and power handling capabilities, are particularly susceptible to
thermal challenges, making effective heat dissipation a key consideration in their design and application (Akerele, et al., 2024,
Chigboh, Zouo & Olamijuwon, 2024, Ezeanochie, Afolabi & Akinsooto, 2024).

One approach to addressing thermal management in GaN HEMTSs is the use of advanced packaging techniques. Packaging plays a
crucial role in determining how well a device can dissipate heat. Newer packaging technologies, such as the use of copper heat sinks,
diamond-based substrates, and advanced thermal interface materials, can significantly improve the heat dissipation efficiency of
GaN HEMTSs. These materials have higher thermal conductivities, which allow for more efficient transfer of heat away from the
device (Alozie, 2025, Ebepu, et al., 2025, Ewim, et al., 2025). Additionally, the development of micro-channel coolers and liquid
cooling systems is helping to further enhance thermal management by directly cooling the device at the point of operation.

Another important thermal consideration is the reduction of thermal resistance between the GaN HEMT and its heat sink or substrate.
This can be achieved by improving the quality of the materials used in the thermal interface and ensuring that the device is mounted
with minimal air gaps or imperfections. The reduction in thermal resistance not only enhances heat dissipation but also improves the
reliability and longevity of GaN HEMTS by preventing overheating and thermal stress that can lead to device failure (Ewim, et al.,
2023, Eyeghre, et al., 2023, Ezeamii, et al., 2023).
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Techniques to increase the frequency response and power handling capabilities of GaN HEMTSs are also critical for ensuring their
optimal performance in high-power applications. GaN HEMTSs have inherently high frequency response due to the high electron
mobility of the GaN material, allowing for faster switching speeds and higher operational frequencies compared to silicon-based
devices. However, to fully exploit these properties, specific design modifications are required to optimize their frequency response
and power handling capabilities. Keshmiri, et al., 2020, presented in figure 4, Power versus frequency operation of different switch
technologies in the traction inverter, converter and on-board charger of electric vehicles.

Traction Boost
“““““““““““ inverter converter
Mild |
hybrid
S pitas On-board charger
_____________ By PESNIRIIN e e - —m——me
I
Auxiliary DC/DC converter
system

T T I
| | |
| ) I
| | |
| ! !

Figure 4: Power versus frequency operation of different switch technologies in the traction inverter, converter and on-board charger
of electric vehicles (Keshmiri, et al., 2020).

One effective technique for improving frequency response is to minimize parasitic capacitances and inductances in the device
structure. Parasitic capacitances, such as the gate-to-drain capacitance, can limit the switching speed and cause power losses during
operation. By optimizing the device layout and reducing the size of the gate electrode, the impact of parasitic capacitance can be
minimized, resulting in faster switching speeds and better high-frequency performance. Similarly, the inductances associated with
the packaging and interconnects can limit the frequency response (Akinsooto, Ogundipe & Ikemba, 2024, Edoh, et al., 2024, Ewim,
et al., 2024). These can be minimized by improving the design of the packaging and interconnects, ensuring that the device can
handle higher frequencies without significant losses.

Power handling capabilities are similarly enhanced through the optimization of the device's voltage rating and current-carrying
capacity. Increasing the voltage rating of GaN HEMTSs can be achieved by improving the breakdown characteristics of the GaN
material, which can be further enhanced through the development of advanced fabrication techniques such as selective doping and
ion implantation. These techniques improve the uniformity of the electric field across the device, preventing premature breakdown
and increasing the device's power handling capabilities (Ayanbode, et al., 2024, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2024).
In addition, increasing the current-carrying capacity can be achieved through optimizations in the channel design, allowing for
greater current density without compromising the device's thermal performance.

Advancements in device design and material innovations are continually pushing the performance boundaries of GaN HEMTSs. One
significant area of innovation is the development of GaN-on-silicon (GaN-on-Si) technology, which allows for the integration of
GaN with low-cost silicon substrates. This hybrid approach has the potential to significantly reduce the cost of GaN HEMTs, making
them more economically viable for a broader range of applications. By using silicon as a substrate, manufacturers can take advantage
of the well-established silicon wafer production processes, reducing overall production costs while still benefiting from the superior
performance characteristics of GaN (Alozie, 2024, Chukwurah, et al., 2024, Egbumokei, et al., 2024, Famoti, et al., 2024).

Another key advancement in material innovation is the development of novel GaN alloys and heterostructures. For instance, the use
of Aluminum Gallium Nitride (AlGaN) in the heterojunction with GaN has been shown to improve the electron mobility and current-
carrying capacity of GaN HEMTs (Daraojimba, et al., 2023: Ogunyankinnu, et al., 2022). The development of new materials and
alloys with improved properties, such as higher thermal conductivity and better carrier confinement, is expected to further enhance
the performance of GaN HEMTS in high-power applications.

Device design is also evolving to accommodate the increasing demand for more efficient and reliable high-power systems.
Innovations in packaging and integration, such as the use of 3D packaging and multi-chip modules, are helping to optimize GaN
HEMT performance. These techniques allow for better heat dissipation, more compact designs, and improved overall system
efficiency.
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In conclusion, optimizing the performance of GaN HEMTS in high-power applications involves addressing multiple key factors,
including power density, thermal management, frequency response, and power handling capabilities. Advances in material
technology, device design, and packaging have enabled GaN HEMTS to achieve unprecedented performance levels, making them a
leading candidate for high-power applications across a range of industries (Ninduwezuor-Ehiobu, et al., 2023: Tula, et al., 2023). As
research and development continue, GaN HEMTSs will undoubtedly play an increasingly significant role in driving the evolution of
power electronics, offering superior performance, reliability, and efficiency in the face of growing global demands for sustainable
energy solutions and high-performance technologies (Al Zoubi, et al., 2022, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2022).

2.4, Cost-Effectiveness of GaN HEMTs

The cost-effectiveness of Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTS) is one of the key factors that will
determine their widespread adoption in high-power applications. While GaN HEMTSs offer significant advantages in terms of
performance, efficiency, and thermal management, the cost of producing these devices has traditionally been higher than that of
conventional silicon-based components (Akinsooto, 2013, Chukwuma, et al., 2022, Elumilade, et al., 2022). This cost disparity has
been a major challenge in the adoption of GaN HEMTSs, especially in industries that prioritize low-cost solutions, such as consumer
electronics and automotive applications. To make GaN HEMTs more accessible and competitive, several strategies are being
explored to address the current manufacturing challenges, reduce costs, and scale production for mass-market integration. These
include advancements in material sourcing, wafer growth techniques, packaging innovations, and new fabrication techniques that
promise to lower the overall production costs.

One of the primary barriers to cost-effective GaN HEMT production is the cost of sourcing high-quality materials. GaN is a wide-
bandgap semiconductor, and growing high-quality GaN crystals for use in HEMT devices requires advanced and costly equipment.
The material itself is expensive due to the difficulty in producing large, high-quality GaN wafers, which are essential for creating
high-performance devices. Unlike silicon, which is abundantly available and relatively easy to process, GaN substrates are more
difficult to produce in large volumes, and the costs associated with this process are reflected in the final price of GaN HEMTSs (Alozie
& Chinwe, 2025, Efobi, et al., 2025, Eyo-Udo, et al., 2025).

Wafer growth is another significant challenge in reducing the cost of GaN HEMTs. GaN crystals are typically grown on substrates
made from either sapphire or silicon carbide (SiC), both of which are expensive materials. While SiC offers excellent thermal
conductivity and is often used in high-power applications, it is significantly more expensive than sapphire. Additionally, the
mismatch in lattice structures between GaN and these substrates often leads to defects in the crystal structure, which can degrade the
performance of the HEMTs and further increase manufacturing costs (Daraojimba, et al., 2023). The complex wafer growth process,
which involves high temperatures and sophisticated equipment, contributes to the overall cost of GaN HEMTSs. Reducing the cost of
wafer growth and improving the yield of high-quality GaN substrates are essential steps in making GaN HEMTs more cost-effective
(Ewim, et al., 2022, Ezeanochie, Afolabi & Akinsooto, 2022).

Packaging is another significant cost contributor for GaN HEMTSs. The packaging of GaN devices is critical to their performance,
particularly in high-power applications, where efficient heat dissipation is essential for device longevity and reliability. However,
the packaging of GaN HEMTs typically requires advanced techniques and materials that are more expensive than those used in
silicon-based devices (Ayo-Farai, et al., 2023, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2023). High-performance thermal
management systems, such as copper heat sinks and advanced thermal interface materials, are often required for GaN HEMTs to
prevent overheating and ensure reliable operation. Additionally, the packaging process must accommodate the unique properties of
GaN, which can lead to higher costs compared to traditional packaging methods. Developing cost-effective packaging solutions is
crucial to reducing the overall cost of GaN HEMTs and making them more accessible to a wider range of applications.

To address these cost barriers, several emerging fabrication techniques have been developed that promise to reduce the cost of GaN
HEMTSs. One of the most promising techniques is epitaxial growth, which involves the deposition of thin layers of material onto a
substrate in a highly controlled manner. This method allows for the growth of high-quality GaN layers on less expensive substrates,
such as silicon, reducing the need for costly sapphire or SiC substrates. GaN-on-silicon (GaN-on-Si) technology is particularly
attractive because silicon is a much more affordable material, and it is widely available in large quantities (Alonge, et al., 2025,
Egbumokei, et al., 2025, Famoti, et al., 2025). The development of GaN-on-Si technology has the potential to drastically reduce the
cost of GaN HEMTSs, making them more competitive with silicon-based devices.

Wafer bonding is another technique that has shown promise for cost reduction. In wafer bonding, two separate wafers are joined
together to form a single, larger wafer that can then be used for device fabrication. This technique allows for the combination of
GaN layers with lower-cost substrates, such as silicon or silicon carbide, thereby reducing the overall material costs. Wafer bonding
can also improve the quality of the GaN layers by reducing the defects that are often associated with direct GaN-on-substrate growth.
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This technique is still under development but holds significant promise for reducing the cost of GaN HEMTs without compromising
performance (Apeh, et al., 2024, Banji, Adekola & Dada, 2024, Ewim, et al., 2024).

Scaling GaN HEMTs for mass production and integration into commercial applications is another critical step in improving their
cost-effectiveness. The initial cost of GaN devices is relatively high, which has made them less attractive for certain industries where
cost is a major consideration (Ninduwezuor-Ehiobu, et al., 2023). However, as the production volume of GaN HEMTS increases,
economies of scale can significantly reduce manufacturing costs. One of the key challenges in scaling GaN HEMTs for mass
production is ensuring consistent quality and yield at larger production scales. The growth of GaN crystals, the deposition of high-
quality layers, and the packaging processes must all be optimized to ensure that the devices meet performance standards while
minimizing defects (Alozie, 2024, Banji, Adekola & Dada, 2024, Egbumokei, et al., 2024).

In addition to scaling up production, the integration of GaN HEMTSs into commercial applications requires the development of new
manufacturing techniques that can accommodate the unique requirements of GaN devices. For example, GaN HEMTSs are often used
in high-power, high-frequency applications, which require careful attention to thermal management, reliability, and efficiency. This
means that the manufacturing processes must be optimized to ensure that GaN HEMTSs can be reliably integrated into systems that
require long-term durability (Balogun, Ogunsola & Ogunmokun, 2021, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2022).
Furthermore, cost-effective integration into commercial products such as electric vehicles, telecommunications equipment, and
power converters will require the development of advanced assembly and testing methods that can handle the complexity of GaN-
based devices.

There are already several examples of cost-effective GaN HEMT products on the market that demonstrate the feasibility of
integrating these devices into commercial applications. One notable case study is the use of GaN HEMTSs in power electronics for
electric vehicles (EVs). In EVs, GaN HEMTSs are used in power converters and motor drives, where their high efficiency and thermal
performance are crucial for maximizing the range and performance of the vehicle (Akinmoju, et al., 2024, Edoh, et al., 2024, Elachi
Apeh, et al., 2024). The use of GaN HEMTSs has led to significant reductions in power loss and improvements in overall system
efficiency, making them an attractive option for the growing EV market (Gidiagba, et al., 2023). As production techniques improve
and the cost of GaN HEMTS decreases, it is expected that their use in EVs and other high-power applications will become even more
widespread.

Another example is the integration of GaN HEMTSs in telecommunications equipment, particularly in 5G infrastructure. GaN HEMTs
are used in high-frequency amplifiers for 5G base stations, where their ability to handle high power and operate at high frequencies
makes them ideal for this application. The adoption of GaN HEMTs in 5G technology is helping to drive down the cost of deploying
5G networks by improving the efficiency and performance of the equipment, reducing the need for costly cooling systems, and
enabling smaller, more compact designs.

In conclusion, the cost-effectiveness of GaN HEMTSs is a critical factor in determining their future adoption in high-power
applications. While there are significant manufacturing challenges and cost barriers, emerging fabrication techniques such as
epitaxial growth, wafer bonding, and advancements in packaging technology hold the potential to significantly reduce the cost of
GaN HEMTSs (Bristol-Alagbariya, Ayanponle & Ogedengbe, 2023, Egbuhuzor, et al., 2023, Fiemotongha, et al., 2023). As these
devices are scaled for mass production, it is expected that their cost will continue to decrease, making them more accessible for a
wide range of commercial applications (Daraojimba, et al., 2023). Case studies from industries such as electric vehicles and
telecommunications demonstrate the growing viability of GaN HEMTs as cost-effective solutions, and as manufacturing
technologies improve, the adoption of GaN HEMTSs is expected to increase, driving further advancements in high-power electronics.

2.5. Sustainability Considerations in GaN HEMT Technology

Sustainability considerations in GaN (Gallium Nitride) High Electron Mobility Transistor (HEMT) technology are essential for
ensuring that this promising semiconductor material not only provides significant technological advantages but also aligns with
global sustainability goals. As GaN HEMTSs are increasingly used in high-power applications such as telecommunications, electric
vehicles (EVs), and renewable energy systems, their environmental impact, material sourcing, energy efficiency, and lifecycle
sustainability must be considered (Akinsooto, Ogundipe & lkemba, 2024, Egbumokei, et al., 2024, Ezeanochie, Afolabi &
Akinsooto, 2024). While GaN technology offers great potential in terms of performance and cost-effectiveness, addressing the
environmental challenges of its production, end-of-life recycling, sustainable material sourcing, and energy efficiency improvements
is crucial for its broader adoption and long-term viability in a sustainable future.

The environmental impact of GaN HEMT production is an important consideration, as it involves multiple stages of manufacturing
that can contribute to ecological degradation if not managed properly. The process of growing GaN crystals, especially for high-
performance devices like HEMTSs, typically requires the use of high-temperature processes and sophisticated equipment. These
processes often consume substantial amounts of energy and may generate waste byproducts that need to be carefully managed. For
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example, the growth of GaN on substrates such as sapphire or silicon carbide (SiC) can result in waste materials that need to be
processed or recycled (Bristol-Alagbariya, Ayanponle & Ogedengbe, 2022, Elujide, et al., 2021). These materials, especially when
produced in large quantities, may contribute to environmental pollution if not disposed of properly or reused in subsequent production
cycles.

Additionally, while GaN HEMTSs are an advanced technology, they do not yet possess a fully optimized recycling infrastructure.
The end-of-life recycling of GaN devices remains a challenge, as the materials used in GaN HEMTs—such as GaN, SiC, and metal
contacts—are not easily separable or recyclable with current technologies. At the end of their lifecycle, devices containing GaN
HEMTs may contribute to the growing issue of electronic waste (e-waste), which is a significant environmental concern globally.
For GaN HEMTs to be fully sustainable, a robust recycling framework must be developed to recover valuable materials like gallium
and silicon carbide, which are both critical in the production of these devices and relatively scarce resources (Alozie, 2024, Baniji,
Adekola & Dada, 2024, Eghaghe, et al., 2024). This would not only reduce the environmental impact of GaN HEMT production but
also contribute to the circular economy by ensuring the reusability of key components and materials.

Sustainable material sourcing and green fabrication methods are crucial to reducing the environmental footprint of GaN HEMTs.
Currently, the extraction of gallium, a critical component in GaN HEMTS, is mostly a byproduct of aluminum mining, which can
result in significant environmental damage, such as deforestation, soil degradation, and water pollution. However, as the demand for
gallium increases, there is growing interest in finding more sustainable ways to source this material. This includes exploring
alternative methods of gallium extraction from sources like coal fly ash or from recycling existing electronic waste. By sourcing
gallium from more sustainable avenues, the environmental impact of GaN HEMT production could be significantly reduced
(Akerele, et al., 2024, Collins, et al., 2024, Elumilade, et al., 2024).

In addition to material sourcing, green fabrication methods are being explored to make the production of GaN HEMTs more
environmentally friendly. One promising area of research is the development of more energy-efficient epitaxial growth processes.
Traditional GaN growth methods, such as metal-organic chemical vapor deposition (MOCVD), are energy-intensive and generate
waste gases that need to be managed. New techniques, such as hydride vapor phase epitaxy (HVPE) or ammonia-based processes,
offer potential for more sustainable and energy-efficient GaN growth (Apeh, et al., 2024, Bristol-Alagbariya, Ayanponle &
Ogedengbe, 2024). These methods could reduce energy consumption during the manufacturing process and minimize harmful
emissions, making GaN HEMT production greener.

Another significant consideration in GaN HEMT sustainability is the role these devices play in improving energy efficiency and
reducing carbon footprints in various applications. One of the primary benefits of GaN HEMTSs is their high efficiency, which can
lead to significant reductions in energy consumption in systems that rely on power electronics. GaN HEMTs offer superior
performance in terms of power density, switching speed, and thermal management compared to traditional silicon-based devices
(Daraojimba, et al., 2023). This enables systems such as power converters, electric vehicle motors, and telecommunications
equipment to operate more efficiently, reducing energy losses and improving overall system performance.

In electric vehicles, for example, GaN HEMTSs enable the development of high-efficiency power converters that improve the range
and performance of electric vehicles. These devices can handle high voltages and switching frequencies, which allows for faster,
more efficient charging and power conversion. This, in turn, reduces the carbon footprint of electric vehicles by minimizing energy
losses and making better use of renewable energy sources during charging (Alozie, et al., 2025, Ewim, et al., 2025, Ewim, et al.,
2025). As electric vehicles become more widespread, the use of GaN HEMTs in their powertrain systems will play an important role
in reducing greenhouse gas emissions and improving the overall sustainability of the transportation sector.

In renewable energy systems, GaN HEMTSs can help improve the efficiency of power converters and inverters, which are critical
components in solar and wind energy systems. By enabling more efficient energy conversion, GaN HEMTSs can reduce the overall
carbon footprint of renewable energy systems, making them even more sustainable. These devices also contribute to the development
of grid systems that integrate renewable energy sources more effectively, improving the overall reliability and efficiency of
renewable power generation and distribution (Aniebonam, et al., 2025, Ewim, et al., 2025, Eyo-Udo, et al., 2025).

In addition to their role in energy efficiency, GaN HEMTSs can also support the transition to a more sustainable energy future by
enabling the development of new technologies that reduce energy consumption and promote clean energy use. For example, GaN
HEMTSs are being used in advanced power management systems, which can optimize the energy consumption of industrial
equipment, buildings, and data centers. By using GaN-based power management systems, industries can reduce their energy usage,
minimize waste heat, and lower their operational costs while simultaneously reducing their environmental impact (Gidiagba, et al.,
2023).

Looking toward the future, several research directions are emerging to make GaN HEMT technology even more sustainable. One
area of research involves developing new materials and manufacturing processes that can make GaN HEMTs more environmentally
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friendly. Researchers are exploring the potential of alternative substrates for GaN HEMTSs that would reduce the need for expensive
and resource-intensive materials like silicon carbide. Additionally, efforts are being made to enhance the recycling and reuse of GaN
and other materials in the semiconductor industry, which would contribute to the circular economy and reduce the environmental
footprint of GaN HEMT technology (Ayodeji, et al., 2023, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2023, Fiemotongha, et al.,
2023).

Another area of future research is focused on improving the energy efficiency of GaN HEMTSs even further. While GaN HEMTSs
already offer significant advantages over silicon-based devices in terms of efficiency, continued innovations in device design,
packaging, and material properties have the potential to make these devices even more efficient. For example, researchers are
investigating advanced packaging materials and techniques that can further reduce power losses and improve the thermal
performance of GaN HEMTSs (Chukwuma-Eke, Ogunsola & Isibor, 2022, Govender,et al., 2022). These improvements could further
enhance the energy savings achieved by GaN-based systems and make them even more sustainable in high-power applications.

In conclusion, the sustainability of GaN HEMT technology is a critical factor in its long-term success and adoption across industries.
While GaN HEMTs offer significant advantages in terms of energy efficiency and performance, their production and end-of-life
recycling must be carefully managed to minimize environmental impact. Advances in sustainable material sourcing, green
fabrication methods, and the development of new recycling technologies are essential to making GaN HEMTs more environmentally
friendly. Furthermore, the role of GaN HEMTS in improving energy efficiency and reducing carbon footprints in applications like
electric vehicles and renewable energy systems highlights their potential to contribute to a more sustainable future (Alozie, et al.,
2024, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2024). As research continues, GaN HEMTSs are poised to play an increasingly
important role in driving sustainability in high-power applications.

2.6. Challenges and Barriers

The future of Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTS) in high-power applications is filled with promise,
owing to their exceptional performance characteristics such as high power density, efficiency, and thermal management. However,
realizing the full potential of GaN HEMTS in these applications is not without its challenges. These challenges span across technical,
economic, and regulatory dimensions, each of which poses significant barriers to the widespread adoption and commercialization of
GaN HEMTSs in high-power applications such as telecommunications, electric vehicles, and renewable energy systems (Akinsooto,
De Canha & Pretorius, 2014, Balogun, Ogunsola & Ogunmokun, 2022). To achieve the vision of optimizing performance, cost-
effectiveness, and sustainability, these challenges must be addressed through targeted research, innovation, and strategic investments.

On the technical front, GaN HEMTSs face several key challenges that must be overcome to ensure their reliability and consistent
performance in high-power applications. One of the most pressing issues is device reliability. Although GaN HEMTSs outperform
traditional semiconductor devices like silicon in terms of switching speed, breakdown voltage, and efficiency, their long-term
reliability in real-world conditions is still a subject of ongoing research (Alozie, 2024, Banji, Adekola & Dada, 2024, Eghaghe, et
al., 2024). In particular, the high electric fields generated in GaN devices can lead to degradation mechanisms such as ionization and
material breakdown, especially at high operating voltages and temperatures (Edwards, et al., 2024). This degradation can negatively
impact the lifespan of GaN devices and affect their long-term performance, making reliability a critical concern for industries that
require durable and stable high-power devices.

Thermal stability is another major technical challenge for GaN HEMTs. GaN HEMTSs excel in high-temperature environments due
to the wide bandgap of GaN, but managing the heat generated by these devices remains a critical issue. As GaN HEMTSs are used in
high-power applications, they generate significant amounts of heat that must be dissipated effectively to avoid thermal damage
(Daraojimba, et al., 2023). Although GaN is more thermally stable than silicon, its higher electron mobility and power density can
still lead to significant heating under heavy loads. The development of advanced packaging techniques and thermal management
solutions is crucial to ensuring that GaN HEMTs maintain their performance and reliability in high-power systems. Without effective
heat dissipation, GaN HEMTs could suffer from performance degradation and eventual failure, which would undermine their
advantages in high-power applications (Alonge, et al., 2025, Ewim, et al., 2025, Ezeanochie, Afolabi & Akinsooto, 2025).

Packaging plays a pivotal role in addressing thermal management and protecting GaN HEMTSs from environmental stresses.
However, designing cost-effective and efficient packaging solutions for GaN HEMTs is a significant challenge. GaN HEMTSs require
advanced packaging materials that can handle high temperatures and provide effective heat dissipation, which tends to increase the
overall cost of the device. Moreover, the unique properties of GaN, such as its tendency to have different thermal expansion
characteristics compared to traditional packaging materials, create additional design challenges (Collins, Hamza & Eweje, 2022,
Egbuhuzor, et al., 2021). These issues are further compounded by the need for packaging solutions that can support high-frequency
operation without introducing parasitic inductance or capacitance, which can degrade device performance. As the demand for GaN
HEMTSs in high-power applications grows, the need for cost-effective packaging solutions that address both thermal and electrical
performance is becoming increasingly urgent.
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On the economic side, the cost of raw materials and production processes represents a significant barrier to the widespread adoption
of GaN HEMTSs. The raw materials required for GaN HEMT production, particularly Gallium (Ga) and Silicon Carbide (SiC), are
relatively expensive compared to silicon, which is widely available and cheaper to source. Gallium, for example, is a rare material
that is typically extracted as a byproduct of aluminum mining. Its limited availability and the complexity of its extraction process
make it a costly material to use in large quantities, which directly impacts the cost of GaN-based devices (Aniebonam, et al., 2023,
Balogun, Ogunsola & Ogunmokun, 2023, Fagbule, et al., 2023). Similarly, SiC substrates, which are commonly used for GaN
HEMTSs due to their excellent thermal conductivity and mechanical properties, are also expensive. The cost of these materials
significantly increases the overall production cost of GaN HEMTS, which can make them less competitive in cost-sensitive markets
compared to traditional silicon-based devices.

In addition to the cost of raw materials, the production processes involved in manufacturing GaN HEMTs are more complex and
energy-intensive than those for silicon-based devices. The epitaxial growth of GaN layers on substrates such as sapphire or SiC
requires specialized equipment and controlled environments, which adds to the manufacturing cost. Moreover, as GaN HEMTs
operate in high-power applications, the production process must ensure that devices can withstand high voltages and currents, further
complicating the fabrication process. Scaling up production while maintaining high yields and consistent quality at a competitive
cost remains a significant challenge (Augoye, et al., 2025, Ewim, et al., 2025, Eyo-Udo, et al., 2025). As a result, reducing the cost
of raw materials, optimizing production processes, and improving yield rates are all crucial factors in making GaN HEMTs more
economically viable for mass-market applications.

The cost of packaging and testing GaN HEMTs also contributes to their overall production cost. Unlike silicon-based devices, which
can be packaged using standard, low-cost methods, GaN HEMTS require specialized packaging to manage their high thermal and
electrical performance requirements. Additionally, testing GaN HEMTSs for reliability and performance under various operating
conditions requires sophisticated equipment and procedures. This drives up the overall cost of GaN HEMTSs, which may limit their
widespread adoption, particularly in industries where cost is a critical factor.

On top of these technical and economic challenges, regulatory and market barriers further hinder the widespread adoption of GaN
HEMTSs. From a regulatory standpoint, there are several standards and certifications that GaN-based devices must meet before they
can be used in certain applications. These regulations, which are particularly stringent in industries like telecommunications,
automotive, and healthcare, ensure that devices are safe, reliable, and capable of operating within specified parameters (Alozie, et
al., 2024, Banji, Adekola & Dada, 2024, Ewim, et al., 2024). However, the process of obtaining regulatory approval for new
technologies like GaN HEMTSs can be lengthy and expensive. For example, the certification of GaN-based power electronics for use
in electric vehicles or telecommunications infrastructure may require extensive testing and documentation, which can delay product
launch and increase development costs (Daraojimba, et al., 2023).

Market barriers also pose significant challenges to the widespread adoption of GaN HEMTs. Despite their superior performance
characteristics, GaN HEMTSs are still relatively new to many industries, and many engineers and manufacturers remain unfamiliar
with the technology (Abolore, et al., 2023: Fagbenro, et al., 2024). As a result, there may be reluctance to adopt GaN HEMTS,
particularly in industries that are heavily invested in traditional silicon-based devices. Additionally, the capital required to switch to
GaN-based technologies, including the investment in new equipment, training, and infrastructure, may be prohibitive for some
companies. While the potential long-term benefits of GaN HEMTS, such as improved efficiency and reduced energy consumption,
are significant, the initial cost of transitioning to GaN-based systems can be a major deterrent for many organizations (Atta, et al.,
2021, Bidemi, et al., 2021, Elumilade, et al., 2022).

Moreover, the competition from alternative technologies further complicates the adoption of GaN HEMTSs. Silicon carbide (SiC)
and other wide-bandgap semiconductors also offer high-performance capabilities and are competing for similar high-power
applications. While GaN HEMTSs are well-suited for high-frequency applications, SiC devices are often preferred for high-voltage,
high-current applications. This overlap between GaN and SiC technologies can create confusion in the market and slow down the
widespread adoption of GaN HEMTS, as companies may choose to invest in the more established SiC technology.

In conclusion, the future of GaN HEMTS in high-power applications is undoubtedly promising, but there are several challenges and
barriers that must be addressed. These challenges span technical, economic, and regulatory domains and require coordinated efforts
from researchers, manufacturers, and policymakers to overcome (Adeoye, et al., 2025: Fawole, et al., 2023). Improving device
reliability, enhancing thermal stability, and developing cost-effective packaging solutions are critical technical hurdles (Anozie, et
al., 2024, Collins, et al., 2024, Eghaghe, et al., 2024). Economically, reducing the cost of raw materials, optimizing production
processes, and addressing packaging and testing costs are essential for making GaN HEMTs more competitive (Edwards, et al.,
2024). Finally, overcoming regulatory hurdles and addressing market reluctance are crucial for ensuring the widespread adoption of
GaN HEMTs in high-power applications. Only by addressing these challenges can GaN HEMTSs fulfill their potential and contribute
to the optimization of performance, cost-effectiveness, and sustainability in high-power systems.
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2.7. Future Outlook and Market Trends

The future of Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTSs) in high-power applications presents a
transformative opportunity to optimize performance, cost-effectiveness, and sustainability across various industries. As GaN
technology continues to evolve, it holds the potential to reshape a wide array of applications, from telecommunications and electric
vehicles to renewable energy and beyond (Gidiagba, et al., 2023). Emerging trends in GaN HEMT development, along with the
expanding scope of potential applications, point toward a rapidly growing market that is poised to drive advancements in power
electronics. This technology will play a pivotal role in the transition to more sustainable power systems, offering efficient solutions
to meet the world’s energy demands while reducing environmental impact.

One of the most exciting emerging trends in GaN HEMTSs is the ongoing improvement in their performance characteristics. GaN
HEMTs already excel in high-frequency applications due to their superior electron mobility and high breakdown voltage, but recent
advancements are pushing the boundaries even further. Researchers are exploring new materials, fabrication techniques, and
packaging solutions to further enhance the performance of GaN HEMTSs. For instance, improvements in epitaxial growth techniques,
such as the development of GaN-on-silicon (GaN-on-Si) technology, are lowering the cost and complexity of production while
maintaining high performance (Adeoye, et al., 2025: Francis Onotole, et al., 2022). These innovations are expected to make GaN
HEMTs more affordable and widely available for a broader range of applications.

Another trend gaining traction is the integration of GaN HEMTSs with other wide-bandgap semiconductors, such as Silicon Carbide
(SiC), to leverage the unique advantages of both materials. While GaN excels in high-frequency applications, SiC is often preferred
for high-voltage, high-current applications. By combining these two materials in hybrid devices, manufacturers can create more
versatile, high-performance solutions that cater to a wider range of power electronics needs. This hybrid approach is particularly
promising in industries such as electric vehicles (EVs), where both high-frequency switching and high-power handling capabilities
are required (Bristol-Alagbariya, Ayanponle & Ogedengbe, 2022, Elujide, et al., 2021).

In addition to performance improvements, cost reductions are a key focus for the future of GaN HEMTs. As manufacturing
techniques improve and scale up, the cost of raw materials, production, and packaging is expected to decrease. The development of
GaN-on-Si technology, which allows GaN to be grown on silicon substrates, is a major step toward reducing material costs. Silicon,
being more abundant and less expensive than alternatives like sapphire or SiC, allows for a more cost-effective approach to GaN
HEMT production (Akinsooto, Ogundipe & Ikemba, 2024, Egbumokei, et al., 2024, Ewim, et al., 2024). This cost reduction is
critical for making GaN HEMTs competitive with traditional silicon-based devices, particularly in industries where cost is a major
factor, such as consumer electronics and automotive sectors.

The potential applications for GaN HEMTs in next-generation telecommunications are vast. With the ongoing rollout of 5G
networks, GaN HEMTSs are well-suited for use in the base stations, amplifiers, and radio frequency (RF) components that are integral
to 5G infrastructure. GaN HEMTS’ ability to handle high power, operate at high frequencies, and maintain low losses makes them
ideal for the demanding requirements of 5G technology. In particular, GaN HEMTs enable faster data transmission rates and
improved network coverage, which are essential for the success of 5G networks. Moreover, their efficiency in power conversion can
help reduce the energy consumption of 5G infrastructure, contributing to the overall sustainability of the technology (Adeoye, et al.,
2025: Daraojimba, et al., 2023).

In electric vehicles, GaN HEMTs are increasingly being adopted for use in power electronics, particularly in inverters, motor drives,
and charging systems. The automotive industry is under immense pressure to reduce emissions and improve energy efficiency, and
GaN HEMTs are poised to play a critical role in achieving these goals. GaN HEMTs offer superior efficiency in power conversion,
reducing energy losses in EV motor drives and increasing the range and performance of electric vehicles. Furthermore, the high-
frequency switching capabilities of GaN HEMTSs enable faster charging times, which will be a key enabler for the widespread
adoption of electric vehicles (Daraojimba, et al., 2023). As the demand for EVs continues to grow, GaN HEMTs will become
increasingly important in helping to create a more efficient, sustainable transportation ecosystem.

Renewable energy systems represent another promising area for the deployment of GaN HEMTSs. The transition to renewable energy
sources, such as solar, wind, and hydroelectric power, requires efficient power conversion systems to manage the integration of
renewable energy into the grid. GaN HEMTSs can significantly improve the efficiency of power converters and inverters used in
renewable energy systems. Their ability to operate at high switching frequencies and handle high voltages with low losses makes
them an ideal choice for power electronics in solar inverters, wind turbine controllers, and other renewable energy applications
(Alozie, 2024, Bristol-Alagbariya, Ayanponle & Ogedengbe, 2024, Eyo-Udo, et al., 2024). By improving the efficiency of these
systems, GaN HEMTS can help reduce the cost of renewable energy generation and contribute to the global transition toward cleaner,
more sustainable power sources (Edwards & Smallwood, 2023).
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In addition to the immediate applications in telecommunications, electric vehicles, and renewable energy, GaN HEMTSs have the
potential to drive broader changes in the global power landscape. As the world faces increasing demand for energy and growing
concerns about climate change, GaN HEMTSs can help optimize energy use and reduce carbon emissions across multiple sectors.
Their high efficiency in power conversion and reduced energy losses contribute directly to lowering the carbon footprint of power
electronics (Chukwuma-Eke, Ogunsola & Isibor, 2023, Fiemotongha, et al., 2023). For instance, the adoption of GaN HEMTS in
energy-efficient appliances, industrial systems, and electric grids can help reduce the overall demand for electricity and decrease
greenhouse gas emissions. Moreover, their role in improving the performance of renewable energy systems can accelerate the
transition to sustainable, clean energy sources.

Future opportunities for GaN HEMT technology in driving the transition to sustainable power systems are vast. As global energy
demand continues to rise, there is an urgent need for innovations that can optimize energy use and reduce waste. GaN HEMTS, with
their ability to improve the efficiency of power electronics and reduce energy losses, are well-positioned to play a central role in this
transition (Ayodeji, et al., 2023: Banso, et al., 2023). By enabling more efficient power conversion in everything from consumer
electronics to industrial machinery and transportation, GaN HEMTSs can contribute significantly to energy conservation efforts.

Furthermore, as governments and industries focus on decarbonization and sustainability, the demand for energy-efficient and
environmentally friendly technologies will only increase. GaN HEMTS, with their superior performance characteristics and lower
energy consumption, align well with these objectives (Edwards, et al., 2025). The ongoing research into sustainable materials
sourcing, energy-efficient manufacturing techniques, and advanced recycling processes for GaN devices will only enhance the
technology’s sustainability profile. As these efforts continue, GaN HEMTs will become even more integral to achieving global
energy efficiency and sustainability goals.

The future of GaN HEMTS in high-power applications is poised for significant growth, driven by advancements in materials science,
manufacturing techniques, and their ability to address the increasing demand for energy-efficient solutions. With their remarkable
performance in high-frequency, high-voltage, and high-power applications, GaN HEMTs will continue to shape the future of
telecommunications, electric vehicles, renewable energy, and other critical industries. As the technology matures, it will become
increasingly affordable and accessible, making it a key player in the drive toward sustainable power systems and a more energy-
efficient future (Gidiagba, et al., 2023). The combination of improved performance, cost-effectiveness, and sustainability makes
GaN HEMTSs an essential technology for the next generation of power electronics and for meeting the world’s growing energy
challenges (Edwards, et al., 2024)

2.8. Conclusion

In conclusion, the future of Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTS) in high-power applications presents
a transformative opportunity to optimize performance, cost-effectiveness, and sustainability in power electronics. Key findings
highlight that GaN HEMTs offer significant advantages in terms of performance optimization, particularly through their ability to
operate at high voltages and frequencies, with superior thermal stability and high electron mobility. These properties enable GaN
HEMTSs to achieve higher power densities and efficiency compared to traditional silicon-based devices, making them ideal for
applications requiring high performance, such as telecommunications, electric vehicles, and renewable energy systems. Despite the
challenges in scaling production and addressing issues like device reliability and thermal management, ongoing research and
advancements in manufacturing processes are steadily enhancing the capabilities of GaN HEMTSs.

From a cost-effectiveness perspective, while the current cost of GaN HEMTSs remains relatively high due to factors such as expensive
raw materials and complex fabrication processes, emerging fabrication techniques, such as GaN-on-silicon technology and epitaxial
growth methods, are driving down production costs. These innovations are paving the way for GaN HEMTs to become more
competitive with traditional silicon-based solutions, thus expanding their applicability across various industries. As these
technologies evolve, GaN HEMTs are expected to become more affordable, facilitating their widespread adoption in sectors that
demand both high performance and cost-efficiency.

Sustainability remains a critical consideration in the development of GaN HEMTSs. Although the environmental impact of GaN
HEMT production and end-of-life recycling remains a challenge, significant strides are being made in improving material sourcing,
green fabrication methods, and the energy efficiency of GaN-based systems. By enabling more energy-efficient power electronics,
GaN HEMTs have the potential to reduce carbon footprints across industries, making them a key technology in the transition to
sustainable, clean energy systems. Their role in optimizing energy use in electric vehicles, renewable energy systems, and
telecommunications infrastructure further underscores their importance in driving global sustainability efforts.

Looking ahead, GaN HEMTSs hold immense potential to transform power electronics, providing the foundation for next-generation
technologies that are more energy-efficient and environmentally friendly. By optimizing performance, reducing costs, and enhancing
sustainability, GaN HEMTs will play a central role in shaping a more sustainable and energy-efficient world. As their adoption
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continues to grow and manufacturing challenges are overcome, GaN HEMTs will help unlock new possibilities for a wide range of
high-power applications, from clean energy systems to smart infrastructure. In this way, GaN HEMTs are not only poised to
revolutionize the power electronics industry but also contribute significantly to global efforts in achieving energy efficiency and
environmental sustainability.
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