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Abstract

:

The use of Aluminum Gallium Nitride (AlGaN) as a power switching device material has been a promising topic of research in recent years. Along with Silicon Carbide (SiC) and Gallium Nitride (GaN), AlGaN is categorized as a Wideband Gap (WBG) material with intrinsic properties best suited for high power switching applications. This paper simulates and compares the thermal and electrical performance of AlGaN and Silicon (Si) MOSFETs, modeled in COMSOL Multiphysics. Comparisons between similar AlGaN/GaN and Si power modules are made in terms of heatsink requirements. The temperatures for the same operating voltage are found to be significantly lower for the AlGaN MOSFETs structures, compared to Si. The heatsink size for the AlGaN/GaN is found to be smaller compared to Si for the power modules.
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1. Introduction


Power electronics is an important link between the generation and consumption of electrical energy with multiple transformation stages taking place through power electronic devices. Silicon (Si) has been the main semiconductor basis for power electronic converters, but Si-based electronic technology has matured. A newer generation of power device semiconductor technology is better at fulfilling the need for higher thermal and voltage requirements than Si [1,2,3]. The limited material properties of Si have fueled the development of power semiconductor devices with the superior properties of Wide Bandgap (WBG) materials [1,4]. WBG semiconductor devices have emerged as the simpler and cheaper option compared to using complex techniques to stretch the capabilities of Si [1,3,4,5,6]. The biggest limiting factors impeding Si for higher power device usage are due to its lower blocking voltage, thermal conductivity, and switching frequencies [2,4,5]. WBG materials have properties like higher electrical breakdown voltages and bandgap energies compared to Si, which lead to lower ON resistances. These properties also allow for higher operating voltages and temperatures with lower power losses [4,5]. Silicon Carbide (SiC) and Gallium Nitride (GaN) are two examples of such WBG semiconductors that have more developed markets with commercially available fabrication methods and end products [2]. Different power devices ranging from diodes, Bipolar Junction Transistors (BJTs), Metal Oxide Field Effect Transistors (MOSFETs), Junction Field Effect Transistors (JFETs), Metal Semiconductor Field Effect Transistors (MESFETs), and High Electron Mobility Transistors (HEMT) have been manufactured with these WBG materials [1,7].



Ultrawide-bandgap (UWBG) semiconductors are WBG semiconductors with bandgap energies significantly higher than 3.4 eV of GaN, and are emerging as the next exciting field in semiconductor device research [8,9]. UWBG semiconductor materials include Aluminum Gallium Nitride, Aluminum Nitride (AlN), Diamond, and Gallium Oxide (Ga2O3), and have shown promising advantages in the fields of RF electronics and deep-UV optoelectronics, as well as power electronics [8,9]. AlGaN alloys have exceptionally good electrical properties including a wide range of direct bandgaps from 3.4 to 6.0 eV (depending on Al content), high breakdown fields, and high electron mobilities [8]. AlGaN shares the same crystal structure and material compatibility as Indium Gallium Nitride (InGaN), which is the second most widely used semiconductor material [10], and so can take advantage of the knowledge and manufacturing infrastructure associated with InGaN [8]. GaN power devices have been commercially available since the early 2000s and the development of AlGaN/GaN power devices is an attractive topic of research [11,12,13,14].



Power MOSFETs require a low gate current to operate, with very high input impedance and fast switching capabilities [15,16,17]. Lateral Double-Diffused MOSFETs (LDMOSFETs) and Vertical Double-diffused MOSFET (VDMOSFETs) are two of the most widely used MOSFET structures that employ double-diffusion doping techniques to achieve high precision in channel length [18,19]. The location of the Drain contact relative to the Source terminal differentiates VDMOSFETs from LDMOSFETs, i.e., VDMOSFETs have the Drain vertically below the Source at the bottom of the device substrate, while LDMOSFETs have the Drain laterally across the channel from the Source [18]. Having the Drain terminal below the Source in VDMOSFETs has the advantage of increasing the Source area which helps in reducing the current density and overall device temperatures compared to LDMOSFETs [18]. VDMOSFETs also have a bigger separation between the Drain and Source terminals compared to LDMOSFETs, which increases the operational voltages of the device without breaking down electrically [16,20].



In renewable energy systems like Photovoltaic (PV) inverters, a transformer usually provides galvanic isolation while transforming the output voltage from the input voltage [21,22]. The transformers, however, add to the weight/size and cost of the inverter and also reduce the efficiency and power density due to copper/ iron core losses [21]. Transformerless inverter topologies reduce electric component requirements and overall weight while increasing the system reliability and efficiency of the power conversion system, due to the absence of the additional transformer coils [21,22,23,24]. However, transformerless inverters do have the issue of ground fault currents and leakage currents due to the presence of a parasitic capacitor between the input DC source and ground [21,22]. Various transformerless inverter topologies like the H4, H5, and H6 topologies have been proposed/implemented recently to eliminate the leakage current through techniques such as clamping the common mode (CM) voltage (CMV) during the freewheeling period, or changing the switching times of different power switching devices [21,22,25,26,27,28]. Although H5 and H6 topologies suffer from high conduction losses due to multiple switches conducting current during the active state, such conduction losses can be reduced by forming new current paths and reducing the number of conducting switches during the active state by modifying the switching sequences.



This paper compares the electrical and thermal performance of AlGaN as a material for a VDMOSFET structure with that of Si using COMSOL Multiphysics for the same operating voltage conditions. This paper does not consider the fabrication difficulties of AlGaN VDMOSFETs, but compares the temperatures of a Si VDMOSET with that of an AlGaN one for the same operating voltages. The paper is organized in the following way. A 2D VDMOSFET structure is modeled in COMSOL with Si and AlGaN as the semiconductor material at the same operating voltages of normal operation, and then for breakdown. The thermal performance of the VDMOSFET structures at the same operating voltages are compared, instead of the same power dissipation, to demonstrate AlGaN’s advantage in terms of higher operating voltages. A commercially available AlGaN/GaN HEMT module on a modified H5 transformerless inverter topology is then compared with a similarly rated Si MOSFET module, in terms of heatsink requirements, for the same operating conditions in 3D simulations in COMSOL.




2. Thermal Simulation


2.1. 2D Model of VDMOSFETs with Si and AlGaN


The use of simulation software for modelling thermal performance of power devices has been reported in literature [29,30,31,32,33,34]. Commercial software like COMSOL Multiphysics, Agilent ADS®, ANSYS, etc., are 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 power devices like HEMTs and MOSFETs in 2D and 3D environments [29,30,31,32]. Software like COMSOL, FLUENT, ANSYS, and Pro-MECHANICA have also been reported in literature for modelling thermal performance of heatsinks [35,36,37,38,39].



For this paper, COMSOL was used to initially study the change in temperatures of the VDMOSFET structures, with Si and AlGaN as semiconductor materials, due to the Joule heating caused by electrical currents flowing through the semiconductor materials of Si and AlGaN under normal MOSFET operating conditions, and then for electrical breakdown conditions. The 2D model of the VDMOSFET structure built in COMSOL in [33] was used with Semiconductor and Heat Transfer physics modules for both these conditions. The steady state effects of different Gate and Drain terminal voltages on the current density and temperature of the structures were studied by creating a stationary study in COMSOL for both models. The electric potential, the electron and hole concentrations, and the temperature within the structure of the VDMOSFET were calculated with the two physics modules in COMSOL [40]. The Semiconductor physics module initially calculated the currents in the structure, and then the Joule heating was produced by the currents with the initial temperature of the VDMOSFET set to a room temperature of 20 °C. The temperature within the device structure was then calculated by the Heat Transfer physics module, using the heat calculated by the Semiconductor module. It was concluded in [33] that the maximum and average temperatures for a 2D VDMOSFET model made with Si was close to two times greater than the maximum temperatures for the same model with GaN for all operating voltages in normal operation.



2.1.1. Model Geometry


The VDMOSFET structure consists of the Source and Gate terminals on the top, and Drain terminal at the bottom of the device model as seen in Figure 1 [18]. A thin oxide layer insulates the Gate metal contact from the semiconductor material. The Source contact lies on top of a heavily doped p+ region, with a heavily doped n+ region bridging the Source and Gate terminals. A heavily doped n+ region sits on top of the Drain contact. The direct flow of electrons from the Source to the Drain, due to the application of a Drain to Source voltage (VDS) through the n-drift region, is prevented by the heavily doped p- region. A channel is created within this p+ region, and the current can flow from the Source to the Drain when a positive Gate to Source voltage (VGS) is applied. Figure 2 shows a half-cross section of the VDMOSFET with a log of the dopant concentrations from [33], which was used for this paper. N-type dopants are represented by Red, and p-type dopants are represented by Blue in Figure 2. The dimensions and geometry of the VDMOSFET structure were obtained from [20]. The model meshing for both VDMOSFET structures consisted of 4680 quad elements with a meshing area of 20 μm2.




2.1.2. Boundary Conditions


The materials used were considered isotropic, with all material properties uniform in all directions. A total of six boundary conditions were set for the Semiconductor physics, while three boundary conditions were set for the Heat Transfer in Solid physics. The vertical left edge in Figure 2 was set to have Axial symmetry for both physics involved. The Source and Drain terminals were set as Metal Contact boundary conditions, and a Thin Insulator Gate boundary condition with an insulator thickness of 0.1 μm was set for the Gate [33]. All three terminals had Convective Heat Flux boundary conditions to simulate convective heat losses from the terminal contacts to the ambient air without any forced cooling. Continuity boundary conditions were set for the two inner boundaries between the top and bottom surfaces to represent semiconductor material continuity without any heterojunction due to different materials within the VDMOSFET structure, and the remaining boundaries were set as thermal and electrical insulators.




2.1.3. Material Properties


The material properties for Si and AlGaN were used from predefined material libraries in COMSOL. Table 1 shows the material properties for the semiconductor materials. The effective density of states in the conduction and valence band are temperature dependent, and are expressed in terms of the absolute temperature in K in Table 1. The material properties of AlGaN depend upon the mole fraction of Al present in the AlGaN alloy represented by x as AlxGa1−xN. A greater value of x makes the material properties closer to AlN, and the smaller value of x makes the properties closer to GaN. Most of the properties for the AlGaN available on COMSOL were for Al0.15Ga0.85N, with 15% Aluminum and 85% Gallium for the Group III elements in the alloy and, hence, the physical properties are closer to GaN for this Al0.15Ga0.85N alloy. The thermal conductivity for AlGaN was obtained from [41].




2.1.4. Semiconductor Physics Modeling


The semiconductor physics module in COMSOL uses partial differential equations with the conventional drift-diffusion approach to solve for the dependent variables of electric potential, and electron and hole concentrations [40]. The module solves Poisson’s equation and current continuity equations, to solve for the values of these dependent variables [40].



Dopant concentrations usually vary with a Gaussian decay profile when going away from the external surfaces of the semiconductor substrate where the dopants are deposited, so Gaussian decay profiles were used for the doping models for all doped regions [33]. The heavily n+ doped region and heavily 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 for normal operating conditions, as obtained from [20]. To simulate electrical breakdown conditions, these dopant concentrations were scaled down by a factor of 100 instead of increasing the terminal voltages.




2.1.5. Heat Transfer Physics Modeling


The semiconductor module calculates the heat generated in the semiconductor structure by Joule heating and charge carrier generation-recombination processes, and these were set as the heat source for the Heat Transfer in the Solids physics module to solve for the temperatures of the devices. The metal terminals of the VDMOSFET were set to be exposed to ambient air at room temperature of 20 °C, and appropriate convective heat flux boundary conditions without any forced air movements were set to simulate this loss of heat.




2.1.6. Model Simulation and Results


The input variables for both normal operation and breakdown models were the VDS and VGS values, with the Source terminal remaining at ground potential. Parametric sweeps for VGS and VDS were configured to go from 0 V to 20 V for VGS and from 0 V to 55 V for VDS for the normal operation model of Si. VGS was swept from 0 V to 20 V and VDS from 0 V to 49 V for the AlGaN model for the same mode of operation. The same sweeps of 0 V to 20 V were made for VGS for both Si and AlGaN model in breakdown mode while VDS was swept from 0 V to 40 V for the same. The study steps of the model were set such that the solutions from one combination of input voltages were reused as initial solutions for the next combination of voltages. The values for VGS and VDS were not ramped up in equal voltage intervals, as certain voltage values gave incomplete solutions. Appropriate meshing of the geometries was set for optimal convergence of solutions in all the models.



Figure 3 compares the log of norm of the current density components for the Si and AlGaN VDMOSFETs under normal operating conditions of VDS = 40 V and VGS = 20 V, and it shows the highest current densities occur just below the Gate terminal. The current is seen flowing from the Source on the left to the Drain on the bottom through the narrow conducting channel created from left to right. The heavily doped p- region in the blue prevents the direct flow of current vertically from the Source to the Drain under normal operating conditions. Figure 4 shows the distribution of temperatures for the Si and AlGaN structures for the same operating conditions with the highest temperatures occurring at the location as the high current densities for both models. The arrows in the figure show the direction of heat flux going away from areas of higher temperatures to areas of lower temperatures. This figure also shows the maximum temperatures for this combination of VGS and VDS is almost twice as high for the Si device when compared to the AlGaN device.



Figure 5 shows the temperature and log of norm of current density profiles for the Si and AlGaN VDMOSFETs for the lower dopant concentration levels for the same operating voltages of VDS = 40 V and VGS = 20 V. The low p- region dopant concentrations mean that even low Drain voltages can allow for electrons to punch through the p regions directly and cause the current to flow vertically from the Drain to the Source. There is no narrow channel required for this current flow compared to Figure 3, and the current densities are almost three times higher when compared to the higher dopant concentration level simulations of Figure 3. The temperatures are also more than double when compared to Figure 4, with higher temperatures occurring at regions with higher current densities.



Figure 6 shows the average temperatures for the Si and AlGaN models for normal operation conditions, and Figure 7 shows the maximum temperatures for the two models for the breakdown conditions. The maximum and average temperatures are greater for Si compared to AlGaN for all operating voltages. For small VGS values, the current flow is minimal for both devices, as a channel is not created for low voltages and, so, the temperatures are also close to room temperature. As VGS and VDS are increased, greater current starts to flow through the channel, and the temperatures rise as well. For the same operating voltages values, the maximum temperatures range from about 7% to 45% higher for Silicon compared to AlGaN, and the average temperatures have a similar trend ranging from 2% to 30% higher for Silicon. The maximum temperatures in Si models were over 3.5 times higher compared to SiC, and about twice that of GaN, while the average temperatures were almost three times more in Si compared to SiC, and almost twice compared to GaN, as reported in [33]. Comparing the results of [33] for the same operating conditions and device structure, SiC had the lowest maximum and average temperature, followed by AlGaN and GaN. As an example, 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, respectively. The difference in average and maximum temperatures between Si and AlGaN 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 AlGaN are below 5 °C and 10 °C, respectively, due to the fact that the channel is not created for low VGS values which results in low currents and, hence, lower temperatures.



For the same VGS and VDS values, the power dissipated on the AlGaN device were about 0.5 times less compared to the Si device. For instances of same power dissipation at the same VGS values, the temperatures were between 5 to 12 °C less for the AlGaN device compared to the Si device. For the same power dissipated, the temperature difference is not twice as small compared with the same VGS values, but the temperatures are found to be lower for the AlGaN device. The temperatures are lower for both the same power dissipation and same operating voltages, but the temperatures are much lower for the same operating voltages than for the same dissipated power. The power dissipation for the two devices is shown in Figure 8.



For the breakdown conditions of low dopant concentrations, the current and temperatures ramp up much faster when compared with the normal operating conditions of high dopant concentrations. Conduction of the current begins even at 0 V gate voltage, and so the temperatures start rapidly going up for both Si and AlGaN models. Figure 9 clearly shows that the maximum temperatures in the Si model for the breakdown conditions are over twice the temperatures for the AlGaN model for the same VGS and VDS values, with temperatures going over 450 °C for the highest voltage combination in the Si model, and over 210 °C for the same in the AlGaN model.





2.2. 3D Thermal Modeling of Multipack Switching Devices


Transformerless power inverters use devices like MOSFETs and HEMTs as their switches, and manufacturers produce these switches in units with multiple switches in a single semiconductor package. In [24], a six-pack module with six GaN HEMTs were modeled in COMSOL to compare the GaN module with a Si module of comparable specifications. Heatsinks were added to these modules to reduce the structures’ temperatures and to compare each material’s thermal performance. AAVID Genie, an online tool from heatsink manufacturer Boyd Corp, was used to compare and verify the results of the COMSOL simulations with their commercially available heatsinks [24]. This module, shown in Figure 10, was used as the basis for generating a HEMT module using three of the commercially available 2-in-1 AlGaN/GaN HEMT units of similar power rating, manufactured by STMicroelectronics. Instead of creating a semiconductor model to obtain temperature values for the entire module, the Joule heating generated by electric currents passing through each of the MOSFET/ HEMT switches were obtained from calculations made in PSIM, which acted as the heat sources for each switch in COMSOL. Figure 11 shows the modified H5 tranformerless topology simulated in PSIM, used to obtain power losses for each HEMT switch. The simulations were conducted with operating conditions of System Power 5 kW, Input DC Voltage 400 V, Output AC Grid Voltage 120 V, Grid Frequency 60 Hz, Switching Frequency 50 kHz, and unity power factor [24].



Figure 12 shows the PWM switching sequence for each of the switching devices (S1–S6) in the inverter circuit of Figure 11 [24]. The circuit was simulated with resistive load with a power factor of 1 and, hence, the load voltage and current are in phase. The PWM signals also show that a maximum of three switches conduct current during the active state and one switch and one diode conduct during the zero state. In the positive half cycle, S1, S5, and S4 are turned ON in the active state, and S1 and D3 conduct in the zero state. For the negative half cycle, S2, S6, and S3 conduct in the active state, and S3 and D2 conduct in the zero state S3 and D2. The LCL filter in Figure 11 smoothens out the output to a sinusoid for the output voltage and current.



The physical dimensions of the six-pack module were obtained from [42]. The dimensions of the heatsink for the AlGaN model were made smaller than the one for Si to illustrate the advantages of AlGaN over Si and to compare the heatsink requirements for similar steady state temperatures. The effects of thermal stresses and physical deformation were not simulated for the purposes of this paper.



2.2.1. Model Geometry


The six-pack Si HEMT module in Figure 10 consisted of six TK35A65W5 MOSFETs manufactured by Toshiba mounted on a six-pack MOSFET module of similar power specifications obtained from [42]. The Si MOSFETs and diodes of this module were replaced with the GaN HEMTs, while keeping the multiple layers of other materials the same [24]. The dimensions and different layers along with the Si MOSFETs and Si diodes are shown in Figure 10. Figure 13 shows the MASTERGAN1 AlGaN/GaN HEMTs manufactured by STMicroelectronics replacing the Si MOSFETs and diodes in the six-pack HEMT module. Each MASTERGAN1 HEMT package consists of two HEMTs and, hence, only three of these HEMT packages are placed on the module in COMSOL. The TK35A65W5 is rated at 650 V with RDSON of 80 mΩ, while the MASTERGAN1 is rated at 650 V with RDSON of 150 mΩ [43,44]. The dimensions of the MASTERGAN1 were obtained from [44].



Both models had an Aluminum heatsink placed on the top of the switching devices for cooling. The dimensions of both heatsinks were based on actual heatsinks sold by Boyd Corp. The dimensions were chosen such that the maximum temperatures of the module-heatsink combinations were kept below 100 °C without any forced convective air-cooling mechanisms. Figure 14 shows the heatsinks used for the Si and AlGaN/GaN modules, respectively. Each heatsink was made up of a solid Aluminum block of dimensions 141.8 mm × 104.3 mm × 6.6 mm, with 16 additional aluminum fins of width 1.134 mm separated by 6.8 mm. The height of the fins was set to 33.5 mm and 10 mm for the Si and AlGaN/GaN models, respectively.




2.2.2. Material Properties


The material properties required for calculating the temperatures for the models were Density (ρ), Heat capacity at constant pressure (Cp), and Thermal conductivity (k). The materials were assumed to be isotropic. All the material properties used were built into the COMSOL library, except for the SAC396 solder. The properties of the SAC396 solder were obtained from [45]. Table 2 shows these three material properties for all the materials modeled.




2.2.3. Heat Transfer Physics Modelling


The heat transfer in the Solids physics module of COMSOL was used to calculate the temperatures of the two models. The power losses calculated from PSIM for each semiconductor device module were used as the heat sources for the COMSOL simulations. The power losses for the six Si MOSFETs were calculated in PSIM to be 19.9 W, 19.9 W, 19.9 W, 19.9 W, 21.3 W, and 21.3 W from left to right in Figure 10. The power losses for the three AlGaN/GaN HEMTs in Figure 13 were set to 14.2 W, 14.2 W, and 25.6 W from left to right. A convective heat flux boundary condition for all heatsink surfaces in contact with air was set to simulate the cooling effect of the heatsink with ambient air. A convective heat transfer coefficient of 10.45 W/m2·K was set, which is the heat transfer coefficient for free moving air.




2.2.4. Model Simulation and Results


Figure 15 shows the temperature profiles of the GaN and AlGaN/GaN models with the heatsinks hidden. Figure 16 shows the temperature profiles for the Si and AlGaN/GaN models with the heatsinks visible. The temperatures displayed on the legends are in °C.



The maximum temperatures for the Si and AlGaN/GaN models were found to be 96.36 °C and 90.91 °C, respectively. The minimum temperatures were 77.14 °C and 79.47 °C for the Si and AlGaN models, respectively. The Si model had a heatsink volume of 183.8 cm3 and surface area of 1860.5 cm2, while the AlGaN/GaN model’s heatsink had a volume of 123.34 cm3 with a surface area of 785.67 cm2. The maximum temperature, minimum temperature, and heatsink volume for the model in [24] for the GaN Systems GS66516T GaN HEMT were 85.91 °C, 76.87 °C, and 125.6 cm3, respectively.



The temperature profiles of the switching modules for both Si and AlGaN/GaN devices show that the highest temperatures occur at the devices with the highest power losses. The AlGaN/GaN model is within 5 °C compared to Si in terms of maximum and minimum temperatures, with a total heatsink volume about 1.5 times smaller than that for Si.






3. Conclusions


The VDMOSFET models clearly show the thermal superiority of AlGaN as a semiconductor material under normal operations compared to Si for VDMOSFET structures, with temperatures being close to 50% higher for Si than for AlGaN. These results are similar to WBG VDMOSFETs simulated in [33], with AlGaN performing similarly to GaN in terms of temperatures in normal modes of operation. The AlGaN structure was also found to have lower temperatures for the same power dissipation, although not as significantly as for the same operating voltages. For the electrical breakdown conditions, AlGaN performs twice as well in terms of keeping the temperatures low. These simulations do not consider the application of heatsinks in reducing the temperatures. These results demonstrate the thermal advantage of AlGaN for MOSFET structures operating at high voltages. The simulations for the multipack switching devices compare the use of heatsink for Si and AlGaN/GaN switching modules and show that the AlGaN/GaN module requires a heatsink about 1.5 times smaller when compared to the Si module for similar temperatures. These results are also close to the ones for GaN HEMT switches in [24], which required a heatsink of about 1.46 times smaller than that for the same Si module, as simulated in this paper. In conclusion, this paper demonstrates the thermal advantage of AlGaN as a semiconductor material for power switching devices.
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Figure 1. Cross section of a VDMOSFET structure. 
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Figure 2. Half cross section of the VDMOSFET structure. 
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Figure 3. Log of norm of the current density under normal operation of Si (left) and AlGaN (right) VDMOSFET structures at VDS = 40 V and VGS = 20 V. 
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Figure 4. Temperatures under normal operation of Si (left) and AlGaN (right) VDMOSFET structures at VDS = 40 V and VGS = 20 V. 
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Figure 5. Temperatures and log of norm of current densities under electrical breakdown of Si (left) and AlGaN (right) VDMOSFETs at VDS = 40 V and VGS = 20 V. 
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Figure 6. Average Temperatures under normal operation of Si (left) and AlGaN (right) VDMOSFET structures. 
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Figure 7. Maximum Temperatures under normal operation of Si (left) and AlGaN (right) VDMOSFET structures. 
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Figure 8. Drain power for Si (left) and AlGaN (right) VDMOSFET structures. 
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Figure 9. Maximum Temperatures under electrical breakdown of Si (left) and AlGaN (right) VDMOSFET structures. 
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Figure 10. Six-pack Si MOSFET module 3D view (left) and yz-plane view (right). 
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Figure 11. Modified H5 tranformerless topology. 
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Figure 12. Switching sequence for the modified H5 inverter topology. 
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Figure 13. Six-pack AlGaN/GaN HEMT module 3D view (left) and yz-plane view (right). 
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Figure 14. Heatsink for the Si (left) and GaN/AlGaN (right) models. 
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Figure 15. Temperature profile of Si MOSFET (left) and the AlGaN/GaN (right) HEMT modules with the heatsinks not visible. 
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Figure 16. Temperature profile of Si MOSFET (left) and the AlGaN/GaN (right) HEMT modules with the heatsinks visible. 
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Table 1. Material properties of Si and AlGaN.
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	Property
	Name
	Unit
	Si
	AlGaN





	Relative Permittivity
	εr
	1
	11.7
	9.7



	Thermal Conductivity
	k
	W/(m·K)
	131
	50



	Density
	ρ
	kg/m3
	2329
	6070



	Heat Capacity at constant pressure
	Cp
	J/(kg·°C)
	700
	490



	Electron Lifetime
	τn
	μs
	10
	0.01



	Hole Lifetime
	τp
	μs
	10
	0.01



	Band gap
	Eg0
	V
	1.12
	3.7



	Electron Affinity
	χ0
	V
	4.05
	4.1



	Effective Density of states, valence band
	Nv
	cm−3
	T3/2 × 2.0 × 1015
	T3/2 × 8 × 1015



	Effective Density of states, conduction band
	Nc
	cm−3
	T3/2 × 5.3 × 1015
	T3/2 × 2.3 × 1014



	Electron Mobility
	μn
	cm2/(V·s)
	1450
	1000



	Hole Mobility
	μp
	cm2/(V·s)
	500
	350
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Table 2. Thermal properties of materials used for heatsink modeling.
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	Property
	Symbol
	Unit
	Cu
	SAC396
	AlN
	Si
	AlGaN
	Al





	Density
	ρ
	kg/m3
	8960
	7400
	3260
	2329
	6070
	2700



	Heat capacity at constant pressure
	Cp
	J/(kg·K)
	385
	220
	740
	700
	490
	900



	Thermal conductivity
	k
	W/(m·K)
	400
	61.1
	160
	131
	50
	238
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