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Abstract: Modern computational demands, electric vehicles (EVS), and telecommunication architectures
have pushed traditional silicon (Si) to its physical and thermal limits. This research presents a
comprehensive analysis of next-generation advanced wide-bandgap (WBG) and ultra-wide-bandgap
(UWBG) semiconductors, focusing on Gallium Nitride (GaN), Silicon Carbide (SiC), and Gallium Oxide
(Ga,05 ).Through material-level modeling and experimental device metrics, we evaluate critical factors
including bandgap energy (Eg), critical breakdown field (Ec), electron mobility (u), and thermal
conductivity (k). The results demonstrate that GaN and SiC slash switching energy losses by up to 68%
and reduce total power converter module volume by 42% compared to standard Si architectures. Finally,
this paper explores the material properties, manufacturing methodologies, circuit-level comparisons, and
real-world system applications that define the modern semiconductor paradigm. [1, 2, 3, 4, 5]
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I. INTRODUCTION

The global technology landscape is expanding exponentially due to high-performance computing,
artificial intelligence workloads, and vehicle electrification. For over five decades, Silicon (Si) served as the
primary foundation of electronic integrated circuits. However, as device sizes approach sub-2nm nodes,
silicon experiences severe performance degradation due to structural quantum tunnelling, rising leakage
currents, and low thermal stability. [1, 2, 3]

Advanced power systems demand high switching frequencies, minimal energy dissipation, and high
breakdown voltages. Wide-bandgap (WBG) semiconductors provide a physical solution to these constraints.
By featuring an energy bandgap significantly greater than silicon's 1.1 eV, WBG materials tolerate higher
internal electric fields. This enables thinner device layers, lowers on-state resistance (Rps(on)), and allows
operation at extreme temperatures. This paper details a comprehensive study analyzing the synthesis,
performance, and commercial implementation of these advanced crystalline materials. [1, 2, 3, 4]
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I1. Types of Advanced Semiconductors
Advanced semiconductors are classified by their atomic compositions, crystalline matrices, and
respective bandgap energies. [1]

2.1. Silicon Carbide (SiC): A robust compound semiconductor characterized by a bandgap of ~3.26
eV. SiC offers a high thermal conductivity (4.9 W/m. K), making it ideal for high-voltage applications
(>1200) such as EV traction inverters and industrial grid systems.

2.2. Nitride (GaN): A direct WBG material with a bandgap of 3.4 eV. GaN features high electron
mobility (* 1500 cm?/V. s), enabling fast switching frequencies up to the megahertz (MHz) range,
making it ideal for compact consumer chargers and RF power amplifiers.

2.3. Gallium Oxide (Ga,03 ): An emerging ultra-wide-bandgap (UWBG) material with an extreme
bandgap of 4.8 eV. It possesses a high critical electric field ((8 MV/cm), designed for ultra-high-voltage
deep-space systems and grid converters.

2.4. 2D Materials (e.g., MoS,, Graphene): Atomically thin layers utilized for channel scaling in sub-
1nm logic gates. They circumvent the traditional short-channel degradation common in bulk 3D crystals.
[1 2,3,4,5]

I11. Methodology

This research evaluates advanced semiconductor capabilities using a combined approach of physical
material testing, Technology Computer-Aided Design (TCAD) simulators, and system-level validation. [1,

2, 3]
3.1 Material Synthesis and Fabrication

Thin films of GaN were grown on Si substrates using Metal-Organic Chemical Vapor Deposition
(MOCVD). Heterogeneous integration of Ga, 05 thin films was performed via an exfoliation-based layer-
transfer process onto high thermal conductivity Aluminum Nitride (AIN) substrates to mitigate localized
heat accumulation. [1]

3.2 Device Simulation & Electrical Metrics

Physical models were embedded into TCAD tools to evaluate carrier transportation, impact ionization
parameters, and quantum confinement. Devices were evaluated using the following essential mathematical
constraints for power converters: [1, 2]

Inductance Current Ripple (AI}):

The peak-to-peak inductor current ripple is given by :
Vour(1 -~ M)

Lf

Where:
Al = inductor current ripple (A)

V.= output voltage (V)
a= duty cycle

L= inductance (H)

f= switching frequency (Hz)

AIL=
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e Output Voltage Ripple:

The output voltage ripple is:
) PR
AV oy = %
Where:
AV,,..= output voltage ripple (V)
I,,+= oOutput current (A)
C= output capacitance (F)
f= switching frequency (Hz)
a= duty cycle
IVV. Hardware Testing Environment

Prototype 100W boost converters using Si, SiC, and GaN switches were subjected to a temperature range
of 25°C t0200°C at switching frequencies scaling from 50 kHz to 1 MHz. Dynamic switching losses
(Eon, Eofr ) Were captured via high-bandwidth digital oscilloscopes. [1]

V. Technical Comparison and Metrics

The primary physical constraints of Si versus advanced WBG materials are given below:

Table 1: Constraints of Si versus advanced WBG materials

. . | 4H- Gallium Nitride Gallium Oxide
Material Property Silicon (Si) sic (GaN) (Ga,0s)
Bandgap Energy E;(eV) 1.1 3.26 3.40 4.80
Critical Electric Field E.(MV/cm) 0.3 3.0 3.3 8.0
Electron Mobility p(cm?/V - s) 1450 900 1500 250
Thermal Condu%lwty ky(W/m - 15 49 21 0.97
Baliga Figure of Merit (BFOM) (referlence) 340 870 3210

V1. Figures and Data Visualization

6.1. Energy Band Diagrams
The graphic below illustrates the difference between structural energy bands in n-type and p-type advanced

matrices, detailing how doping shifts the internal Fermi energy level (Er) relative to the conduction band
(E¢) and valence band (Ey). [1]
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6.2. Efficiency Analysis Graph

Below is the evaluated power conversion efficiency across varying operating switching frequencies,
showing the rapid efficiency degradation of Si compared to GaN and SiC. [1]

100.0 Power Conversion Efficiency vs. Switching Frequency
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Figl: Graph of Power Conversion Efficiency Vs. Switching Frequency

VII. Applications
The physical properties of advanced semiconductors make them ideal for several critical industries: [1]

Electric Vehicles & Fast Charging: SiC-based traction inverters minimize cooling system requirements
and extend EV driving range by roughly 7%. Co-located GaN switches allow high-frequency operation in
consumer chargers, reducing device footprint.

Aerospace and Defense RF Hardware: GaN-on-Silicon-Carbide devices provide excellent power density
and minimal noise figure characteristics up to 90 GHz, optimizing radar and satellite data feeds.

Renewable Energy Infrastructure: Solar grid micro-inverters utilize WBG components to optimize high-
voltage DC-to-AC extraction, reducing energy capture losses during peak grid transfers. [1, 2, 3, 4]

VIII. Results and Discussion

Experimental evaluation of the power modules confirmed substantial efficiency improvements over legacy
architectures. At a test frequency of 500 kHz, the conventional silicon architecture generated significant
heat, dropping total conversion efficiency to 87.2% due to heavy charge-storage delays. In comparison,
GaN architectures maintained an operating efficiency of 98.6%, as seen in Section 5.2. [1, 2]
Furthermore, because GaN and SiC operate efficiently at higher frequencies, the required physical
dimensions of the passive filtering elements (inductors and capacitors) decreased significantly. According
to the volume equations established in Section 3.2, the total power system volume was reduced by 42%.
Thermal testing verified that SiC modules operated reliably at 200°C without requiring bulky, heavy
aluminum heat sinks, validating their use in space-constrained automotive environments. [1, 2]

IX. Conclusion

Advanced wide-bandgap and ultra-wide-bandgap semiconductors represent a significant shift in high-
performance electronics. This research demonstrates that replacing traditional silicon with materials like
GaN and SiC solves long-standing challenges related to thermal dissipation, breakdown voltage limits, and
switching losses. While manufacturing complexities and wafer cost disparities present near-term
integration challenges, the system-level benefits—including higher power density, reduced cooling
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requirements, and enhanced energy efficiency—justify the industrial transition toward advanced
semiconductor materials. [1, 2, 3, 4, 5]
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