Journal of Research in Electrical Circuits and Systems
MANIECH

Publications Volume 10, Issue 3, September-December 2025

Emerging Semiconductor Devices (Wide Band-Gap, Gallium
Nitride, Silicon Carbide) And Their Circuit/System Integration for

Next-Generation Electronic and Power Applications

Dr. Neha R. Kushwahai', Mr. Arindam K. Sinha’®
Associate Professor!, Assistant Professor’
Department of Electrical and Electronics Engineering’, Department of Electronics and
Communication Engineering’
Vishwakarma Institute of Technology, Pune, Maharashtra, India’, National Institute of Technology,
Durgapur, West Bengal, India’
Email ID: neha.kushwaha784@rediffmail.com’, arindam.sinha4509@gmail.com’

ABSTRACT
The continuous advancement in semiconductor technology has led to the
development of wide band-gap (WBG) materials such as Gallium Nitride (GaN)
and Silicon Carbide (SiC), which are revolutionizing the design and
performance of modern power and electronic systems. Compared to
conventional silicon-based devices, WBG semiconductors exhibit superior
electrical, thermal, and switching characteristics that enable higher efficiency,
compact design, and greater operational reliability. This paper provides a
comprehensive study of the emerging semiconductor devices, focusing on GaN
and SiC technologies, their electrical and material properties, and their
integration into circuits and systems for various applications. Furthermore, the
paper discusses design challenges, thermal management, and future research
directions for efficient circuit and system-level integration of WBG devices in

advanced energy, communication, and transportation systems.
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INTRODUCTION

The increasing demand for high-efficiency, high-frequency, and high-temperature electronic
devices has driven the shift from traditional silicon (Si) technology toward wide band-gap
(WBG) semiconductors. Silicon, though extensively used, has reached its physical and material
limitations in supporting next-generation energy systems such as electric vehicles (EVs),

renewable energy converters, and 5G communication devices.

WBG materials such as Gallium Nitride (GaN) and Silicon Carbide (SiC) possess large energy
band-gaps, higher breakdown voltages, and superior thermal conductivity compared to Si.
These features enable the design of smaller, faster, and more energy-efficient electronic
systems. However, integrating these materials into existing circuit architectures introduces new

challenges in device packaging, thermal management, and cost optimization.

This paper discusses the underlying principles, material characteristics, circuit integration

techniques, and system-level benefits of these emerging semiconductor technologies.

LITERATURE REVIEW

Development of WBG Semiconductors:

Early research in the 1990s focused on improving Si-based devices through miniaturization.
However, as device dimensions decreased, issues like leakage current, breakdown voltage, and
heat dissipation became critical. Researchers began exploring materials with higher band-gap

energy—resulting in the development of GaN and SiC semiconductors.

GaN and SiC in Modern Applications:

GaN-based high electron mobility transistors (HEMTs) have found significant use in high-
frequency RF and power conversion circuits, while SiC-based MOSFETs and diodes are widely
used in electric drive systems and renewable energy converters. Studies have shown that SiC
power devices can reduce system losses by over 50% and improve power density, leading to

more compact designs in EV powertrains and solar inverters.
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Integration Techniques and Trends:
Recent literature highlights the necessity for co-design strategies that integrate device, circuit,
and system-level considerations. Monolithic integration, hybrid packaging, and advanced

substrate technologies are key enablers for efficient WBG device implementation.
FUNDAMENTALS OF WIDE BAND-GAP SEMICONDUCTORS
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Figure 1: Energy Band-Gap Diagram of Si, GaN, and SiC

Band-Gap Energy Comparison:

The energy band-gap defines the minimum energy required for an electron to move from the
valence to the conduction band. Si has a band-gap of 1.12 eV, whereas SiC and GaN have band-
gaps of approximately 3.26 eV and 3.4 eV respectively. This difference allows GaN and SiC

devices to operate at higher voltages, frequencies, and temperatures.

Material Advantages:

e High Breakdown Field Strength: Enables operation at higher voltages without material

failure.
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e High Thermal Conductivity: Especially in SiC (~4.9 W/cm-K), allowing better heat
dissipation.
e High Electron Mobility: GaN offers exceptional electron mobility (~2000 cm?/V:s),

making it suitable for high-frequency circuits.

EMERGING SEMICONDUCTOR DEVICES

Wide band-gap (WBG) semiconductor devices represent the next frontier in power and high-
frequency electronic systems. Among these, Gallium Nitride (GaN) and Silicon Carbide (SiC)
have emerged as the two most promising materials due to their excellent material properties,
enabling high-efficiency, compact, and reliable power conversion systems. These materials
provide substantial improvements over traditional silicon-based devices by allowing higher

breakdown voltages, faster switching speeds, and superior thermal tolerance.

Their integration has expanded across domains such as renewable energy systems, electric
mobility, data centers, telecommunication, and aerospace electronics. Each device type, GaN
or SiC, offers specific advantages suited for distinct application environments depending on

voltage, frequency, and thermal conditions.

GALLIUM NITRIDE (GaN) DEVICES

Material and Structural Characteristics:

Gallium Nitride (GaN) is a direct band-gap semiconductor with a wide band-gap energy of
approximately 3.4 eV, which allows devices to sustain high electric fields and operate at
elevated voltages. GaN exhibits high electron mobility (around 2000 cm?*/V:s) and a high
saturation velocity (~2.5 x 107 cm/s), resulting in rapid switching characteristics. The most
widely adopted device structure using this material is the High Electron Mobility Transistor
(HEMT), particularly the AlIGaN/GaN HEMT, which utilizes a two-dimensional electron gas

(2DEG) channel for exceptional conductivity and low on-resistance.

Advantages of GaN Devices:

GaN-based devices are capable of switching at very high frequencies, often exceeding 1 MHz,
with minimal switching losses. This makes them ideal for power converter applications
requiring fast response and reduced passive component sizes. The low parasitic capacitance

and low gate charge further enhance efficiency in high-frequency systems. Moreover, GaN
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devices can operate efficiently at higher junction temperatures, making them suitable for

compact, air-cooled systems where space and cooling are critical constraints.

Performance Benefits:

High Switching Speed: Enables smaller magnetic components and higher power density in
converters.

Low On-State Resistance (Rds(on)): Minimizes conduction losses in high-current
applications.

High-Frequency Operation: Facilitates precise control in pulse-width modulation (PWM)
and RF applications.

Low Reverse Recovery Loss: Enhances efficiency during high-frequency commutation

cycles.

Applications of GaN Devices:

High-efficiency DC-DC Converters in Data Centers: GaN-based switches reduce power
loss, improving server efficiency and energy utilization.

Fast Chargers for Mobile and Electric Vehicles (EVs): Enable compact, lightweight, and
rapid-charging adapters due to higher operating frequency.

RF Amplifiers for 5G and Satellite Communication: Provide high output power, low noise,
and improved signal linearity for next-generation telecommunication systems.

Aerospace and Defense Electronics: Suitable for radar transmitters and avionics where high

frequency and reliability are required.

Integration Aspects:

In power electronics, GaN devices are increasingly co-packaged with silicon-based control ICs

to achieve high performance at reduced cost. Techniques such as monolithic integration, chip-

on-board assembly, and low-inductance packaging are enabling further reductions in switching

losses and electromagnetic interference (EMI).
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SILICON CARBIDE (SiC) DEVICES

Material and Electrical Properties:

Silicon Carbide (SiC) is an indirect wide band-gap semiconductor with a band-gap energy of
3.26 eV, nearly three times that of silicon. SiC exhibits high thermal conductivity (~4.9
W/em-K), making it ideal for high-power, high-temperature environments. It also supports high
breakdown voltages and can operate efficiently at temperatures exceeding 600°C, far

surpassing silicon’s limits.

Common SiC devices include SiC MOSFETs, Schottky Barrier Diodes (SBDs), and Junction
Field-Effect Transistors (JFETs). Among these, SiC MOSFETs have gained dominance due to
their ability to replace silicon IGBTs in medium to high-voltage power systems with

significantly lower switching and conduction losses.

Advantages of SiC Devices:

e High Breakdown Voltage: Allows devices to operate safely at voltages beyond 1.2 kV with
reduced drift layer thickness.

e Low Switching Loss: SiC MOSFETs exhibit fast turn-on and turn-off transitions with
minimal energy loss.

e High Temperature Tolerance: Maintains stable performance under extreme thermal and
electrical stress.

e Reduced Cooling Requirements: Owing to superior thermal conductivity, system-level

cooling mechanisms can be simplified.

Performance Benefits:

SiC devices significantly improve the efficiency and power density of power electronic
converters, particularly in medium- and high-voltage domains. Their negligible reverse
recovery losses (in diodes) and linear switching characteristics make them ideal for
bidirectional converters and DC fast chargers. SiC also supports higher junction temperatures,

allowing smaller and lighter heat sinks—thus contributing to reduced system weight and cost.
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Applications of SiC Devices:

e Traction Inverters in Electric Vehicles: SiC MOSFETs increase inverter efficiency by up to
5%, extending EV driving range and reducing cooling needs.

e High-Power Solar and Wind Energy Converters: Enable compact inverter designs that
handle large DC bus voltages with minimal loss.

¢ Industrial Motor Drives and Grid Interface Systems: Offer high reliability, fast switching,
and low distortion in high-power AC drives.

e Aecrospace and Rail Transportation: Used in propulsion and auxiliary systems requiring

rugged, high-voltage operation.

Integration Aspects:

SiC device integration involves challenges related to gate driver design, EMI suppression, and
packaging optimization. Advanced packaging technologies such as double-sided cooling,
ceramic substrates, and silver sintering are being explored to improve thermal dissipation and
mechanical stability. Additionally, SiC devices are often integrated with digital control circuits

for real-time monitoring and adaptive switching to ensure long-term reliability.

CIRCUIT AND SYSTEM INTEGRATION

AC DC

e e o e

Figure 2: Circuit/System Integration of GaN and SiC Devices

INTEGRATION APPROACHES
Efficient circuit integration of WBG devices requires innovative packaging, interconnection,

and thermal design methods. Integration strategies are broadly categorized into:
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e Monolithic Integration: Incorporates multiple functional elements (transistors, diodes,
passive components) on the same substrate to minimize parasitics.

e Hybrid Integration: Combines WBG devices with Si-based control circuits on multi-chip
modules (MCMs) for optimized cost and performance.

e Co-Packaging Techniques: Uses 3D integration and low-inductance packaging to enhance

switching behavior.

THERMAL MANAGEMENT

The integration of GaN and SiC devices in compact systems introduces significant thermal
challenges. Although both materials can withstand high junction temperatures, efficient heat
dissipation remains vital for reliability. Techniques such as microchannel liquid cooling,
diamond substrates, and advanced thermal interface materials are being explored to manage

heat in high-density systems.

PERFORMANCE COMPARISON

Silicon Gallium Nitride Silicon Carbide
Parameter
(Si) (GaN) (SiC)
Band-Gap (eV) 1.12 34 3.26
Breakdown Field (MV/cm) 0.3 33 2.8
Electron Mobility (cm?/V-s) 1400 2000 900
Thermal Conductivity
1.5 1.3 4.9
(W/cm-K)
Max Junction Temp (°C) 150 300 600

CHALLENGES IN INTEGRATION AND DESIGN
Despite their advantages, several technical and commercial challenges hinder the widespread

adoption of WBG devices.
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High Fabrication Cost:

GaN and SiC materials are more expensive to manufacture due to complex crystal growth and
substrate preparation processes.

Device Reliability:

Defects in epitaxial layers and packaging-induced stress can affect long-term reliability under
high-voltage operation.

Gate Control and Parasitics:

WBG devices switch extremely fast, and parasitic inductance or resistance in circuit layouts
can cause voltage overshoots and electromagnetic interference (EMI).

Thermal Cycling and Packaging:

Repeated thermal cycling may lead to delamination or mechanical stress in device packaging,

requiring advanced interconnect technologies.

APPLICATIONS IN EMERGING SYSTEMS

Table 2: Comparison of Application Areas and Key Benefits

Application Domain Preferred Device Key Benefits
Electric Vehicles (EVs) SiC MOSFET High efficiency, reduced cooling needs
Renewable Energy Systems SiC Diode Low reverse recovery, high reliability
5G Communication GaN HEMT High frequency, low parasitic losses
Aerospace Electronics GaN Transistor Radiation resistance, lightweight
Data Centers GaN Converter Compact, low switching losses

Electric and Hybrid Vehicles:
SiC MOSFET-based traction inverters significantly improve vehicle range and reduce heat
generation. GaN-based converters support lightweight on-board chargers and high-speed DC—

DC conversion.
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Renewable Energy Systems:
WBG devices are enabling compact, efficient solar inverters and grid-tied converters. Their
ability to handle higher switching frequencies reduces passive component size and improves

energy yield.

5G and Aerospace Electronics:
GaN’s superior high-frequency performance makes it ideal for millimeter-wave
communication systems and radar applications. Its radiation tolerance also benefits aerospace

electronics.

FUTURE SCOPE AND RESEARCH DIRECTIONS

Integrated Design Automation:

Advanced CAD tools capable of co-simulating electrical, thermal, and mechanical behavior
will support optimal WBG circuit design.

Heterogeneous Integration:

Combining GaN, SiC, and Si devices in a unified platform could provide cost-efficient, high-
performance hybrid systems for various power levels.

Reliability and Standardization:

Research on long-term degradation mechanisms, fault diagnosis, and standardized testing
procedures will improve device confidence in critical applications.

Quantum and Nanoelectronics Interfaces:

GaN and SiC are also being explored for quantum communication and photonic devices due to

their high electron mobility and wide optical band-gap characteristics.

CONCLUSION

Wide band-gap semiconductors like GaN and SiC are reshaping the landscape of electronic and
power systems through their superior physical and electrical properties. Their ability to operate
under high voltage, high temperature, and high frequency conditions allows designers to
develop smaller, faster, and more efficient systems. However, challenges related to cost,
integration, and thermal management remain areas of active research. The future of electronics
lies in leveraging these advanced materials to create sustainable, high-performance, and

reliable systems across transportation, communication, and energy sectors.
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