
University of Denver University of Denver 

Digital Commons @ DU Digital Commons @ DU 

Electronic Theses and Dissertations Graduate Studies 

2021 

Thermal Performance of AlGaN/GaN Based Power Switching Thermal Performance of AlGaN/GaN Based Power Switching 

Devices for Transformerless Inverters Devices for Transformerless Inverters 

Mahesh B. Manandhar 
University of Denver 

Follow this and additional works at: https://digitalcommons.du.edu/etd 

 Part of the Electronic Devices and Semiconductor Manufacturing Commons 

Recommended Citation Recommended Citation 
Manandhar, Mahesh B., "Thermal Performance of AlGaN/GaN Based Power Switching Devices for 
Transformerless Inverters" (2021). Electronic Theses and Dissertations. 1951. 
https://digitalcommons.du.edu/etd/1951 

This Dissertation is brought to you for free and open access by the Graduate Studies at Digital Commons @ DU. It 
has been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of Digital 
Commons @ DU. For more information, please contact jennifer.cox@du.edu,dig-commons@du.edu. 

https://digitalcommons.du.edu/
https://digitalcommons.du.edu/etd
https://digitalcommons.du.edu/graduate
https://digitalcommons.du.edu/etd?utm_source=digitalcommons.du.edu%2Fetd%2F1951&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/272?utm_source=digitalcommons.du.edu%2Fetd%2F1951&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.du.edu/etd/1951?utm_source=digitalcommons.du.edu%2Fetd%2F1951&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:jennifer.cox@du.edu,dig-commons@du.edu


  

THERMAL PERFORMANCE OF AlGaN/GaN BASED POWER SWITCHING 

DEVICES FOR TRANSFORMERLESS INVERTERS 

 

__________ 

 

A Dissertation 

Presented to 

the Faculty of the Daniel Felix Ritchie School of Engineering and Computer Science 

University of Denver 

 

__________ 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy 

 

__________ 

 

by 

Mahesh B. Manandhar 

August 2021 

Advisor: Dr. Mohammad Matin 



  

©Copyright by Mahesh B. Manandhar 2021 

All Rights Reserved

  



ii 

 

Author: Mahesh B. Manandhar 

Title: THERMAL PERFORMANCE OF AlGaN/GaN BASED POWER SWITCHING 

DEVICES FOR TRANSFORMERLESS INVERTERS 

Advisor: Dr. Mohammad Matin 

Degree Date: August 2021 

 

Abstract 

 

Wide Bandgap (WBG) semiconductors like Silicon Carbide (SiC), Gallium 

Nitride (GaN) and Aluminum Gallium Nitride (AlGaN) have superior material properties 

as compared to Silicon (Si) like higher electrical breakdown voltages and bandgap 

energies as well as lower leakage currents as compared to Si which make them ideal to 

operate at higher voltage with lower thermal losses. These properties make WBG 

materials ideal for power devices like Vertical Double-diffused Metal Oxide 

Semiconductor Field Effect Transistors (VDMOSFETs). The use of digital prototyping 

through computer simulation increases the speed and flexibility of the design iterations 

while reducing the cost and time required for the design process. COMSOL Multiphysics 

is a Finite Element Method simulation software that has capabilities of combining 

different physics interfaces to simulate the effects of multiple interdependent physical 

phenomena. The use of these materials in switching devices like VDMOSFETs have 

been modelled in COMSOL Multiphysics in 2D and 3D for the purposes of this research 

dissertation. The electrical and thermal advantages of WBG materials, specifically SiC, 

GaN and AlGaN, as compared to Si as semiconductor materials for VDMOSFET 

structures for the exact same VDMOSFET structures are demonstrated and quantified 

from the results obtained. 
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The inverter is the most important component in a Photo Voltaic (PV) system that 

needs to be improved. Transformerless inverters have higher efficiencies at lower weight 

and size specifications as compared to ones with transformers. A modified topology of a 

single phase transformerless inverter with new current paths and improved efficiencies is 

proposed and its performance is analyzed in PSIM software with Si and WBG material 

power switching devices. The advantages of the WBG devices over Si in terms of power 

losses are also exhibited in this research. The power losses obtained from the models in 

PSIM are then used as inputs to COMSOL models for temperature comparisons of the 

switching device modules. The improved temperature performance of the WBG devices 

are then demonstrated by the reduction in heatsink requirements as compared to identical 

Si switching modules. 
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1. Introduction 

 

1.1 Background 

Power electronics is an important bridge between the different stages of electrical 

energy generation and consumption. Silicon (Si) based semiconductor technology has 

been the primary basis for power electronics converters used within the different 

transformation stages of electrical energy. Although Silicon based power devices have a 

well-established market, they have been known to be matured in terms of maximum 

voltage and high operating temperatures and so, newer power devices with higher power 

and temperature functionalities are needed to fulfill these requirements [1] [2] [3] [4]. 

Wide Bandgap (WBG) materials like Silicon Carbide (SiC), Gallium Nitride (GaN) and 

alloys of Aluminum Nitride (AlN)  and GaN (i.e. AlGaN) have much better material 

properties than Silicon in terms of operating temperature, breakdown voltage and 

switching frequencies [1] [2] [3] [5]. These materials have been used in power devices 

like Bipolar Junction Transistors (BJTs), Metal Oxide Field Effect Transistors 

(MOSFETs), Metal Semiconductor Field Effect Transistors (MESFETs), Junction Field 

Effect Transistors (JFETs), and High Electron Mobility Transistors (HEMTs) as reported 

in literature [1] [2] [5]. The higher bandgap energies of WBG materials results in higher 

carrier mobility and higher operating temperature before breakdown [1] [2] [3] [6]. WBG 

materials have higher electrical/thermal conductivities and breakdown voltages that 
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reduces their electrical and thermal resistances while increasing the switching frequency 

capabilities [1] [2] [6].  WBG semiconductor devices are the less expensive simpler 

options as opposed to using complex techniques to stretch Silicon’s limited capabilities in 

this regard [1] [3] [4] [7] [8]. 

BJTs are simpler in design as compared to other switching devices but as they are 

current controlled devices, they suffer from leakage current problems [9]. MOSFETs are 

voltage controlled and so do not suffer from current leakage problems [9] [10]. 

MOSFETs have higher switching speeds but have higher power losses at high currents 

[9] [10]. Insulated Gate Bipolar Transistors (IGBTs) are a hybrid of BJTs and MOSFETs  

and are used in medium power-medium frequency devices but are slower than MOSFETs 

[9] [10] [11]. 

Power MOSFETs are majority carrier Field Effect Transistors (FETs) that can 

operate at low gate currents with very high input impedances and fast switching 

capabilities [9] [10] [12]. Lateral Double-Diffused MOSFETs (LDMOSFETs) and 

Vertical Double-diffused MOSFET (VDMOSFETs) are MOSFETs that employ double-

diffusion doping techniques to achieve high precision in channel length [13] [14]. The 

major difference between LDMOSFET and VDMOSFET is the location of the Drain 

contact relative to the Source terminal. VDMOSFETs have their Drain at the bottom of 

the device substrate as compared to the Drain being laterally across the channel from the 

source in LDMOSFETs [14]. VDMOSFETs can have higher operational voltages without 

breaking down due to the advantage of having a bigger separation between the Drain and 

Source terminals within the same surface area [12] [14] [15]. The Source area can be 
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increased to reduce the current density and overheating problems in the case of 

VDMOSFETs [14]. 

The development life cycle of a device consists of multiple stages starting from 

the conception of the device design and ending in the manufacturing of the final product. 

The use of digital prototyping software can accelerate the design process by reducing the 

time and cost multiple iterations in design, feedback and manufacturing processes [16] 

[17]. The usage of software to simulate power devices has been done in software like 

SPICE, PISCES-II, Silvaco© ATLAS Technology Computer-Aided Design (TCAD), 

COMSOL Multiphysics etc., as reported in literature [15] [16] [17] [18] [19] [20]. These 

software have been used with different techniques like Finite Element Analysis (FEA) 

and other numerical methods along with CAD tools to simulate electrical and thermal 

characteristics of WBG power MOSFETs. 

The conversion of electrical energy from Direct Current (DC) to Alternating 

Current (AC) can be done from different DC sources like Photovoltaic (PV) solar arrays 

or batteries. The inverters that convert PV voltage to AC Isolated inverters can either be 

single phase or 3-phase converters. Such inverters can have galvanic isolation between 

output and input terminals with transformers. However, the use of transformers cause 

reduction in efficiency while increasing the size, weight and cost of the system [21]. Non-

isolated inverters without transformers have reduced size and weight and have higher 

efficiencies at lower costs but lack galvanic isolation. In such non-galvanically isolated 

systems, high frequency common mode (CM) voltage causes leakage current to flow 

through parasitic capacitances within the system which leads to unwanted power losses, 
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safety issues as well as Electromagnetic Interference (EMI) [21] [22] [23] [24]. The 

topology and switching techniques of such transformer-less inverters need to be efficient 

to remove the leakage currents that lead to power losses.  

 

1.2 Problem Statement 

The power switching devices used in inverters like HEMTs and MOSFETs 

dissipate leakage current losses in terms of heat [25]. In addition to losing energy in the 

form of heat, the electrical performance as well as device structural stability can get 

compromised due to high temperatures. The use of WBG switching devices as compared 

to Si devices have shown to have lower power losses as well as lower temperatures of the 

devices themselves [16] [17] [26] [27]. Physical testing of such power switching devices  

requires the use of expensive equipment and a long time frame of experimental 

observations. The use of Digital Prototyping software like COMSOL and PSIM can 

accurately predict the power losses incurred at specific operating conditions so that 

analysis of the merits of different semiconductor materials as well as Inverter topologies 

can be done faster and cheaper. 

 

1.3 Methodology 

This dissertation discusses the use of COMSOL for the study of the thermal 

performance of different WBG materials as semiconductors for VDMOSFETs. 

COMSOL divides the geometry of the VDMOSFET into multiple subdomains and 

evaluates the Joule heating caused by currents flowing within the device in each of the 
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subdomains by solving the corresponding differential equations. The input parameters 

like material properties, initial dopant concentrations and different terminal voltages are 

used to solve the equations. The merits of WBG materials, specifically SiC, GaN and 

AlGaN are discussed for the VDMOSFET structure as compared to Silicon. The 

electrical circuit simulator PSIM is used to compare different WBG power switching 

device modules with those made of Silicon and their power losses are calculated for a 

specific inverter topology. These power loss values are then added to COMSOL as inputs 

for heat sources in the switching modules to analyze the thermal performance of each 

material device. 

 

1.4 Motivation 

Power switching devices have been modelled using different simulation software 

like Silvaco© ATLAS Technology Computer-Aided Design (TCAD), SPICE, PISCES-

II, COMSOL Multiphysics etc. as reported in literature [15] [18] [19] [20]. FEA analysis 

with CAD tools have been used to simulate electrical and thermal characteristics of 

specific WBG power MOSFETs in 2D but comparative studies under the same conditions 

for different WBG materials has not been done in either 2D or 3D. AlGaN has higher 

bandgap energy (EG) as compared to SiC and GaN and its bandgap energy values lie 

between AlN and GaN, depending on the molar concentrations of Al and Ga [28]. AlGaN 

is classified as Ultra Wide Bandgap (UBWG) due to its EG value being greater than 3.4 

eV and AlGaN devices have shown promising electrical performance as compared to 

their SiC and GaN counterparts [28] [29] [30]. The modified H5 Inverter topology with 
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WBG materials have been tested with SiC and GaN with improved efficiencies as 

compared to Si but not with AlGaN. The use of PSIM simplifies power loss calculations 

by applying the device characteristics available from datasheets. The prime motivation 

for this dissertation is to compare the thermal performance of AlGaN VDMOSFET 

structures with other semiconductor materials in COMSOL and then to compare AlGaN 

power device modules in the modified H5 Inverter topology using PSIM. The power loss 

calculations from PSIM are then used to compare the thermal performance of the 

modules and heatsink requirements with other semiconductor material devices in 

COMSOL. 

 

1.4 Objectives 

The main objectives of this research work are: 

- To compare different WBG devices in terms of temperature profiles for 

different operating voltages and dopant concentrations. 

- To find the merit of AlGaN/GaN power switching devices. 

- To find the merit of the modified H5 inverter topology with an AlGaN/GaN 

HEMT module in terms of power losses. 

- To use power losses to simulate thermal losses and cooling requirements. 

 

1.5 Limitations 

The results of the simulations are dependent on the input parameters set in the 

models. As such, the results cannot accurately predict real world deviations of individual 
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power devices. The assumptions, parameters and initial conditions for the models are 

further discussed in the Methods chapters and are justified accordingly. Structural 

stability of device structures are not simulated in the models and only temperatures are 

solved for in COMSOL. Steady state studies were analyzed while time dependence of the 

results were not considered. The physical dimensions, input voltage conditions and 

doping concentrations for all the devices in each comparative simulation were kept the 

same for all the materials. Real life semiconductor devices of different materials do not 

have the same dimensions, voltage inputs and dopant concentrations. This was done to 

make the comparisons between the materials as simple as possible. Economic feasibility 

was also not studied for the scope of this research work.  

 

1.6 Dissertation Organization 

This dissertation consists of chapters differentiated by their respective topics. The 

first chapter is an introduction to the research work that has been done. Chapter 2 reviews 

scientific literature related to the research work. Chapter 3 discusses the methodology of 

the studies in COMSOL and PSIM in detail. Chapter 4 consists of results of the 

simulations and discusses these results. This report concludes with a summary of the 

research work in Chapter 5 and future work. 
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2. Literature Review 

 

2.1 Semiconductor Power Devices 

The semiconductor industry had a global market of $426 billion in 2020 and is 

estimated to rise up to $452 billion in the year 2021 with a third of the market being 

covered by communication electronics as shown in Figure 1 [31]. With an estimated 50% 

of the global electricity being controlled by power devices inside electronics in the 

industrial, medical, consumer, and many other sectors, these devices have an enormous 

impact on the world economy [32]. The innovation of solid state devices began in the 

1950s based on Silicon as the semiconductor material for power devices [32]. These 

power devices convert electrical energy from one form to another and are considered 

breakthrough technologies since the start of electrical power systems [33].  

 

Figure 1. Global Semiconductor sales from 1999 to 2019. 
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The field of power electronics came into existence about 70 years ago, with the 

invention and commercial introduction of Silicon Controlled Rectifiers (SCR) and 

Bipolar Junction Transistors [32] [33] [34]. By the 1970s power BJTs with maximum 

current capabilities of hundreds of Amps and blocking voltages of over 500 V had 

become available [32]. BJTs had the disadvantage of low current gains and MOSFETs 

became the next new power switching technology [32] [33] [35]. The power MOSFET 

also became available in the 1970s and although it was initially predicted to replace all 

BJTs as power devices owing to its fast switching speed and high input impedance, the 

power MOSFET could only rule the high frequency switching low power market but 

failed to capture the high voltage market [32] [35]. This is due to the fact that power 

MOSFET ON-Resistance values go up very rapidly with increase in the breakdown 

voltage which increases conduction losses and reduces the overall efficiency of the 

system [32] [35]. 

The IGBT was the next innovation in power switching devices first introduced in 

the early 1980s and became more widely adopted for most medium power applications 

[32]. IGBTs are a combination of BJTs and MOSFETs into a single Integrated Circuit 

(IC) and have very highs power gains, high input impedances with a wide range of 

switching speeds dependent on the operating frequency required by the application [32] 

[35] [36]. Other types of Field Effect Transistors (FETs) like JFETs, MESFETs and 

HEMTs have also matured in the markets with HEMTs emerging from the recent 

developments in WBG semiconductor technology [2] [35]. HEMTs employ a 

heterojunction of two different semiconductors as the conduction channel with WBG 
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materials like GaN and AlGaN and are leading the way in new research developments 

[37] [38] [39] [40]. The inherent material properties and device structure of the WBG 

HEMTs allow for low ON resistances, high switching frequency capabilities and high 

blocking voltages and thus have attracted attention in the research sectors [2] [37] [38] 

[39] [40].  

 

2.1.1 MOSFET structures 

Low power MOSFETs have a structure as shown in Figure 2 with the Source, 

Drain and Gate Terminals situated lateral to each other and a single region for either the 

n-type or p-type dopants [33]. These MOSFETs operate in the Enhancement Mode i.e. 

the device is normally OFF and only turns ON when a Gate to Source Voltage (VGS) 

greater than the Threshold Voltage is applied [33]. These structures are not suitable for 

high Drain to Source Voltage (VDS) applications and for voltage applications of over 10 

V, a structure called the DMOS (Double-diffused MOS) as shown in figure 3 is used 

[33]. The difference between the Lateral MOSFET and the LDMOSFET structure is the 

addition of the lightly doped n- drift region which allows for higher breakdown voltage 

with better reduced distortion [41]. Although LDMOSFETs are used in power ICs in a 

single monolith structure, they suffer from low current capacity and instabilities caused 

due to trapped electrons [33] [41]. 
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Figure 2. Cross section of Lateral MOSFET structure. 

 
Figure 3. Cross section of LDMOSFET Structure. 

The VDMOSFET structure (Figure 4) solves this issue of low current/power 

capacities as compared to the LDMOSFET while keeping the advantages of high voltage 

blocking and high switching frequency capabilities [32] [33]. The name for 

VDMOSFETs comes from the fact that the Drain terminal is vertically below the Gate 

and Source terminals on the upper surface and the electric field is applied vertically as 

opposed to laterally as in LDMOSFETs. The entire volume of the MOSFET structure can 

be utilized while the surface is used to form cells as shown in figure 5 [33]. Instead of 

having the entire surface act as the MOSFET without utilizing the volume as in 

LDMOSFETs, the VDMOSFET structure can have multiple MOSFET cells created 

within the volume [33]. 
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Figure 4. Cross section of VDMOSFET structure. 

 

 

 
Figure 5. Cell structure of VDMOSFETs. 

The drain current in the VDMOSFET structure is created when a positive VGS is 

applied. An inversion layer at the surface of the P-base region is created below the gate 

terminal which provides a path for movement of electrons from the source to the drain 

terminals [14] [33]. The larger separation between the Source and Drain terminals means 
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the VDMOSFET structure can withstand larger VDS before breakdown and lowers the 

current density as well. VDMOSFETs have comparatively larger ON-resistances which 

led to the development of trench-gate power MOSFETs starting in the 1990s [32]. The 

emergence of etching trenches in to semiconductor substrates gave rise to the trench-gate 

or U-MOSFET structure where the gate terminal is placed inside a trench after oxidation 

of the walls surrounding the terminal is completed as seen in Figure 6 [32]. The 

conduction mechanism of drain current for U-MOSFETs is similar to VDMOSFETs with 

the added benefit of having low ON resistances. 

 

Figure 6. Cross section of U-MOSFET structure. 

The improvement of the performance of VDMOSFETs has been a topic of 

research since the 1990s. The work in [42] aimed to reduce capacitive power losses in 

VDMOSFETs at high switching frequencies while [43] demonstrated the shift in 
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threshold voltages in VDMOSFETs under different biasing conditions. There are 

numerous examples of VDMOSFET structures with Si and WBG materials and their 

characterizations as reported in [44] for Silicon on Glass VDMOSFETs, [45] [46] [47] 

and many more on SiC VDMOSFET fabrication, characterization and testing. 

 

2.1.2 HEMTs 

A HEMT is a semiconductor device similar to other FET devices but differ on the 

way the conduction channel is created on the semiconductors. A typical FET consists of 

multiple semiconductor layers stacked on top of one another with the terminals on the top 

layer [48]. The arrangement of terminals, thickness of the material layers determine the 

type of FET device [48]. A HEMT device structure consists of a WBG semiconductor 

layer grown on top of another semiconductor material layer with a narrower bandgap 

which forms a heterojunction [48]. Takahashi Mimura of Fujitsu® first invented the 

concept of a HEMT in 1980 with GaAs as a replacement for high speed Si MOSFETs but 

HEMTs these days are made with materials like GaN, AlGaN and other WBG materials 

as well [48] [49] [50]. Although Diamond has much superior properties, GaAs, GaN and 

SiC are preferred as the material of choice for HEMTs owing to Diamond’s high 

production and fabrication costs [48].   

FET devices operate by controlling the current in the conduction channel by 

applying a VGS along the channel space [48]. On the other hand, the channel thickness is 

negligible in HEMTs and thus the channel is considered 2D instead of a 3D volume of 

the semiconductor material which is why the channel is called as a two-dimensional 
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electron gas or 2DEG [48]. The channel is not contained within the n-type material that 

forms the Schottky barrier which is a metal/semiconductor junction as in FET devices 

and instead exists in the undoped WBG semiconductor layer [49]. The High Electron 

Mobility name comes from the absence of doping which eliminates impurity scattering 

[49]. 

Figure 7 [51] shows a type of AlGaAs/GaAs HEMT structure while figure 8 [48] 

[49] shows the cross section and 3D view of one with AlGaN/GaN. Both HEMTs have a 

similar layered structure with a semi-insulating material serving as the base substrate and 

the terminals on the topmost layer. The wider bandgap material layer lies below the 

topmost layer with the narrower bandgap material above the base substrate. The 

semiconductor with the wider bandgap (AlGaN or AlGaAs) creates a heterojunction with 

the terminal metal contacts and also another heterojunction with the channel layer [49]. 

 

Figure 7. AlGaAs/GaAs HEMT cross section. 
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Figure 8. AlGaN/GaN HEMT Structure. 

Electrons get transferred at the semiconductor heterojunction from the 

semiconductor with the higher conduction band energy (Ec) to the one with the lower Ec 

in order to occupy a lower energy state [49] [50]. This creates a discontinuity in the 

conduction band edge for the entire structure and forms quantum wells at the 

heterojunction which is where the 2DEG channel exists [48] [49] [50].  

HEMTs have found a multitude of applications from radioastronomy and satellite 

receivers to cellphone RF amplifier circuits depending on the materials they use [52]. 

Although WBG material properties are better than Si, LDMOSFETs made of Si are 

extensively used in power amplifiers in the transmitters of radio base stations, due to their 

better ratio of price versus performance [48]. Si LDMOSFETs are currently the prime 

commercial semiconductor power devices for power amplifiers of base stations, 

fabricated by major companies [48]. However, AlGaN/GaN HEMTs are being projected 

to dethrone LDMOSFETs as the major power switching device owing to their higher 

switching frequency, current density capabilities as well as better efficiencies [48]. 
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AlGaN/GaN HEMTs have high linearity and frequency range and a system with a single 

one of them can raise the efficiency to 28% from the efficiency of a system with three Si 

LDMOSFETs [48]. These WBG HEMTs have better performance attributes like low 

noise, high breakdown voltage, extreme high/low temperature operating conditions and 

so are ideal for high power Low Noise Amplifier (LNA) applications [48] [53]. GaN 

HEMTs have high current capabilities due to their 2DEG channels and can operate in 

either Enhancement mode (normally OFF) or Depletion mode (normally ON) [54]. 

HEMTs made with WBG and UWBG materials is an exciting field of research for both 

academia and manufacturers. Some of the many examples of works on characterization, 

fabrication and modeling of GaN, AlGaN, AlN HEMTs in literature are [55] [56] [57] 

[58] [59]. 

 

2.2 WBG Materials 

High power semiconductor devices are the main components of electric power 

converters. Semiconductor devices like transistors and diodes are used in power 

converters as switches or rectifiers along with passive components to cater to different 

electric specifications like voltage, current and frequency requirements [60]. Sustainable 

technological development are in need of increase in electrical power efficiencies in and 

better energy savings which require better power converters. The devices and circuitry 

inside of the power converters come in a variety of size, capacity and functionalities and 

Si has been the primary material for such devices owing to its reliability and versatility 

[60].  
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Si power devices are approaching their limits in terms of material properties and 

capabilities and WBG devices are thus emerging as the novel components for power 

converters owing to their superior properties. The core objective of advancing 

information electronics is to fabricate smaller submicron device tips for faster large data 

capacity processing while power electronics fabrication focuses on larger device tips (in 

the mm2 region) [60]. Information electronics uses the conventional semiconductors like 

Si and GaAs but the next generation of power electronics is looking towards WBG 

materials as the alternative as Si approaches its limitations [60]. These next generation 

power electronics devices are evolving in two directions towards higher voltage 

applications and higher energy savings [60]. The WBG materials of SiC and GaN are 

leading the research in these two directions with SiC IGBTs geared toward higher voltage 

applications while GaN HEMTs and SiC MOSFETs spearheading the charge towards 

lightweight energy saving direction [60].  

The impressive mechanical, thermal, chemical and electronic properties of 

Diamond, SiC and GaN have the potential for fabricating high power high temperature 

power devices resistant to extreme voltage, temperature and radiation conditions [61] 

[62]. The physical properties of bandgap energy, dielectric field strength, thermal 

conductivity and charge carriers saturation velocity are comparably better for WBG 

materials than Si and thus they exhibit higher blocking voltages, operating temperatures, 

lower ON resistances and switching frequencies [2] [3] [63] [64] [65]. Figure 9 shows 

these properties graphically with the WBG properties demonstrating better numbers in 

each property [63].  
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Figure 9. Material property comparisons between Si, SiC, GaN and Diamond. 

 

Another property of WBG materials that makes them suitable for power devices is 

that their Coefficient of Thermal Expansion (CTE) values are close to ceramics used in 

power device packaging [65]. Having CTE values similar to the packaging ceramics 

material is more suitable for high power and high temperature applications as compared 

to Si [65]. A semiconductor material’s ability to switch signals at high frequency is 

directly proportional to its drift velocity and since WBG materials have their drift 

velocities more than twice that of Si, they have the ability to have higher frequency 

switching capabilities [66]. This higher drift velocity also means that charges in the 

depletion region of diodes are removed faster and so the reverse recovery current and 

reverse recovery time of WBG materials are also smaller [66].  
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 The lower junction temperatures that can be achieved in the power devices due to 

the better thermal properties of WBG materials also make them ideal for Hybrid Electric 

Vehicles (HEVs)/Electric Vehicles (EVs) where low power losses and lower cooling 

requirements are a premium [63]. Si diodes and IGBTs are currently the industry standard 

for HEV/EV power systems but WBG semiconductors like SiC, GaN, Gallium Oxide 

(Ga2O3) have the potential to replace the Si devices in EV applications [63].  

Although figure 9 shows why Diamond is considered the ultimate semiconductor, 

difficulty in fabrication and costs have limited its utility in commercial power devices. 

The device packaging also affects how well the device can actually utilize the material 

properties to their fullest [63]. With the maturity in research and development of GaN 

and  SiC fabrication technologies, these two materials have been very attractive to high 

power and High Temperature Electronics (HTE) manufacturers [2]. SiC has the best 

balance of commercial availability and material properties although GaN does have better 

frequency and high voltage performance [2].  

Before moving on to each of the WBG materials individually, some of the 

drawbacks and challenges of these materials need to be mentioned. One drawback of 

WBG materials is that the electron and hole mobilities are not in the same order of 

magnitude and their ratios large enough to not be suitable for bipolar devices [65]. 

Although WBG switching devices are being commercially available and utilized in 

power supplies, smart grids and motor controls, the long-term reliability of the devices 

during extreme operating conditions needs to be studied and addressed since failures of 

power devices can lead to failure of entire systems [64] [67]. For instance, a majority of 



 

21 

 

WBG commercial power diodes are not avalanche rated and their Safe Operating Area 

(SOA) under high temperatures are rarely mentioned in their manufacturer’s datasheet 

[64]. Some of the industry-best SiC power MOSFETs and GaN power transistors have 

been shown to suffer from high reverse leakage currents at high temperatures and their 

gate dielectrics also have reliability issues [64]. 

Developing low defect-density wafers with high current handling capability is a 

key challenge for GaN and SiC wafer manufacturers [64] [65]. The on the field reliability 

of the power devices in high-volume commercial applications needs to be demonstrated 

and documented [64]. Reliability of the devices in terms of switching performance at 

specific blocking voltages and high temperatures needs to be addressed by manufacturers 

[64].  Most importantly, the fabrication process needs to be optimized to reduce 

manufacturing costs while maintaining device reliability to make the devices 

commercially viable [64] [67].  

The following discusses the more notable WBG materials used in industry today 

for power devices. 

 

2.2.1 SiC 

Although Si has been the top semiconductor material for high voltage 

applications, the advancements in SiC bulk material fabrication processes has made SiC 

the frontrunner in dethroning Si [2] [63]. Si power devices are approaching their physical 

limits of blocking voltages of 6.5 kV and maximum operating temperatures of 175 ˚C and 

improving the devices with these limitations is becoming more and more difficult [66] 



 

22 

 

[68]. SiC has higher breakdown field strength, higher switching frequency, higher 

thermal conductivity and higher carrier drift velocity as compared to Si and so can 

surpass the voltage and temperature limits of Si [2] [63] [68] [69]. The high thermal 

conductivity of SiC compared to Si and GaAs allows for devices to operate at higher 

current density while minimizing the cooling requirements [2]. Higher breakdown 

voltages mean the SiC MOSFETs can be made thinner with higher dopant 

concentrations, lower parasitic capacitances and faster switching speeds [63] [66]. The 

higher bandgap of SiC means that the level of thermally induced carriers that make Si 

almost metal-like at 200 ˚C does not occur in SiC until 1000 ˚C making it ideal for high 

temperature applications [70].  

The bulk growth of SiC had been the biggest obstacle in limiting the usefulness of 

SiC in electronic applications back in the early 1990s caused due to higher density of 

micropipes in the crystal growth structure [5]. Micropipes are bulk defects that can start 

at the seed crystal and then propagate through subsequent epitaxially grown SiC layers 

and can cause the device to electrically and structurally fail [5]. However, the progress in 

SiC substrate manufacturing in the past two decades have drastically reduced the 

micropipe densities to almost nonexistence [2] [68] [70].  

Although the cost of producing a SiC wafer can be up to 50 times that for a Si 

wafer, the material costs in a full system with a SiC chip is often lower than this cost of 

fabrication, packaging and overheads [70] [68]. The higher cost can also be justified by 

the higher payback from SiC devices in terms of reduction in cooling costs, system size 

and weight as well as increase in overall efficiency [70] [68]. 
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Figure 10. Current and future market of SiC devices. 

The current and future applications market of SiC devices is shown in figure 10 

with projections of over US$1 billion in 2022 and a growth rate increase of 12% [63]. 

SiC-MOSFETs are commercially available with low ON-state resistances and high 

blocking voltages making them suitable for applications such as EVs, PVs and motor 

drives [66] [63]. The two biggest competitors of SiC power devices in the 600 V range 

are the Si power MOSFETs and the Si IGBTs [2]. The ON-resistance of SiC MOSFETs 

is four times smaller than that of Si IGBTs and the resistances have been decreasing at 

the rate of 30% every three years [68]. Si IGBTs also have high dynamic losses at high 

switching frequencies [2]. SiC devices also require between 10 to 20 times less switching 

energy with 20 times higher switching frequencies as compared to Si devices [68]. SiC 

IGBTs are also commercially available these days and perform better as compared to 

their Si counterparts in high voltage, high switching speed applications [71]. SiC has also 

shown promising applications in MEMS devices like accelerometers that require accurate 
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and reliable functionalities at high temperatures as successfully demonstrated in the 500 

˚C to 900 ˚C range [72]. 

 

2.2.2 GaN 

GaN has a wider bandgap and higher breakdown electric field as compared to 

both Si and SiC and so can go higher on the high voltage capabilities with its devices 

[70]. GaN has about three times the bandgap energy as compared to Si and about 1.1 

times that of SiC with breakdown field strength 11 times that of Si and slightly smaller to 

that of SiC [73]. GaN however has a smaller value for thermal conductivity as compared 

to SiC. These properties as well as the high charge mobilities of GaN, just like SiC, 

allows for devices with thinner drift regions and consequently, lower specific ON-

resistances [74]. Although the thermal conductivity of GaN is similar to Si and not as 

high as SiC, it does have a very stable Drain to Source ON Resistance (RDS(ON)) with 

respect to temperature and makes it suitable for high power applications [75]. The lower 

RDS(ON) also means a smaller die size can be fabricated for a given current specification 

with lower capacitances [74] [76]. The lower capacitances allow for devices to operate at 

higher frequencies in high power density converters [76]. GaN HEMTs can switch up to 

2 MHz as compared to about 500 kHz for SiC MOSFETs [76]. Typical SiC MOSFETs 

have electron mobilities of 28 cm2/(V.s) whereas the 2DEG formed in a GaN HEMT can 

have electron mobilities of up to 2000 cm2/(V.s) which again promotes for a smaller die 

size [70] [76].The material properties of GaN are more superior to SiC for high efficiency 
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and high frequency power converters even though SiC is more suitable for higher 

temperature applications [74] [76].  

GaN wafers are mostly fabricated as an epitaxial layer on a holding wafer 

substrate, usually  Sapphire, SiC or Si since high quality mono-crystalline GaN is not 

available yet [63] [70] [73]. GaN fabrication also suffers typical fabrication issues like 

packaging concerns, cheap fabrication processes etc. due to its relatively less mature 

history [73]. Sapphire was originally more widely used as the base substrate but Si is 

gaining ground due to the thermal insulating nature of Sapphire preventing Vertical 

device fabrication [70]. Although Si has poor thermal conductivity and has a high degree 

of lattice mismatch with GaN, GaN on Si is preferred due to the cheap availability of 

defect-free large diameter silicon wafers [76]. Although the lattice structure of SiC 

closely matches GaN, which reduces leakage and improves efficiency, GaN-on-SiC is 

limited to high performance RF devices due to the lack of availability of high quality 

large diameter SiC wafers [76]. 

Lateral devices like HFETs and HEMTs as opposed to vertical MOSFETs are the 

most widely produced GaN power devices with the lateral devices utilizing the band-

bending effects of AlGaN on GaN that creates the 2DEG with high electron mobilities 

[70] [75]. Si GaN HEMTs are currently the most successful approach for fabricating 

switching devices rated up to 650 V for power electronics applications although GaN 

LDMOSFETs have also been reported with up to 2.5 kV blocking voltage [2] [70] [76]. 

However, the biggest problem with HEMTs is current collapse or dynamic on-resistance 

where the maximum drain current is decreased due to pulsed or high voltage operation of 
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the device [70]. Currently, HEMTs are the only commercially available GaN power 

devices, made up of AlGaN/GaN thin layers grown on Si wafers [63]. High voltage 

AlGaN/GaN HEMTs with over 1 kV blocking voltage was reported as early as 2006 and 

low RDS(ON) high voltage AlGaN/GaN HEMTs on semi insulating SiC were also reported 

in 2010 [2]. GaN HEMTs do have some drawbacks though like requiring a large lateral 

separation between gate and drain terminals to create large blocking voltages which 

increases the device surface area and hence, increasing the cost to current ratio [73]. 

Also, these HEMTs are typically Depletion mode which means they are normally ON and 

a negative gate bias is required to turn them OFF [73]. Enhancement mode HEMTs are 

available as well though. 

GaN as a semiconductor material for LEDs started off in 1993 with GaN high 

brightness blue LEDs and has covered the visible and deep-UV range with GaN alloys 

with InN and AlN [67]. Figure 11 shows the current and future market prospects of GaN 

with its value projected to cross US$450 million in 2022 [63]. This market is estimated to 

cross the US$ 700 million by 2025 due to expansion to the automotive EV sector [63] 

[76]. The overall GaN market is also expected to exceed US$ 2 billion by 2024 with 

contributions from the defense and telecom sectors in RF and 5G [76]. Currently, GaN-

on-SiC is predominantly used in 4G LTE cellular wireless infrastructure and is expected 

to do the same with the innovations of 5G [76]. GaN power technology also has a 

significant market share of fast chargers for smartphones with OEMs like Samsung, 

Xiaomi, Oppo etc. developing and launching newer and higher powered fast chargers 

[76]. 
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Figure 11. Current and future market prospects of GaN. 

 

2.2.3 UWBG semiconductors and AlGaN 

Ultrawide-bandgap (UWBG) semiconductors have bandgap energies larger than 

the 3.4 eV of GaN materials and include AlGaN, AlN, Ga2O3, diamond, and cubic BN 

[28]. The figures of merit of these devices made from these materials scale up non 

linearly and so have the potential to have much better performance than WBG devices 

[28]. The Baliga Figure of Merit (BFOM), which is a measure of the reduction of 

conduction losses in unipolar devices, is shown in figure 12 for different semiconductor 

devices in log-log scale [28]. The lower right corner shows UWBG materials which have 

lower specific on resistances and higher BFOM and hence better theoretical performance 

[28].  
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Figure 12. BFOM for different semiconductors. 

AlN, GaN and Indium Nitride (InN) are called III-Nitrides and have exceptional 

material properties like their large bandgaps and stable Wurzite hexagonal crystal 

structures making them ideal for power and optical device applications [77]. These III-

Nitrides have elements with large differences in electronegativity between the group III 

(Al = 1.18, Ga = 1.13) and group V (N = 3.0, In = 0.99) elements and produce very 

strong chemical bonds. Stronger chemical bonds result in physical properties like higher 

melting points and mechanical strengths which means possibility of applications in more 

rugged conditions [77]. The ability to create alloys within these III-Nitrides also provides 

a means to modulate material properties as required for the specific application like 

bandgap energy values ranging from 3.4 eV to 6 eV depending on the Al and Ga molar 
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contents in AlGaN [28]. The III-Nitrides are also direct bandgap which allows them to be 

used in optoelectronic applications covering the entire visible spectrum and the UV 

region [77]. They also have lower leakage and dark currents owing to their low intrinsic 

carrier concentrations which are exponentially decaying functions of bandgap energies 

[77]. 

AlGaN is an alloy of AlN and GaN with its material properties dependent on the 

molar fraction of Al and Ga content and is expressed as AlxGa1-xN where x (0≤ x ≤1) 

represents the molar fraction of the group III element in the alloy. This means a wide 

range of bandgap energies, electric breakdown fields >10 MV/cm, high electron 

mobilities up to 1000 cm2/(V.s) and saturation velocities >107 cm/s [28]. The electron 

affinity of AlGaN is found to decrease with increase in the AlN content which can be 

used to modulate the band bending of the 2DEG channels in HEMTs as per requirement 

[78]. The thermal conductivity of AlGaN is also found to be exceptionally high and in 

between the values for AlN and GaN with potential for high performance thermal 

management applications, although it is counterintuitive to the notion that alloying 

usually lead to the lowering of thermal conductivities [79]. AlGaN also shares the same 

crystal structure as the more matured semiconductor device material of InGaN which 

allows it to take advantage of the already existing manufacturing technologies of InGaN 

[28].  

As mentioned earlier, AlGaN/GaN HEMTs use the creation of 2DEGs in the 

heterostructure and are the only commercially available power AlGaN devices mostly 

suitable for high power, high temperature and high frequency switching applications [80]. 
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The content of Al and Ga determines the transport properties of the 2DEG channel and 

the addition of a thin AlN layer between the GaN and AlGaN creates a double 

heterostructure which increases the electron mobility and reduces RDS(ON) as well [81]. 

High Al content AlGaN/GaN HEMTs have their barrier layer more insulator-like which 

allows for higher operating temperatures [57].  

However, there are some issues facing AlGaN power devices that hinder their 

reliability and performance. Higher bandgap energy increases dopant ionization energies 

which decreases free carriers and reduces mobilities [28]. AlGaN layers on GaN 

substrates have tensile stress which are susceptible to cracks that might cause 

heterostructure failure [28]. Self-heating within the epitaxial structure of the HEMTs is 

another issue which restricts the power limits in high voltage applications due to lack of 

thermal dissipation [82] [55] [56]. This self-heating issue can cause abrupt increase in 

temperatures, decrease in drain currents, current collapse and thermal breakdown of the 

device at lower operating voltages [83]. The availability of single-crystal substrates and 

the nascence of scientific understanding of the heteroepitaxial fabrication is another 

challenge for AlGaN/GaN HEMTs production [28]. Despite these difficulties, 

AlGaN/GaN HEMTs have found applications in high power RF radar applications like 

air traffic control and surveillance [84] [85]. AlGaN has a tunable bandgap energy 

depending on the Al and Ga content and allow for fabrication of AlGaN optical devices 

with wavelengths ranging from 200 nm and 365 nm that can have applications include in 

UV curing and printing, phototherapy and medical applications [86]. AlGaN and III 

Nitrides have also found application in waste heat recovery through thermoelectric 



 

31 

 

devices capable of converting heat into electricity [87]. The direct bandgap material 

properties of AlGaN also allows the integration of Surface Acoustic Wave (SAW) 

devices with optoelectronic devices [88]. 

 

2.3 Transformerless Inverter Topologies 

Renewable energy sources, most notably PV power, are considered to be clean 

and unlimited and hence essential in fulfilling to current and future energy requirements 

[89] [90] [91] [92]. PV system are continually becoming cheaper and more efficient with 

advancements in PV research and it has grown rapidly from 200 MW in 2006 to 300 GW 

in 2016 [89] [90] [91]. The biggest advantages of PV systems are their long lifetime, low 

maintenance, zero fuel requirement and easy installation in remote areas [91]. Although 

standalone PV systems are preferable due to ease of not requiring a grid, such systems are 

more costly to install. Due to higher efficiencies and reliability and lower weight and 

costs, most PV systems are grid connected [89] [90]. To better utilize the PV power, grid 

interconnection of PV system is needed. Grid-connected PV systems require power 

devices like inverters to connect the PV panel to the grid and such inverters are separated 

into either galvanic isolated or non-galvanic isolated inverters [89]. The galvanic isolated 

inverters have a high frequency DC side transformer or a low frequency AC side 

transformer for safety and efficiency purposes [89]. Inverters with high frequency 

transformers aren’t always bigger and heavier than those with low frequency 

transformers or those without transformers altogether [90]. However, non-galvanic 
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isolated inverters do not have these transformers and are usually lighter and smaller with 

higher efficiencies [89].  

 

Figure 13. Generic tranformerless PV inverter. 

Figure 13 shows a general schematic of a transformerless PV inverter with a filter 

and it shows that a large stray parasitic capacitance (CPV) between the PV panel and the 

grid  can cause a direct ground-current path to be formed [89] [91] [93]. CPV is formed 

due to electrically chargeable surfaces on the PV module and the value of this CPV 

depends upon factors like solar panel and frame structure and surface area, weather and 

operating conditions like humidity and dust particles on the PV panels and is very 

unpredictable [93]. The common voltage (CMV) can cause resonance on the circuit 

formed by the filter inductor and CPV which can produce a large Common Mode ground 

Current (ICM) [89] [93]. This ICM can create harmonic frequencies to be injected into the 

grid current which can increase system losses and produce unnecessary Electromagnetic 

Interference (EMI) and safety issues [89]. Although transformerless inverters have an 
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issue of leakage currents, this issue has been solvable through various techniques to 

varying degrees and so such inverters are gaining market popularity [89] [90] [91] [92]. 

Many decoupling techniques have been implemented in different inverter topologies to 

reduce ICM like decoupling the DC and AC sides, clamping the CMV during the 

freewheeling period, modifying the switching sequences in the topologies, grounding the 

PV frame to reduce CPV etc. [89] [90] [91] [92] [93]. Several techniques to reduce the 

common mode current have been proposed in literatures with varying improvements in 

efficiencies [94] [95] [96]. 

Grid connected PV systems need to fulfil certain parameters to maintain a 

particular performance level such as minimum allowable Total Harmonic Distortion 

(THD), Grid frequency range, acceptable power factor and ICM ranges, harmonics in the 

current injected into grid, DC current injection into the grid to avoid transformers 

saturation etc. [89] [90]. There are several standards set by different organizations like 

Institute of Electrical and Electronics Engineers (IEEE),  International Electro technical 

Commission (IEC), National Electrical Code (NEC) in order to regulate and quantify 

these requirements with the most popular standards being IEC 61727, IEEE 1547–2003, 

IEEE 929–2000 etc. [90]. 

 There are different ways to categorize PV inverters like on the basis of the 

number of power processing stages and power switching devices, location of power 

decoupling capacitor, presence of transformers, connection to grids etc. [90]. Grid 

connected PV inverters can be categorized as Central, String, Multistring and AC module 

inverters in terms of methods of connecting multiple PV modules [89] [90] [91] [92] 
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[97]. Central inverters integrate several PV modules separated into series connections 

each of while produce voltages high enough to not require further amplification [91]. 

String inverters are smaller versions of central inverters with a single PV module and 

Multistring inverters are string inverters equipped with Maximum Power Point Tracking 

(MPPT) systems and DC/DC converters [91]. AC module inverters have the PV module 

and inverter integrated into a single design [91].  

Based on the leakage current characteristics and the methods of decoupling, non-

isolated single phase transformerless grid-tied PV inverter topologies can be categorized 

as zero-state decoupled, zero-state mid-point clamped and solidity clamped topologies 

[90] [92]. Zero-state decoupled topologies can decouple the PV module from the grid 

during the freewheeling mode when the DC source is not exciting the inverter [92] [93]. 

Zero-state mid-point clamped topologies decouple the PV module during the 

freewheeling mode and also clamp the short circuited output voltage to the mid-point of 

the DC-link [93]. Solidity clamped topologies have a solid connection between the PV 

module and the grid during the freewheeling mode [93] [98]. Figure 14 shows different 

single phase transformerless topologies categorized according to this decoupling basis 

with H5 and H6 MOSFET topologies falling under the Zero-state decoupled while the H6 

falling under the Zero-state mid-point clamped categories [98]. 
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Figure 14. Transformerless single phase inverters categorized by decoupling methods. 

This research compares the H5 topology and H6 topology with the proposed H5 

topology in the next chapter. The following describes the H4 or Full-Bridge, H5 and H6 

topologies in brief. 

 

2.3.1 Full-Bridge topology 

Figure 15 shows the Full-Bridge topology and its unipolar switching sequence for 

a single phase transformerless inverter [89] [99] [100] [101]. In the unipolar modulation 

scheme, for the positive half cycle, Q2 and Q3 are turned OFF, Q1 stays ON 

continuously while Q4 turns ON based on the reference and carrier signal comparisons to 

make the output voltage equal to the input voltage at the times Q1 and Q4 are on. For the 

freewheeling period when Q1 is ON and Q4 is OFF, the output current flows through Q1 

and the antiparallel diode of Q2. For this schematic, the pairs of Q1 with Q4 and Q2 with 
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Q3 are complimentary and the opposite occurs for the negative half cycle. In this case, 

Q1 and Q4 are OFF, Q2 stays ON constantly while Q3 is modulated and the antiparallel 

diode of Q1 conducts during freewheeling. This topology has low CM current, constant 

CM voltage but the leakage current is high [89]. 

 

Figure 15. Full Bridge inverter with unipolar switching. 

 

2.3.2 H5 Topology 

Figure 16 shows the H5 topology and its switching sequence [89] [99] [100] 

[101]. Its operation is almost the same as the Full-Bridge topology but has higher 

efficiencies than the Full-Bridge. The main difference between the two is that a DC 

decoupling switch (Q5) is used on the DC side and is modulated at the switching 

frequency (fsw) based on the comparisons between the reference and carrier signals [89]. 

Q3 and Q4 are also modulated at fsw while Q1 and Q2 are switched at the grid frequency 

(fG). The inverter goes into freewheeling mode every time Q5 turns OFF during either the 

positive or negative half cycles which prevents output current from flowing into the DC 

side and thus reduces ICM. 
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Figure 16. H5 inverter with its switching sequence. 

During the positive half cycle, Q1 stays ON continuously at the fG while Q4 and 

Q5 switch at the fSW while the other switches are turned OFF. The freewheeling period 

when Q5 is OFF for this positive half cycle has current flowing through Q1 and the body 

diode of Q2. For the negative half cycle, Q2, Q4 and Q5 conduct during the active period 

while Q2 and the body diode of Q1 conduct during the freewheeling period. The main 

disadvantage of this topology is that there are more conduction losses during the active 

period with the addition of an extra switch. 

 

2.3.3 H6 Topology 

Figure 17 shows one design of an H6 topology with two diodes and its switching 

sequence [89] [99] [100] [101]. Its operation is similar to the H5 topology but has one 

more switch and two extra conducting diodes. In this topology, Q5 and Q6 switch at the 

fG while Q1, Q2, Q3 and Q4 are modulated at the fSW. As seen in figure 17, in the 

positive half cycle,  Q6 is ON continuously while Q1 and Q4 are modulated at fSW with 
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the rest of the switches turned OFF in the active period. During the freewheeling period 

of this cycle, only Q6 is ON and so the current flows through Q6 and the diode D2.  

 

Figure 17. H6 inverter with its switching sequence. 

In the negative half cycle, all switches except for Q2, Q5 and Q3 are turned ON 

for the active period at their respective switching frequencies as mentioned above. The 

freewheeling period of this cycle has only Q5 and the diode D5 conducting with the rest 

of the switches turned OFF. The ICM is low for this topology as well but just like the H5, 

it suffers from higher conduction losses in the active period [89]. 

 

2.4 Digital Prototyping 

2.4.1 FEA and COMSOL 

Accurate digital prototyping software like COMSOL Multiphysics, ANSYS, 

Matlab etc. simplifies the product design process by reducing the number of actual 

physical iterations and saving time and cost of such builds. COMSOL is an FEA/Finite 

Element Method (FEM) software used for solving complex engineering numerical 

problems [102]. FEA is a computational technique used to find approximate solutions to 
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boundary value differential equations in physical structures [103] [104] [105]. Boundary 

value problems have dependent variable that need to satisfy specific differential equation 

conditions at specific regions or domains and specific values at the edge or boundary of 

these domains. FEM breaks down the large domains into smaller sub domains called 

Finite Elements to numerically approximate the solutions to the differential equations 

instead of analytically solving the equations at once. FEM is useful in solving problems 

with complex geometries and a multitude of dependent and independent variables where 

analytical methods are difficult to apply. FEM can be used to solve multi-physics 

integrated problems but the main disadvantages are that the solutions are approximate 

and are only as accurate as the ability of the user and the degree of precision with which 

the problem is defined [103] [104] [105]. 

FEA was first introduced in 1956 by M. J. Turner and it gained popularity in the 

aeronautics industry to solve complex structural analysis problems of aircrafts and 

missiles [103] [104]. Today, FEA has found applications in several scientific and 

engineering fields to solve problems in electromagnetics, heat transfer, acoustics, fluid 

mechanics etc. [103] [104] [105]. 

FEA divides the geometry into finite elements in a process called Meshing and 

the more smaller the elements, the finer the mesh and greater the chance of having the 

approximations converge to a consistent solutions. Although finer meshes don’t always 

guarantee convergent solutions while increasing usage of resources and computational 

time. The balance between meshing refinement and solution accuracy depends on the 

user’s knowledge and ability to use the FEA software [103] [104] [105].  
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Figure 18. COMSOL Multiphysics features. 

In general, all FEA software environment consists of three steps to solve for 

boundary value problems. The first step is called the Preprocessing step where the 

problem is defined in terms of geometry of the structure, the physics involved, the 

dependent and independent variables, material properties, meshing, initial and boundary 

values and the solver methods [103] [104] [105]. The Solution step involves the software 

solving for the dependent variables using the definitions made in the Preprocessing step 

[103] [104] [105]. The third step is the Post-Processing step where the solutions can be 

interpreted and analyzed in terms of graphs, tables, images etc. and the complexity of this 

step depends on the features available in the software [103] [104] [105]. 

COMSOL Multiphysics is an FEM software capable of simulating and solving for 

a variety of physics problems. Some of the physics available on COMSOL are shown in 
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figure 18 [6]. COMSOL is a multiplatform software package and has features to interface 

with multiple software like Matlab, Solidworks, Java, Microsoft Excel etc. It can solve 

for Steady state and time dependent transient problems as well as those with parametric 

sweeps with a multitude of built-in visualization tools for postprocessing of the results 

[102] [106]. 

The use of COMSOL to simulate WBG power devices to analyze their structures 

and performance has been reported in literature. Manandhar et al. demonstrated the 

thermal cooling requirements and electrical performance of different WBG materials in 

MOSFET and HEMT structures in [17] [26] [27] [106] [107]. Akbari et al. demonstrated 

the non-uniformity of heating inside SiC MOSFET structures in COMSOL that can be 

useful in predicting the life expectancy of the devices [108]. Naghibi et al. simulated 

MOSFET modules in 3D to monitor the temperatures of SiC MOSFET modules in [109]. 

Bagnall and Li et al. separately investigated the thermal heating effects of GaN HEMT 

devices in [110] and [111]. Temperatures and electric performance of AlGaN/GaN 

HEMTs have also been reported in literature [112] and [113]. 

 

2.4.2 PSIM 

PSIM is an electronic circuit simulation software specifically designed for power 

electronics and motor drives [114]. PSIM provides a fast and powerful simulation  

environment for power electronics, analog and digital control, magnetics, motor drives, 

and dynamic system studies [114]. The PSIM environment has a circuit schematic section 

for designing the circuits, the simulation engine to calculate the simulation parameters 
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and the waveform processing program SIMVIEW to display the waveforms of the 

simulation [114]. PSIM has multiple add-on modules like the SimCoupler to run co-

simulations with Matlab/Simulink, the Thermal Module to compute power losses of 

semiconductor devices within the circuits, the Renewable Energy Module to simulate 

solar and wind turbine models etc. PSIM has a built-in database of semiconductor devices 

from various vendors and has options to add custom devices as well. PSIM has been 

reported in literature in simulating different transformerless topologies using WBG 

materials as seen with single phase modified H5 inverters with SiC and GaN switches in 

[26] and [27], a full bridge GaN FET inverter in [115],  three phase inverter comparisons 

with SiC MOSFETs and Si IGBTs in [116], the use of GaN transistors in T-type inverters 

for wireless inductive charging in [117] etc. 
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3. Methods 

 

3.1 Model Definition in COMSOL for VDMOSFETs for different Semiconductor 

materials 

2D [16] and 3D [17] stationary models were created in COMSOL to simulate the 

steady state effects of Joule Heating for each of the materials of SiC, GaN and AlGaN as 

VDMOSFET semiconductors in comparison to Si. The Semiconductor Physics and the 

Heat Transfer in Solids Physics modules were used to model the two parts of the physics 

involved [16] [17]. The two physics used solved for the electric potential, the electron 

and hole concentrations and the temperatures within the structure of the VDMOSFETs 

[16] [17]. The semiconductor physics module were run first to calculate the heat 

generated due to Joule heating while the initial temperature of the VDMOSFETs were set 

to room temperature i.e. 20 ˚C. The Semiconductor module solves for the electric 

potential in the MOSFET structure and the total heat generated within the device [16] 

[17]. The Heat Transfer in Solids  module solves for the temperature induced by the heat 

generated [16] [17]. The geometric structure of the devices remained the same for all the 

materials that were modeled with only the material properties being different for each 

material [16] [17]. 
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3.1.1 Model Geometry and Boundary Conditions 

The 2D cross section of a VDMOSFET device is shown in figure 4 [14]. Unlike 

the LDMOSFET, the VDMOSFET structure has the highly doped drain region vertically 

below the lightly doped n-drift region [16]. The source terminals are on either side of the 

gate terminal [16]. A highly doped n+ region is embedded in a p base region above the n-

drift region. The application of a positive gate to source voltage (VGS) creates a channel 

from the heavily doped n+ region to the drift n- drift region through the p base [16].  

Only half of the structure for 2D and a quarter of the structure for 3D were 

modeled owing to the symmetry of the device as shown in figures 19 and 20. Figure 19 

also shows the dimensions and the log of the dopant concentrations within the device in 

2D and figure 21 shows the same for the 3D models [16] [17]. The basic structure of a 

VDMOSFET consists of the source and gate terminals on the top and drain terminal at 

the bottom of the VDMOSFET as shown earlier in figure 4 with the source terminals 

lying on either side of the gate terminal. The gate metal contact is insulated from the 

semiconductor material by a thin oxide layer [17]. A heavily doped n+ region sits on top 

of the drain contact [17]. The source contact is placed on top of a heavily doped p+ 

region with a heavily doped n+ region nestled within it [17]. When a drain to source 

voltage (VDS) is applied, the direct flow of electrons from the source to the drain through 

the n-drift region is prevented by this heavily doped p-region [17]. The application of a 

gate to source voltage (VGS) creates a channel within this p+ region so that current can 

flow from the source to the drain [17]. The dimensions of the VDMOSFET structure and 

dopant concentrations were obtained from [15]. The y-axis (left hand vertical edge) in 
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figure 19 shows the axis of symmetry for the 2D VDMOSFET models while the xz-plane 

(front) and the yz-plane (left) in figure 20 show the two planes of symmetry for the 3D 

models. 

 
Figure 19. Half cross section of the VDMOSFET structure with log of dopant 

concentrations of the 2D models. 

COMSOL solves for approximate solutions of dependent variables where those 

variables satisfy specific differential equations under the domain of known independent 

variables [118]. The values of the dependent variables at the edges of the known 

independent variable domains are set as the Boundary Values [118]. The boundary values 

for the models were set separately for each of the two Heat Transfer in Solids and 

Semiconductor physics modules. 
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Figure 20. 3D model of a quarter section of the VDMOSFET structure. 

 
Figure 21.  Quarter cross section of VDMOSFET structure with log of dopant 

concentrations. 
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Axial symmetry was set on the respective axes and planes as mentioned earlier for 

both semiconductor and heat transfer modules. The Source and Drain terminals were set 

as Metal Contact boundary conditions while the Gate terminal was set as a Thin Insulator 

Gate boundary condition with an insulator thickness of 0.1 μm in the semiconductor 

module [16]. These three terminals were set with Convective Heat Flux boundary 

conditions to account for convective heat losses from the terminal contacts to simulate 

dissipation of heat loss to the ambient air at room temperature without any forced air 

cooling [16]. The two inner boundaries between the top and bottom surfaces were set to 

Continuity boundary conditions to represent thermal and electrical continuity within the 

MOSFET semiconductor heterostructure. The remaining boundaries were set as thermal 

and electrical insulator boundaries [16]. 

 

3.1.2. Material Properties 

All semiconductors were assumed to be isotropic with all material properties 

remaining uniform in all spatial directions as setup in COMSOL. Material properties for 

Si, GaN and Al0.15Ga0.85N were used from predefined material libraries in COMSOL 

while the properties for SiC were obtained from [119] and [120]. Table 1 shows the 

material properties for the semiconductor materials. The thermal conductivity for AlGaN 

was obtained from [82]. 
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Table 1. Semiconductor material properties. 

Property Name Unit Si GaN SiC Al0.15Ga0.85N 

Relative 

Permittivity 

εr 1 11.7 8.9 9.7 9.7 

Thermal 

Conductivity 

k W/(m.K) 131 130 490 50 

Density ρ kg/m3 2329 6070 3216 6070 

Heat Capacity 

at constant 

pressure 

Cp J/(kg.˚C) 700 490 690 490 

Band gap Eg0 V 1.12 3.39 3.26 3.7 

Electron 

Affinity 

χ0 V 4.05 4.1 3.1 4.1 

Effective 

Density of 

states, 

valence band 

Nv cm-3 T3/2×2.0×1015 T3/2×8.9×1015 T3/2×4.8×1015 T3/2×8×1015 

Effective 

Density of 

states, 

conduction 

band 

Nc cm-3 T3/2×5.3×1015 T3/2×4.3×1014 T3/2×3.25×1015 T3/2×2.3×1014 

Electron 

Mobility 

μn cm2/(V.s) 1450 1000 900 1000 

Hole Mobility μp cm2/(V.s) 500 200 100 350 

 

3.1.3 Semiconductor Physics modeling 

The semiconductor physics module of COMSOL uses partial differential 

equations with the conventional drift-diffusion approach to solve for the dependent 

variables [17] [118]. The module solves Poisson’s equation and current continuity 

equations to obtain solutions for the dependent variables of electric potential and electron 

and hole concentrations respectively [17] [118]. Poisson’s equation is expressed as:  

 ∇ ∙ (𝜀∇𝑉) = −𝑞(𝑝 − 𝑛 + 𝑁𝐷
+ − 𝑁𝐴

−) (1) 
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Where ε is the permittivity of the material, V is the electric potential, q is the 

elementary charge, p and n are the hole and electron concentrations respectively and ND
+ 

and NA
- are ionized donor and acceptor concentrations respectively [16] [118]. 

The current continuity equations are given as: 

 ∇ ∙ 𝑱𝑛 = −𝑞𝑈𝑛 

∇ ∙ 𝑱𝑝 = −𝑞𝑈𝑝 
(2) 

Where Jn and Jp are the electron and hole current densities respectively obtained 

from the drift-diffusion equations and Un and Up are the net electron and hole 

recombination rates respectively for all generation and recombination mechanisms [16] 

[118]. 

In order to simplify the process of solving these equations, COMSOL assumes the 

simplified relaxation-time approximation to describe scattering processes and does not 

consider the effects of magnetic fields, any time dependent conductivity phenomenon or 

the complex nature of the energy bands and instead assumes them to be parabolic [17] 

[118]. The simulations performed use Fermi-Dirac statistics to solve for the probability of 

carriers energies instead of Maxwell-Boltzmann distribution due to the heavy doping 

levels involved in the semiconductor materials [17] [118]. 

COMSOL relies on dividing the material domains into smaller components using 

different meshing techniques to solve for the differential equations involved. It offers two 

options of finite element or finite volume formulations for this discretization of the 

domain structures - Finite Element Discretization and Finite Volume Discretization [17]. 

Finite volume discretization conserves current while finite element discretization 
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conserves energy [17] [118]. Finite element discretization is faster but finite volume 

discretization provides more accurate results for the current density of charge carriers and 

so, finite volume discretization was used for the 3D models [17] [118].   

The doping profiles of the device as shown in figures 19 and 21 were obtained by 

following the typical doping regions for VDMOSFETs as seen in figure 4 [17]. User 

defined analytical box doping models were used to create the doping profiles [17]. 

Gaussian decay profiles were used to simulate the variation in dopant concentrations 

within the structure when going away from the external surfaces of the semiconductor 

substrate [17]. The heavy n+ doped region and heavy p+ doped region had maximum 

dopant concentration values of 5×1019 cm-3 and 1×1017 cm-3 respectively while the n- 

drift region had a maximum dopant concentration value of 5×1015 cm-3 [17]. These 

dopant concentrations were obtained from literature [15] and the initial models for Si, 

SiC, GaN and AlGaN used these values. A separate set of models were simulated with 

lower dopant concentrations of heavy n+ region at 5×1017 cm-3, n-drift region at 5×1014 

cm-3 and heavy p+ doped region at 1×1015 cm-3
 to simulate electrical breakdown of the 

device. These same concentration values were then applied to Si, GaN and AlGaN 

VDMOSFET structures of the same dimensions to make like for like comparisons. The 

trapping and release of carriers in the defects within the semiconductor material is called 

the generation and recombination process and it generates heat in the material [17] [118]. 

This recombination process was simulated using the Shockley-Reed-Hall model [17] 

[118]. 
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3.1.4 Heat Transfer in Solid modeling 

The reference temperature for the semiconductor module was set to 293.15 K or 

20 ˚C to calculate the heat generated due to Joule heating and generation-recombination 

processes [16] [118]. The Heat Transfer in Solids module then calculated the temperature 

of the device using the heat generated as its heat source. 

In order to model heat loss from the terminal contacts of the MOSFET, and 

effective thermal resistance (R) of 100 K/W was chosen, which is a number generally 

used for Si transistors [16] [118]. This thermal resistance value was used to calculate the 

effective heat transfer coefficient, h0 of the contact boundaries given by [118]: 

 
ℎ0 =

1

𝑅. 𝐴
 (3) 

Where A is the total area of the terminal contacts. A convective heat flux 

boundary condition was set on the terminal contact boundaries to account for this heat 

loss [16] [118]. 

To verify the effects of the radiation emitted by the VDMOSFET structures on 

their temperatures, additional studies were added to the studies of the Si and GaN models 

under normal operating conditions. This was done by adding a boundary heat flux 

condition of Surface to Ambient Radiation on the top and right surfaces of the 

VDMOSFETs structures. The bottom surface was considered to be on a substrate and not 

radiating while the left surface was not applicable to be a radiating surface as it is an axis 

of symmetry. The net inward heat flux, q, from surface-to-ambient radiation is given by  
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 −𝒏. 𝒒 = 𝜀𝜎(𝑇𝑎𝑚𝑏
4 − 𝑇4) (4) 

where ε is the surface emissivity, σ is the Stefan-Boltzmann constant (a 

predefined physical constant), T is the structure’s temperature, Tamb is the ambient 

temperature. The ambient temperature was set to room temperature of 20 ˚C. The values 

of emissivity for Si and GaN were assumed to be constant for all wavelengths and 

temperatures for simplicity. The emissivity for Si was set to 0.67 as reported in [121] and 

that for GaN was set to 0.89 as reported in [122]. Surface to ambient radiation was not 

simulated for any other material model, under normal or breakdown conditions, as the 

effects of radiation were found to be negligible as shown in the results section. 

 

3.2 PSIM simulation of modified H5 Inverter with Si and GaN devices 

A single-phase inverter topology derived from the H5 topology was used to 

compare the performance of power switching devices made using Si, GaN and 

AlGaN/GaN as their semiconductors. These devices were used in PSIM to simulate their 

power losses at different operating conditions to compare their performance. 

 

3.2.1 Modified H5 Inverter topology 

Figure 22 shows a single-phase PV tied H5 Inverter topology while Figure 23 

shows the proposed Inverter topology derived from this H5 topology by disconnecting S5 

from S1 and connecting it to terminal A such that during the positive half cycle, current 

flows through switches S4 and S5 [27]. An extra switch, S6, is added between the DC 

link and terminal B which forms a new current path [27]. With this switch, current flows 
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through S6 and S2 during the negative half cycle of the active mode [27]. The derived 

topology has S2, S4, S5 and S6 as high frequency switches while S1 and S3 act as low 

frequency free-wheeling switches [27]. This topology creates new current paths that 

lower conduction losses as compared to the H5 topology. Table 2 shows a comparison 

between the proposed topology, H5 topology and H6 topology in terms of the number of 

conducting switches during the active states and freewheeling states and shows that the 

proposed modified H5 topology has fewer conducting switches during either state. 

 

Figure 22. Single phase H5 Inverter topology. 
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Figure 23. Proposed modified single phase H5 inverter topology. 

 

Table 2. Comparison of H5, H6 and modified H5 topologies. 

Topology type  H5 H6 Modified H5 

Total number of switching devices 5 6 6 

Number of conducting devices (V > 0) 3 3 2 

Number of conducting devices (V < 0) 3 3 2 

Number of conducting devices during active states 6 6 4 

Number of devices during freewheeling states 2 2 2 

 

 

3.2.2 Operation mode analysis in PSIM 

The gate drive signaling sequence of the proposed topology are shown in Figure 

24, where vg is the grid voltage, Iref is the reference current of the system, and vgs1, vgs2, 

vgs3, vgs4, vgs5 and vgs6 are the gate drive signals of switches S1, S2, S3, S4, S5 and S6, 

respectively for unity power factor [26]. Modes of operation of the proposed topology are 

shown in Figure 25 [27].  
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There are four operation modes to generate inverter output voltage as shown in 

figure 8 [27]. In Mode 1, S1, S4 and S5 are turned ON, for the positive half-period in the 

active state with all other switches turned OFF [27]. The current during this mode flows 

through S4 and S5. VAB = VDC, and the Common Mode voltage  

 

Figure 24. Gate drive signaling for modified H5 inverter. 

In Mode 2, S1 is turned ON, for the positive half-period in the freewheeling state 

and all other switches are turned OFF [27]. The current during this mode flows through 

S1, and the anti-parallel diode of S3. VAB = 0, and  

 
𝑉𝐶𝑀 =

𝑉𝐴 𝑁 + 𝑉𝐵𝑁

2
=

𝑉𝐷𝐶 + 0

2
=

𝑉𝐷𝐶

2
 

 

(5) 
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In Mode 3, S2, S6 and S3 are turned ON, for the negative half-period in the active 

state and all other switches are turned OFF [27]. The current during this mode flows in 

the opposite direction through S6 and S2. VAB = - VDC, and  

In Mode 4, S3 is turned ON, for the negative half-period in the freewheeling state 

and all other switches turned OFF [27]. The current during this mode flows through S3, 

the anti-paralleled diode of S1. VAB = 0, and  

 

 

(a)         (b) 
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(c)         (d) 

Figure 25. Operating modes (a) Active positive half cycle, (b) Zero state positive half 

cycle, (c) Active state Negative half cycle and (d) Zero state Negative half cycle. 

 

3.2.3 PSIM input parameters for power loss calculations 

The topology in figure 23 was simulated in PSIM with Si MOSFET, GaN HEMT 

and AlGaN/GaN HEMTs as the switching devices in separate models [27]. The DC link 

voltage in the figure 23 was set to 400 V so 650-V rated devices are required for the 

switching devices in this application [27]. The Infineon Si CoolMOS MOSFET 

(IPW60R045CP), GaN Systems GaN HEMT (GS66516T) and MASTERGAN1 

AlGaN/GaN 2-in-1 HEMTs manufactured by STMicroelectronics were selected based on 

them having similar operating parameters [27]. The maximum VDS for all three devices 

were rated at 650 V with RDS(ON) values of 45 mΩ, 25 nΩ and 150 mΩ for the 

IPW60R045CP, the GS66516T and the MASTERGAN1  respectively. Table 3 shows the 

operating parameters set for all the models in PSIM [27].  

Table 3. Operating parameters for PSIM models. 

Parameter  Value 

System Power  5 kW 

Input Voltage  400 V 

Grid Voltage 120 V 

Grid Frequency 60 Hz 
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The Infineon Si CoolMOS MOSFET (IPW60R045CP), the GaN Systems GaN 

HEMT (GS66516T) and the  STMicroelectronics AlGaN/GaN 2-in-1 HEMTs 

(MASTERGAN1)  were used in PSIM as the switches in the schematic in figure 23 with 

switching sequence for each switching device as shown in figure 24. The average power 

losses for each of the switches were then obtained from PSIM to be fed to COMSOL 

models as the heat sources.  

PSIM calculates instantaneous power losses and graphs it on SIMVIEW. These 

power losses consist of the conduction losses and the switch ON and OFF losses. PSIM 

uses the ideal switch models to calculate the power losses of the devices available in its 

database. The on-resistance RDS(ON) is a function of the junction temperature [114], 

expressed as:  

where RDS(ON)_b and Tj_b are the base values of RDS(ON) and the junction 

temperature, Tj, at the test conditions, normally at 25 ˚C. The temperature coefficient, KT, 

[114] is expressed as:  

     This can be written in terms of the normalized value as:     

Switching Frequency  50 kHz 

Input Capacitance (CDC) 1 mF 

 𝑅𝐷𝑆(𝑂𝑁) = 𝑅𝐷𝑆(𝑂𝑁)_𝑏 ×  (1 +  𝐾𝑇  ×  (𝑇𝑗  − 𝑇𝑗_𝑏)) 

 

(9) 

 

𝐾𝑇 =

(
𝑅𝐷𝑆(𝑂𝑁)

𝑅𝐷𝑆(𝑂𝑁)_𝑏
− 1)

(𝑇𝑗  −  𝑇𝑗_𝑏)
 

 

(10) 
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The PSIM simulation calculates the voltage and currents of the switch and diode 

at each instant based on the ideal models [114]. The power loss calculations are done 

using these voltage and current values.  

The switch conduction loss is calculated as:  

where ID is the drain current. 

The Switch turn-on loss is calculated as:  

Where EON is the switch turn-on energy loss, and f is the frequency as defined in 

the input parameters [114].  

The Switch turn-off loss is calculated as:  

Where EOFF is the switch turn-off energy loss. EON and EOFF are calculated based 

on the values of gate current, transfer capacitances, and gate charges of the switching 

devices. 

 

 

𝐾𝑇 =
(𝑅𝐷𝑆(𝑂𝑁_𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑) − 1)

(𝑇𝑗  −  25)
 

 

(11) 

 𝑆𝑤𝑖𝑡𝑐ℎ 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐿𝑜𝑠𝑠 = 𝐼𝐷 × 𝐼𝐷  × 𝑅𝐷𝑆(𝑂𝑁) 

 

(12) 

 𝑆𝑤𝑖𝑡𝑐ℎ 𝑡𝑢𝑟𝑛 − 𝑜𝑛 𝑙𝑜𝑠𝑠 = 𝐸𝑂𝑁 × 𝑓 

 

(13) 

 𝑆𝑤𝑖𝑡𝑐ℎ 𝑡𝑢𝑟𝑛 − 𝑜𝑓𝑓 𝑙𝑜𝑠𝑠 = 𝐸𝑂𝐹𝐹 × 𝑓 

 

(14) 
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3.3 Thermal Model definition of Power modules in COMSOL using PSIM data 

The use of simulation software for modelling thermal performance of heatsinks is 

not new and has been reported in literature [123] [124] [125] [126] [127]. Commercial 

software like COMSOL Multiphysics, FLUENT, ANSYS, Pro-MECHANICA etc. are 

prime examples of simulation software that use numerical methods, Finite Element and 

Finite Volume Methods (FEM and FEV) along with Computer Aided Design (CAD) 

tools to model the thermal performance of heatsinks [123] [124] [125] [126] [127]. 

Heatsink manufacturing companies like Mersen, Boyd Corp, Midas Information 

Technology Co. Ltd. etc. provide purchasable software as well as online tools that can be 

used to simulate the thermal properties of their heatsinks as per the customer’s 

requirements [27].  

COMSOL Multiphysics was used to create three 3D models of a 6-pack module 

with Si, GaN and AlGaN/AlGaN switches as their respective power devices [27]. 

Heatsinks were added to these modules to reduce the structures’ temperatures and to 

compare each semiconductors’ thermal performance [27]. Boyd Corp’s online tool 

AAVID Genie was used to verify the results of the simulated structures with their 

commercially available heatsinks that were simulated in COMSOL [27]. The Joule 

heating generated by electric currents passing through each of the modules were obtained 

from calculations made in PSIM which acted as the heat sources for COMSOL [27]. A 

stationary study was created for each model to study the steady state effects of the Joule 

heating on the temperature of each structure [27]. The physical dimensions the 6-pack 

module were obtained from [128]. The dimensions of the heatsink for the GaN and 
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AlGaN/GaN models were made smaller to demonstrate the superiority of these WBG 

materials in terms of heatsink requirements for similar steady state temperatures [27]. 

 

3.3.1 Model Geometry 

The internal structure of the CREE 1200V, 50A 6-pack SiC MOSFET module 

consists of multiple layers and components. The dimensions of this internal structure 

were obtained from [128] to create the 3D CAD model of the module in COMSOL, 

which acted as the template for simulating all the other semiconductor 6 pack models 

[27]. The module starts from the bottom to the top with a Copper (Cu) Baseplate, a solder 

layer, a Copper layer, an Aluminum Nitride (AlN) layer and a Copper layer [128]. Six 

sets of SiC MOSFETs and Diodes are soldered on top of the final Copper layer [128]. 

These six SiC MOSFETs and diodes were replaced by six Si MOSFETs and diodes while 

keeping the multiple layers of other materials the same for the Si 6 pack model. The 

model for GaN consisted of all the layers as the Si module with the exception of the 

diode and its corresponding solder layer [27]. The dimensions of the HEMTs for the GaN 

module were obtained from [129]. Each MASTERGAN1 HEMT package has two 

HEMTs in a single unit so only 3 of these HEMT packages were placed on the 6 pack 

module for the AlGaN/GaN model. Figures 26, 27 and 28 show the 3D view, the 

dimensioned yz-plane view and the xy-plane view of the Si module while figures 29, 30 

and 31 show the same for the GaN module [27]. Figures 32, 33 and 34 show these views 

for the AlGaN/GaN module. The yz-plane views are scaled to make all the layers 

viewable [27].  
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Figure 26. 3D view of Si Module. 

 

Figure 27. yz-plane view of Si Module. 
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Figure 28. xy-plane view of Si Module. 

 
Figure 29. 3D view of GaN Module. 
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Figure 30. yz-plane view of GaN Module. 

 
Figure 31. xy-plane view of GaN Module. 
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Figure 32. 3D view of AlGaN/GaN Module. 

 
Figure 33. yz-plane view of AlGaN/GaN Module. 
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Figure 34. xy-plane view of AlGaN/GaN Module. 

 

The final layer of each model consisted of an Aluminum (Al) heatsink which 

rested on top of the switching device and diode layers [27]. The dimensions of the 

heatsinks were obtained from Boyd Corp’s online tool AAVID [27]. These dimensions 

were based on real world heatsinks sold by Boyd Corp that would make the maximum 

temperatures of the module-heatsink combinations below 100 ºC [27]. Figures 35 and 36 

show the heatsinks used for the Si and GaN modules respectively [27]. Each heatsink 

consists of a solid Aluminum block of dimensions 141.8 mm × 104.3 mm × 6.6 mm. 16 

aluminum fins of width 1.134 mm and separated by 6.8 mm were added on top of this 

block with heights of 33.5 mm, 10.89 mm and 10 mm for the Si, GaN and AlGaN/GaN 

models respectively [27]. These height values were selected to obtain similar minimum 

temperatures for the three models [27]. 
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Figure 35. Heatsink for Si Model. 

 

Figure 36. Heatsink for GaN Model. 

  

3.3.2 Material Properties 

The physical material properties used for the models were the Density (ρ), the 

Heat capacity at constant pressure (Cp) and Thermal conductivity (k) [27]. Only these 
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three properties were used for the simulations because heat transfer in solids was the only 

physics being studied [27]. The materials were assumed to be isotropic with every 

property considered to be constant in all 3 directions [27]. The properties for all materials 

simulated in the models except for the Solder were obtained from built-in libraries in 

COMSOL [27]. SAC396 solder, an alloy of Tin, Silver and Copper, was chosen for the 

models and its properties were obtained from [130]. Table 4 shows these three material 

properties for all the materials used. 

Table 4. Material properties used for heatsink models. 

Symbol Unit Cu SAC396 AlN Si GaN AlGaN Al 

ρ kg/m3 8960 7400 3260 2329 6070 6070 2700 

Cp J/(kg.K) 385 220 740 700 490 490 900 

k W/(m.K) 400 61.1 160 131 130 50 238 

 

3.3.3 Heat Transfer Physics modelling 

The heat transfer in solids physics module of COMSOL was used to simulate the 

thermal performance of each model [27]. The heat losses calculated from PSIM for each 

switching device in each semiconductor model were input as heat sources for the 

simulations [27]. As the heatsinks dissipate thermal energy from the heat generated by 

the switches to the surrounding air, a convective heat flux boundary condition for all 

heatsink surfaces in contact with air was set up [27]. The convective heat transfer 

coefficient was given a value of 10.45 W/m2.K to simulate non-forced free flowing air 

[27]. The initial temperature of the structures and surrounding air was set to room 
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temperature i.e. 293.15 K or 20 ˚C [27]. Using these inputs and boundary conditions, 

COMSOL solved the heat equation in solids to obtain the temperature profiles of each 

model [27]. 
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4. Results and Discussions 

 

4.1 Results for VDMOSFETs models 

The VDMOSFET structure with the geometry and high doping concentrations 

shown in figure 19 was simulated for Si, SiC and GaN as the semiconductor material in 

both 2D and 3D with high dopant concentrations for normal conduction conditions [16] 

[17]. The same was done in 2D for AlGaN. The input variables for each model were the 

VDS and VGS values with the source terminal remaining at ground potential. The Drain 

to Source voltage (VDS) was swept from 0 V to 55 V for the 2D models and 0 V to 45 V 

for the 3D models while the Gate to Source voltage (VGS) was swept from of 0 V to 20 

V for both 2D and 3D models for the Si, SiC and GaN models and for the 2D AlGaN 

model, VGS was swept from 0V to 20 V and VDS from 0 V to 49 V. While solving for 

multiple input voltages that cause different currents to flow within the semiconductor, it 

is best to ramp up input voltages slowly so as to initialize the solutions for subsequent 

input parameters [118]. In order to achieve this, auxiliary parametric sweeps for VGS and 

VDS were configured in the study steps of the model so that solutions from one set of 

input voltage values were reused as initial solutions for the next set of input voltages. The 

values for VGS and VDS were not ramped up in equal voltage intervals as the 

simulations solutions tended not to converge at certain specific values. This was also the 

reason for VDS not being swept to 55 V in 2D and 3D models for all materials. 
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COMSOL was configured to run the parametric sweeps first by keeping a VGS value 

constant and changing the VDS values until all the VDS values were solved for, with the 

solution for one VDS value acting as the initial solution for the next. For the next VGS 

value, the initial solution for VDS = 0 V for the previous VGS value was used as an 

initial solution for that VGS value at VDS = 0 V.  

 

Figure 37. Doping profiles for (a) Si, (b) SiC, (c) GaN and (d) AlGaN VDMOSFET 

structures at x = 1.5 μm for normal conduction. 

Figure 37 shows the doping profile for each of the three MOSFETs on a vertical 

line going through the heavily n-doped region of the device structure at 1.5 μm. The 
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slight differences in the doping profile for each material arises from the varying material 

properties for each semiconductor material.  

 

Figure 38. 2D log of norm of current density for (a) Si, (b) SiC, (c) GaN and (d) AlGaN 

VDMOSFETs at VGS = 20 V and VDS = 40 V for normal conduction. 

Figure 38 shows the log of the norm of current densities for one combination of 

terminal voltages at VGS = 20 V and VDS = 40 V for the 2D models. The creation of the 

channel from the heavily n-doped region through the p-doped region into the Drain 

terminal can be seen in this figure. It also shows current density to be highest in the 

channel region right below the Gate terminal while the p-doped region acts as a barrier 

for the flow of current [16].  
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Figure 39. 2D Temperature profile for (a) Si, (b) SiC, (c) GaN and (d) AlGaN 

VDMOSFETs at VGS = 20 V and VDS = 40 V for normal conduction. 

The temperature profile for the 2D structures is shown in figure 39 for the same 

combination of VGS = 20 V and VDS = 40 V. This figure also shows the direction of 

heat flux within the structures. It is clear to see that the region with the highest current 

density in the channel region below the Gate terminal also has the highest temperature 

values. The heat is generated by the high current densities at this region and flows away 

from it towards the Source, Gate and Drain terminals contacts. The temperature 

distribution within the structures for each material are similar to each other. However, the 

maximum temperatures in Si are highest and the ones for SiC are the lowest [16]. 
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Temperatures are also lower for the GaN and AlGaN models with the AlGaN model 

having a slightly lower maximum temperature at these operating conditions. 

Figures 40, 41 and 42 show the log of the norm of current densities (on the left) 

and temperature (on the right) profiles of the 3D VDMSOFET structures for VGS = 20 V 

and VDS = 45 V. The figures also show the direction of conventional current flow in the 

current density plot and the position of maximum and minimum temperatures in the 

temperature plot. It is clear from these plots that the areas with high current densities also 

have higher temperature values, which are located below the gate terminal. SiC also 

demonstrates the lowest maximum temperature value among all three semiconductor 

materials as also shown in [17]. The arrows in the current density plots show the direction 

of current densities within the structure. The creation of the channel for charges to flow 

from the drain to the source can be seen by these arrows. These plots are for the 

maximum voltage values applied in the simulations.  
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Figure 40. Log of norm of current density and temperature profile in 3D for Si at VDS 20 

V and VGS 45 V for normal conduction. 

 

 
Figure 41. Log of norm of current density and temperature profile in 3D for GaN at VGS 

20 V and VDS 45 V for normal conduction. 
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Figure 42. Log of norm of current density and temperature profile in 3D for SiC at VGS 

20 V and VDS 45 V for normal conduction. 

Figures 43 and 44 are the graphs for the maximum and average temperatures for 

each device in 2D for all terminal voltage combinations. The graphs clearly show that for 

the same terminal voltages, SiC has the lowest average and maximum temperatures while 

AlGaN has the second lowest very closely followed by GaN. The difference in average 

and maximum temperatures between Si and the other WBG materials start to become 

significantly large once the VDS is at 18 V and VGS is at 12 V. For most terminal 

voltages below these values, the average and maximum temperature differences between 

Si and SiC as well as Si and GaN/AlGaN were below 5 ˚C and 10 ˚C respectively. The 

maximum temperature for Si exceeded 280 ˚C for a VDS of 50 V and VGS of 20 V while 

for the same conditions, SiC, GaN and AlGaN had maximum temperatures of less than 

90 ˚C, 180 ˚C and 145 ˚C.  
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Figure 43. Maximum temperatures for (a) Si, (b) SiC, (c) GaN and (d) AlGaN 

VDMOSFETs for normal conduction. 
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Figure 44. Average temperatures for (a) Si, (b) SiC, (c) GaN and (d) AlGaN 

VDMOSFETs for normal conduction. 

Additionally, for the Si and GaN models with Surface to Ambient Radiation 

added to the Heat Transfer in Solids physics module under normal conduction conditions, 

the difference in temperatures for the models with and without the radiation effects added 

were extremely negligible. The maximum and average temperatures for the Si model 

with and without radiation effects had a difference of 0% for almost all VDS and VDS 

combinations and a highest difference of 0.0069% and 0.0026% respectively. There was 

a similar trend for the GaN models with and without radiation effects with most VDS and 

VGS combination giving 0% difference and a highest difference of -0.0056% and -

0.0046% respectively for maximum and average temperatures. 
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These plots clearly show that for higher terminal voltages, the WBG materials 

perform significantly better in terms of keeping the device temperatures lower [16].  For 

the same operating voltages values, the maximum temperatures range from about 7% to 

45% higher for Si as compared to AlGaN and the average temperatures have a similar 

trend ranging from 2% to 30% higher for Silicon. The maximum temperatures in the Si 

models were over 3.5 times as compared to SiC and about twice that of GaN in both 2D 

and 3D models at high dopant concentrations.  The average temperatures were almost 3 

times more in Si as compared to SiC and almost twice as compared to GaN for high 

dopant concentrations. 

 

Figure 45. Maximum temperatures for  (from left to right)  Si, GaN and SiC 3D models. 

 

Figure 46. Average temperatures for (from left to right)  Si, GaN and SiC 3D models. 

 

Figures 45 and 46 show the maximum and average temperatures of the 3D models 

for the different input voltage values and the trend of rise in temperatures based on VGS 

values causing significant current to flow in the 3D structures is clearly seen in these 

plots. SiC again, shows the lowest average and maximum temperatures with GaN having 

the second lowest temperatures as compared to Si [17]. 
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Similar to the high dopant concentrations for the Si, SiC and GaN models in 2D 

and 3D, the same model geometry, physics module definitions and initial conditions were 

setup for a new set of 2D models which were simulated with lower dopant concentrations 

to compare the Si, GaN and AlGaN VDMOSFET models. Figure 47 shows the 

temperature profiles for the three models at VGS = 20 V and VDS at 40 V. Figure 48 

shows the current density profiles for the same voltage conditions for the three models. 

These figures show that the current starts flowing vertically from the Source to the Drain  

directly instead of through a small channel created by VGS below the Gate. Maximum 

temperatures for all three models occur near the left side of the structure directly below 

the Source where maximum current density is located. This is different from their current 

density and temperature profiles of the highly doped normal conduction models 

counterparts in figures 38 and 39 as higher current and temperatures occur on the right 

side directly below the Gate terminals. Electrons punch through the low doped p- region 

and cause current to flow vertically from the Drain to the Source. There is no narrow 

channel required for this current flow as compared to the normal conduction models and 

the current densities are almost 3 times higher. The temperatures are also more than twice 

than those in the normal conduction models. 
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Figure 47. 2D Temperature profile for (from left to right) Si, GaN and AlGaN structures 

for VGS = 20 V and VDS = 40 V at lower dopant concentrations. 

 
Figure 48. 2D Current density profile for (from left to right) Si, GaN and AlGaN 

structures for VGS = 20 V and VDS = 40 V at lower dopant concentrations. 

The WBG materials show significantly lower temperatures as compared to Si 

with AlGaN having less than half of the highest temperatures as compared to Si. The 

maximum and average temperature graphs of figures 49 and 50 also show a similar trend 

with AlGaN having the lowest average and maximum temperatures as compared to Si. 

For the breakdown conditions of these low dopant concentrations, the current and 

temperatures start increasing at a much faster rate as compared to the normal operating 

conditions of high dopant concentrations. Conduction of current begins even at VGS = 0 

V and so the temperatures start increasing rapidly for all three models. The maximum 

temperatures for the Si model are almost twice that for GaN and almost 2.5 times that for 

AlGaN. There is a similar trend for average temperatures as well with AlGaN having 

almost 1.4 times less average temperatures as compared to GaN. 
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Figure 49. Maximum temperatures for (from left to right) Si, GaN and AlGaN structures 

in 2D at lower dopant concentrations. 

 

Figure 50. Average temperatures for (from left to right) Si, GaN and AlGaN structures in 

2D at lower dopant concentrations. 
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4.2 Results for modified H5 inverter topology 

 

Figure 51. Grid Voltage (Vg), Grid Current (Ig) and Leakage Current (Ileakage) of the 

proposed modified H5 topology. 

The modified H5 inverter topology of figure 23 was simulated in PSIM with the 

operating parameters listed in the previous chapter and its grid voltage, grid current and 

leakage current are shown in figure 51 [27]. The Root Mean Squared (rms) leakage 

current for this modified H5 topology is 11.7 mA which is much less than that of the H5 

topology’s 134.6 mA and very close to the H6 topology’s 12.2 mA [27]. The Si, GaN and 

AlGaN/GaN switching devices, with their specifications mentioned in the previous 

chapter, were set in this modified H5 inverter to find the combined average power losses 

for the operating conditions of Table 3. For the Si model, these losses for the MOSFETs, 

going from left to right in figure 9, were 19.9 W, 19.9 W, 19.9 W, 19.9 W, 21.3 W and 
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21.3 W while losses for the GaN model were 7.1 W, 7.1 W, 7.1 W, 7.1 W, 12.6 W and 13 

W respectively [27]. The power losses for the three AlGaN/GaN HEMTs in figure 12 

were set to 14.2 W, 14.2 W and 25.6 W from left to right. 

 

 

4.3 Heatsink simulation results 

The power loss values obtained from PSIM for the Infineon Si CoolMOS 

MOSFET (IPW60R045CP), GaN Systems GaN HEMT (GS66516T) and 

MASTERGAN1 AlGaN/GaN 2-in-1 HEMTs were used to design heatsinks for the power 

switching modules for each device. The heatsink structures were designed in Boyd 

Corp’s online tool, AAVID, using their commercially available heatsinks models [27]. 

The 3D models were iteratively simulated for different heights to find the 

minimum size of heatsinks that could reduce the maximum temperature of the switching 

module down to 100 ˚C without requiring any forced air convective cooling [27]. Figures 

52, 53 and 54 show the temperature profile of the Si, GaN and AlGaN/GaN models with 

the heatsinks hidden while figures 55, 56 and 57 show the temperature profiles for the Si, 

GaN and AlGaN/GaN models with the heatsinks made visible [27]. The temperatures 

displayed on the legends are in ˚C [27]. The temperature profiles for the three models 

with the heatsink not visible show that the highest of temperatures are concentrated 

around the switching devices that have the highest power losses [27]. As the heat losses 

for all Si MOSFETs are close to 20 W, the temperatures are fairly uniform throughout the 

Si MOSFET module structure whereas for the GaN model the temperatures are higher at 
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the right end near the HEMTs with higher losses while the left end with lower losses have 

lower temperatures [27]. 

 

Figure 52. Temperature profile of Si model with heatsink not visible. 
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Figure 53. Temperature profile of GaN model with heatsink not visible. 

 

Figure 54. Temperature profile of AlGaN/GaN model with heatsink not visible. 

The temperature range for the GaN model is within 4 ˚C which is smaller than for 

Si. This is because the power losses for the MOSFETs have a wider range as compared to 

the GaN model [27]. For the AlGaN/GaN model, the temperature range is within 5 ˚C as 

compared to Si in terms of maximum and minimum temperatures. 

The temperature profiles for the two models with the heatsink visible also show 

similar distribution of temperatures [27]. The Si, GaN and AlGaN/GaN models have 

higher temperatures on the heatsink uniformly around all the switching devices but the 

range of temperatures for the heatsinks are much lower in the GaN and AlGaN/GaN 

models than the Si model [27]. 
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Figure 55. Temperature profile of Si model with heatsink visible. 

 

 
Figure 56. Temperature profile of GaN model with heatsink visible. 
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Figure 57. Temperature profile of AlGaN/GaN model with heatsink visible. 

 

The maximum temperatures for the Si, GaN and AlGaN/GaN models were found 

to be 96.36 ˚C, 85.91 ˚C and 90.91 ˚C respectively [27]. The minimum temperatures were 

77.14 ˚C, 76.87 ˚C and 79.47 ˚C for the Si, GaN and AlGaN/GaN models respectively 

[27]. The 3D model for Si MOSFETs had a volume of 183.8 cm3, the GaN model had a 

heatsink volume of 125.6 cm3 while the AlGaN/GaN model’s heatsink had a volume of 

123.34 cm3. From the simulations for the two models, it is clear that both the WBG 

material modules required a smaller heatsink in terms of volume. The GaN module 

required a heatsink 1.46 times smaller while the AlGaN/GaN module required a heatsink 

1.49 times smaller than the Si model for maximum temperatures within 5 ˚C of each 

other.  
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5. Conclusions and Future Work 

5.1 Conclusions 

Although typically large voltage values of operation for power devices were not 

simulated, it was shown that even at the relatively low gate and drain voltages of 20 V 

and 55 V respectively, the temperatures in the WBG materials were significantly lower as 

compared to Si for both high and lower dopant concentration levels. For lower dopant 

concentration levels, AlGaN also showed similar advantages in terms of lower average 

and maximum temperatures as compared to Si, with GaN performing better than Si but 

not as good as AlGaN. In summary, the models developed in COMSOL Multiphysics 

successfully demonstrated the superiority of the WBG materials SiC, GaN and AlGaN in 

terms of thermal performance for power switching device structures. 

The use of GaN and AlGaN/GaN HEMTs of specifications similar to Si 

MOSFETs yielded significantly better power loss performance for a modified H5 inverter 

topology which also increased the system efficiency, as simulated in PSIM. The results of 

these power loss values were used in COMSOL to verify and quantify the reduction in 

heatsink size when replacing Si MOSFETs with GaN and AlGaN/GaN HEMTs of similar 

specifications. 

In general, SiC, with its relatively better material properties and more mature 

market performed better in terms of temperatures for the VDMOSFET simulations while 

the AlGaN/GaN devices performing slightly better than their GaN counterparts. For the 
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heatsink simulations, the GaN devices HEMTs performed slightly better than the 

AlGaN/GaN HEMTs. The main reason for the similarities between the results from the 

GaN and AlGaN/GaN simulations for both the VDMOSFETs and heatsinks comes from 

the fact that the material properties of AlGaN depends on the molar fraction of Al and Ga 

present in the alloy. Al0.15Ga0.85N has properties much closer to GaN than AlN since it 

only contains 15% molar fraction of Al and since Al0.15Ga0.85N was used for all the 

simulations, the results are very similar to the ones for GaN. AlGaN is a major 

component of GaN HEMTs but power devices made of AlGaN are not available 

commercially. This results of this research shows that AlGaN can be a viable material for 

power switching devices with similar performance to GaN. 

 

5.2 Future work  

The following points are recommended for future work to study the merits of 

WBG and UWBG materials: 

• Al0.15Ga0.85N was tested for the purposes of this research. However, the 

properties of AlGaN depend on the content of Al and Ga in the alloy with the 

material properties leaning towards AlN as the molar content of Al in the 

alloy increases. As more material properties of AlGaN with different Al 

contents become available/studied, these AlGaN alloys can be tested to 

compare their performance in the VDMOSFET models. 
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• Switches made of AlN are not commercially available and AlN power devices 

have only recently been investigated. AlN can also be tested in the 

VDMOSFET model for its thermal performance. 

• WBG power switches can be tested in other inverter topologies to test out 

their power loss advantages and heatsink requirements. 
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