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ABSTRACT
The rapid evolution of power electronics and high-frequency switching
applications demands semiconductor devices with superior efficiency, thermal
stability, and switching performance. Traditional silicon (Si) devices are
reaching their performance limits in high-power and high-temperature
environments. Wide bandgap (WBG) semiconductors such as silicon carbide
(SiC) and gallium nitride (GaN) have emerged as promising alternatives due to
their higher breakdown voltage, faster switching speed, and better thermal
characteristics. However, each material has its own limitations in terms of cost,
fabrication complexity, and integration. Hybrid transistor systems that combine
Si, SiC, and GaN devices in a single architecture provide an effective solution
to utilize the advantages of each material. This paper reviews the concept,
architecture, benefits, challenges, and applications of hybrid transistor systems.
It also discusses design strategies, thermal management, packaging concerns,
and future trends. Tables and comparative analysis are presented to highlight

the performance differences.
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INTRODUCTION

Power electronic systems are widely used in electric vehicles, renewable energy converters,
aerospace electronics, and industrial automation. Conventional silicon transistors such as
MOSFETs and IGBTs have been the backbone of these systems. But due to material
limitations, Si devices suffer from higher switching losses and poor thermal endurance at high

voltages.

Wide bandgap semiconductors like SiC and GaN offer improved performance because of
higher bandgap energy, higher electric field strength, and superior thermal conductivity. While
SiC is preferred for high voltage and high temperature operations, GaN is ideal for high

frequency and low loss switching.

Hybrid transistor systems combine Si, SiC, and GaN devices within the same power module
or circuit to exploit complementary strengths. This integration allows designers to optimize

cost, performance, and reliability at same time.

2. MATERIAL CHARACTERISTICS OF SI, SIC, AND GAN

The selection of semiconductor materials is critical in determining the performance of power
devices. Silicon (Si), silicon carbide (SiC), and gallium nitride (GaN) each have distinct
material properties that influence their electrical, thermal, and mechanical behavior.

Understanding these characteristics is essential for designing hybrid transistor systems.

2.1 Silicon (Si)
Silicon has been the dominant semiconductor material for decades due to its abundance, well-
understood fabrication techniques, and cost-effectiveness. Key characteristics include:
o Bandgap Energy: 1.1 eV
The moderate bandgap limits the breakdown voltage, restricting Si-based devices to lower
voltage applications.
e Electron and Hole Mobility: Electron mobility ~1400 cm?/V-s, hole mobility ~450
cm?/V-s
Moderate mobility allows reasonable switching speeds but causes higher conduction losses

at high currents.
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e Thermal Conductivity: ~1.5 W/cm-K
Adequate for moderate temperature operation but poor for high-power applications;
requires heat sinks.

o Electric Field Strength: ~0.3 MV/cm
Low breakdown field limits the voltage handling capacity.

e Advantages:
e Mature manufacturing process
o Low cost
« Wide availability of device models and design tools
e Limitations:
e High switching losses at high frequency
e Limited thermal tolerance (~150°C junction temperature)
« Not suitable for very high voltage (>1.2 kV) applications

Si devices are ideal for low-cost, low-frequency, and moderate power applications, such as
general-purpose IGBTs and MOSFETS.

2.2 Silicon Carbide (SiC)
Silicon carbide is a wide bandgap semiconductor that offers superior performance in high
voltage and high-temperature environments. SiC exists in multiple polytypes, with 4H-SiC

being most commonly used in power devices.

e Bandgap Energy: 3.26 eV
A larger bandgap enables operation at higher temperatures and voltages while reducing

leakage currents.

e Electron and Hole Mobility: Electron mobility ~900 cm2/V-s, hole mobility ~120 cm#/V-s
Lower mobility than Si, but sufficient for high voltage MOSFETS.

e Thermal Conductivity: ~4.9 W/cm-K
Very high thermal conductivity allows efficient heat dissipation and operation at junction

temperatures up to 250-300°C.
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e Electric Field Strength: ~2.8 MV/cm
High breakdown field enables devices with smaller drift regions, reducing conduction

losses.

e Advantages:

« High voltage capability (up to 10 kV or more)

o High temperature operation

¢ Reduced switching and conduction losses compared to Si
« Limitations:

e Higher cost due to complex fabrication

e Lower electron mobility than GaN

o Gate drive and packaging design more complex

SiC is widely used in EV inverters, renewable energy systems, and high-voltage industrial

drives where efficiency and thermal reliability are crucial.

2.3 Gallium Nitride (GaN)
Gallium nitride is a high electron mobility wide bandgap semiconductor that excels in high
frequency, low-loss switching applications. GaN devices, especially HEMTs (High Electron

Mobility Transistors), are increasingly popular in power electronics and RF systems.

o Bandgap Energy: 3.4 eV
Wide bandgap ensures low leakage currents and high voltage capability in small devices.
e Electron and Hole Mobility: Electron mobility ~2000 cm?/V-s, hole mobility ~150
cm?/V-s
High electron mobility enables extremely fast switching frequencies (>1 MHz) with low
on-resistance.
e Thermal Conductivity: ~1.3 W/cm-K
Lower than SiC but sufficient for low to moderate power densities; requires advanced
thermal management in high-power applications.
o Electric Field Strength: ~3.3 MV/cm
High breakdown field allows thin drift regions, reducing conduction losses and enabling

high voltage operation.

37 Page 34-47 © MANTECH PUBLICATIONS 2024. All Rights Reserved



Journal of Power Electronics and Drives
MANIECH

Publications Volume 9, Issue 1, January-April 2024

e Advantages:
o Extremely fast switching speeds
e Low conduction and switching losses
e Compact and lightweight power modules
« Limitations:
o Expensive substrate and fabrication
o Thermal management is critical at high power

e Integration with Si-based systems requires careful gate driver design

GaN is ideal for high-frequency DC-DC converters, wireless power transfer, and next-

generation high-efficiency inverters.

Table 1: Comparative Analysis

Silicon Silicon Carbide Gallium Nitride
Property . .
(Si) (SiC) (GaN)
Bandgap Energy (eV) 1.1 3.26 3.4
Breakdown Field (MV/cm) 0.3 2.8 3.3
Thermal Conductivity
1.5 4.9 1.3
(W/cmK)
Electron Mobility (cm3/Vs) 1400 900 2000
Switching Speed Moderate High Very High
Cost Low Medium High

Si provides low cost and mature fabrication process. SiC offers high voltage endurance. GaN

offers superior switching frequency. Combining those leads to optimized performance.

3. NEED FOR HYBRID TRANSISTOR SYSTEMS
Modern power electronics and high-frequency applications, such as electric vehicle (EV)
inverters, renewable energy converters, and aerospace power modules, demand multi-objective
performance from transistor devices. Key requirements include:

1. High voltage handling capability —to operate reliably under industrial and automotive

power levels (up to several kilovolts).
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2. High switching frequency — to reduce size and weight of passive components like
inductors and capacitors, and improve system efficiency.

3. Low conduction and switching losses — to maximize energy efficiency and reduce
heat generation.

4. Thermal stability — for long-term reliability under high-power or high-temperature
conditions.

5. Cost-effectiveness — essential for large-scale deployment in commercial and consumer

applications.

Achieving all these requirements simultaneously with a single semiconductor material is
extremely challenging. This is because each material—Si, SiC, and GaN—offers distinct

strengths and limitations.

3.1 Limitations of Single-Material Devices
3.1.1 Silicon (Si)
o Advantages: Mature fabrication technology, low cost, high availability.
e Limitations:
« High conduction and switching losses at high frequencies due to relatively slow carrier
mobility.
e Thermal limitations (~150°C junction temperature) prevent operation under extreme
conditions.
« Voltage handling capability is limited (<1.2 kV for most devices), making it unsuitable

for high-voltage applications.

Example: A silicon IGBT inverter for an EV motor can handle current efficiently but suffers

significant switching loss at high PWM frequencies, limiting the inverter’s efficiency.

3.1.2 Silicon Carbide (SiC)

o Advantages: Wide bandgap allows high voltage operation, high temperature endurance
(~300°C), and low switching losses.

e Limitations:
« Higher fabrication and module cost than Si.

e Moderate electron mobility compared to GaN, limiting ultimate switching frequency.
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e More complex gate drive requirements due to higher threshold voltages.

Example: A SiC MOSFET module can efficiently switch at medium frequencies (~50-100

kHz) in a solar inverter but becomes cost-prohibitive for large systems.

3.1.3 Gallium Nitride (GaN)

o Advantages: High electron mobility enables ultra-fast switching (hundreds of kHz to
MHz), minimal conduction and switching losses, and compact device footprint.

« Limitations:
« Thermal management is challenging due to lower thermal conductivity (~1.3 W/cm-K).
e Substrate and device costs are higher than Si.
o Gate voltage and driver requirements differ significantly from Si or SiC, complicating

integration.

Example: GaN HEMTSs in high-frequency DC-DC converters reduce size and weight of

passive components but require advanced cooling techniques in high-power applications.

3.2 Motivation for Hybrid Transistor Systems
Hybrid transistor systems combine two or more semiconductor materials in a single module or
converter architecture. This approach strategically assigns different functions to devices based

on their material strengths:

Preferred
Function ) Reason
Material
High current handling at low )
Si Low cost, mature technology
frequency
) ) ) Wide bandgap, high breakdown
High voltage blocking SiC
voltage
_ o High electron mobility, fast
High frequency switching GaN o
switching

40 Page 34-47 © MANTECH PUBLICATIONS 2024. All Rights Reserved



Journal of Power Electronics and Drives
MANIECH

Publications Volume 9, Issue 1, January-April 2024

Key Benefits:

1. Optimized efficiency: Switching and conduction losses are minimized by using each
device for the task it handles best.

2. Reduced cost: Si is used where high performance is unnecessary, keeping overall cost
lower than an all-SiC or all-GaN system.

3. Thermal management: SiC can handle high temperatures and dissipate heat
effectively, reducing stress on GaN devices.

4. Improved power density: Fast switching by GaN reduces passive component size,
making the system more compact.

5. Flexibility in design: Engineers can tailor the hybrid combination to meet voltage,

frequency, and thermal requirements without overdesigning a single-material solution.

Example: In an electric vehicle inverter, a hybrid module could use:

Si IGBTs for the main current path at low frequency,

SiC MOSFETs for voltage blocking and efficiency improvement at medium switching
frequencies,

GaN HEMTSs in auxiliary high-frequency stages to drive fast PWM signals and reduce

passive component size.

This design achieves high overall system efficiency (~98%), reduces switching and conduction

losses, and maintains cost-effectiveness—a combination that single-material systems struggle

to achieve.

3.3 Market and Application Drivers

Electric Vehicles (EVs): Hybrid inverters increase driving range by minimizing losses
while reducing size and weight.

Renewable Energy: Solar and wind converters require both high voltage and high
frequency operation for efficiency and power density.

Aerospace and Defense: Weight-sensitive applications benefit from compact, thermally
stable hybrid modules.

Industrial Drives: Motors require high power, high reliability, and cost-effective

solutions; hybrids meet these multi-objective requirements.
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Hybrid transistor systems are thus an engineering solution that balances performance, cost,
thermal management, and switching speed in modern power electronics, enabling next-

generation energy-efficient systems.

4. HYBRID SYSTEM ARCHITECTURES

Hybrid power electronic systems combine multiple types of semiconductor devices (Si, SiC,
GaN) in a single module or converter to leverage the unique advantages of each technology.
The goal is to improve efficiency, reduce losses, handle higher voltages, and enable faster
switching in modern applications such as electric vehicles (EVs), renewable energy systems,

and aerospace power electronics.

4.1 Si + SiC Hybrid Modules

Concept:

« Silicon (Si) IGBTs are robust and cost-effective for handling large currents but have slower
switching speeds.

e Silicon Carbide (SiC) MOSFETs are capable of high-speed switching and higher

temperature operation, but are more expensive.

Architecture:

e Si IGBTs manage the bulk current flow, especially during steady-state operation where
switching losses dominate less.

e SiC MOSFETs are used in the switching stage to achieve fast transitions, reducing

switching losses and improving overall efficiency.

Benefits:
o Lower total system losses compared to pure Si systems.
e Better thermal performance due to SiC’s high-temperature tolerance.

o Cost-effective, as only the fast-switching stage requires the expensive SiC devices.

Applications:
e EVinverters
e Industrial drives

e Medium-voltage converters
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4.2 Si + GaN Hybrid Converters

Concept:

o Silicon MOSFETSs remain suitable for voltage control and low-frequency stages.

e Gallium Nitride (GaN) HEMTs excel at high-frequency switching with very low on-

resistance and minimal parasitic capacitance.

Architecture:

e Si MOSFETs handle low-frequency, high-voltage stages where switching speed is less
critical.

e« GaN HEMTs manage high-frequency stages, such as pulse-width modulation (PWM)

drivers, improving system dynamic response and reducing filter size.

Benefits:

. High switching frequency reduces passive component size, enabling compact
converters.

o Improved system efficiency at high frequency.

o Lower electromagnetic interference (EMI) due to faster transitions.

Applications:

e DC-DC converters for server farms or telecom
e On-board EV chargers

« High-frequency induction heating units

4.3 SiC + GaN High-Performance Stages

Concept:

e Both SiC and GaN devices are wide-bandgap (WBG) semiconductors but serve
complementary roles.

e SiC can handle high voltage stress; GaN is ideal for ultra-fast, low-loss switching.

Architecture:

e SiC devices are deployed in high-voltage, high-current stages, such as the main inverter
bridge.

o GaN devices operate in high-frequency auxiliary stages or interleaved modules for pulse

generation.
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Benefits:

e Maximizes both voltage and frequency performance.

e Reduces switching and conduction losses simultaneously.

e Supports high-power density designs due to compact passive components.
Applications:

e Aerospace power converters

« Solid-state transformers

e« Advanced EV traction inverters

4.4 Triple Hybrid (Si + SiC + GaN)

Concept:

e The ultimate hybrid system combines all three semiconductor technologies in a single
power unit.

« This architecture exploits the low cost of Si, high-voltage robustness of SiC, and high-
frequency capability of GaN.

Architecture:

o Si devices handle low-frequency, high-current paths.

« SiC devices manage high-voltage switching.

e GaN devices control high-frequency, fast-switching paths, such as PWM modulation or
auxiliary converters.

Benefits:

e Optimized for maximum efficiency, compactness, and thermal performance.

« Flexibility to tune the system for specific operating conditions.

« Enables cutting-edge designs that were previously limited by single-technology constraints.

Applications:

o Next-generation EV inverters with extended range and reduced weight

o Aerospace power units where size, weight, and efficiency are critical

e Hybrid renewable energy systems integrating multiple voltage levels

5. WORKING PRINCIPLE OF HYBRID TRANSISTOR MODULES
Hybrid modules distribute switching tasks:

e Low frequency, high current handled by Si.

« High voltage blocking by SiC.
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e Fast switching pulses by GaN.
This reduces overall switching loss and improves efficiency upto 98%.

6. DESIGN CONSIDERATIONS

6.1 Gate Driver Compatibility

Different gate voltages required:

e Si MOSFET: 10-12V

e SiC MOSFET: 15-18 V

e GaNHEMT:5-6V

6.2 Thermal Management

SiC dissipates heat efficiently, GaN needs special cooling methods.
6.3 Packaging Challenges

Parasitic inductance must be minimized to prevent oscillations.

7. PERFORMANCE COMPARISON

Parameter Si Only SiC Only GaN Only Hybrid System
Efficiency 88% 95% 96% 98%
Switching Loss High Low Very Low Very Low
Cost Low High High Moderate
Thermal Stability Low Very High Medium High
Frequency Low Medium High Very High

8. APPLICATIONS OF HYBRID TRANSISTOR SYSTEMS
8.1 Electric Vehicles

Hybrid modules reduce inverter size and increase battery efficiency.
8.2 Renewable Energy Systems

Used in solar inverters for better conversion efficiency.

8.3 Aerospace Electronics

Lightweight and efficient power converters.

8.4 Industrial Motor Drives

Reduced energy loss and compact design.
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ADVANTAGES OF HYBRID APPROACH
e Optimized cost to performance ratio

e Reduced switching and conduction losses
e Higher power density

o Better thermal performance

e Flexibility in design

CHALLENGES AND LIMITATIONS

o Complex gate driver design

« Packaging difficulty

o Reliability issues due to material mismatch

o Fabrication and integration cost

11. FUTURE TRENDS
Research is going on monolithic integration of SiC and GaN on Si substrate. Advanced
packaging like 3D integration and embedded cooling is being developed. Al based control

strategies are also being tested for hybrid modules.

TABLE: SUITABILITY OF DEVICES FOR FUNCTIONS

Function Best Device
High Current Si
High Voltage SiC
High Frequency GaN
Thermal Dissipation SiC

DISCUSSION

Hybrid transistor systems represent a practical pathway between traditional silicon electronics
and full wide bandgap adoption. Instead of replacing Si completely, engineers are combining
strengths. This approach is economical and technically effective. Industries are slowly adopting
hybrid power modules especially in EV and renewable sector. But still standardization is

missing.
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CONCLUSION

Hybrid transistor systems combining Si, SiC, and GaN offer a balanced solution for modern

power electronic challenges. By leveraging the strengths of each semiconductor material,

designers can achieve higher efficiency, better thermal stability, and improved switching

performance. Though integration challenges exist, ongoing research and development are

making hybrid modules more practical and reliable. These systems will play important role in

next generation electric vehicles, renewable energy systems, and aerospace electronics.
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