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ABSTRACT 

 Half-Bridge modules are essential to the design of power electronic systems 

such as dc-to-ac converters, synchronous dc-to-dc converters, and motor drivers. 

Silicon carbide (SiC) modules are a state-of-the-art solution for the development of 

high power and high temperature systems; this is due to the material having several 

inherent superior electrical and thermal characteristics. Although SiC devices are 

state-of-the-art, they have not been fully evaluated and therefore have not become a 

widespread solution. In addition to the superior electrical characteristics of SiC, the 

thermal conductivity is also increased and therefore higher temperature operation can 

be achieved. It is crucial to develop an understanding of these devices by empirical 

measurement to fully understand the device and how it operates.  

In this thesis, the work required to develop a system for characterization of 

these modules is outlined. After a system has been developed, the dc characteristics of 

the modules will be tested vs. temperature and gate-to-source voltage when applicable. 

After the dc characteristics are measured for the modules, the switching characteristics 

will be measured vs. temperature, external gate resistance, and drain-to-source current 

in a classic clamped inductive double pulse test. This test is used to collect the 

required measurement data needed for analyzing the switching loss, reverse recovery 

of the body diode, and voltage overshoot of three different SiC half-bridge modules.  
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CHAPTER 1 

INTRODUCTION 

Over the past 60 years, the power electronics industry has been dominated by 

silicon devices [1]. Silicon (Si) has been used to fabricate devices such as the power 

MOSFET, IGBT, BJT, thyristor, and power diode. All of these devices have been 

made possible with the use of Si and have in some way played a key role to the 

development of power electronic systems that have been used in a variety of 

applications. Technological advances have allowed for these devices to be optimized 

in terms of efficiency and power density, but the physical limit of the material has 

nearly been reached. For this reason much emphasis has been placed on finding new 

semiconductor materials to replace Si for certain applications, however Si will 

continue to dominate many applications [1]. Power semiconductor devices have since 

been fabricated using wide bandgap materials such as silicon carbide (SiC).  

SiC, used as a semiconductor material, has material properties superior to that 

of Si. The bandgap of Si is 1.1 eV but SiC bandgap is 3.26 eV for 4H-SiC [2].In 

addition to the wider bandgap, the thermal conductivity of SiC is nearly three times 

that of Si. Therefore devices can be fabricated with higher blocking voltages and 

higher current densities. This not only allows for smaller devices but also devices 

which can operate at higher temperature than that of Si. Up to this point, SiC has been 

used to fabricate MOSFET, IGBT, JFET, thyristors, and power diodes but these 

devices have not been fully evaluated [3]. SiC devices bring forth new challenges that 

must be stabilized before widespread acceptance of these devices will occur. 

Industries such as transportation, wind, and space can benefit immensely from these 

devices but the operating characteristics must be fully developed before SiC devices 

begin to dominate the power industry for these applications.  

Commercial SiC devices have been made available, but primarily only those 

rated for less than 2 kV blocking voltage; however not all modules tested in this work 

are commercially available. The scope of this work will focus on the evaluation of 

three SiC MOSFET modules which fall into this category and are rated for 1.2 kV 

blocking voltage. Five total modules have been evaluated but only three of the five 
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modules are unique in design. Two of these modules are rated for 285 A continuous 

drain current and the other is rated for 260 A continuous drain current.  

1.1 Motivation 

The modules that will be evaluated in this work are state-of-the-art SiC half-bridge 

modules. A half-bridge module consists of two MOSFETs and can be used for a 

variety of applications. The modules are very complex as each MOSFET consists of 

multiple MOSFET devices which are parallel connected to provide for high current 

operation. MOSFETs parallel quite easily due to the positive temperature coefficient. 

One manufacturer of these modules has provided data but the data is not physically 

measured and is instead simply calculated. The lack of tangible data provides the 

fundamental motivation for this work, as any designer who has an interest in these 

modules will need accurate module data.   

The high current operation and higher blocking voltage of the SiC devices also 

brings forth new design challenges. As the current density and switching speeds 

increase, the di/dt and dv/dt of the devices drives a need to minimize system parasitic 

elements. The high di/dt conditions can become a significant issue as any stray 

inductance will cause large voltage surges which can easily damage a device by over 

voltage. By measuring these characteristics an optimized system can be developed as 

the designer will have a basis to develop an allowable tolerance of stray inductance, 

which is potentially the most parasitic to the system.  

 In addition to these challenges, the devices will be measured and characterized 

in a system that closely resembles the end application. A system was developed to 

provide the proper testing conditions and approximately the same load inductance will 

be used. Typically, the data collected for a device will be valid only at the test 

conditions but in this case the test conditions are set to be very close to that of the end 

application and therefore the data becomes increasingly useful to the designer. The 

switching parameters and dc characteristics will be measured over a temperature range 

to determine how the characteristics change at increasing temperatures. With tangible 

data, the overall system efficiency calculation can be simplified and the proper 

operating conditions can be determined by the designer.   
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CHAPTER 2 

MODULE EVALUATION 

 In this work, a total of five modules were evaluated. The identity of module 

manufacturers will be concealed and a generic numbering system will be implemented 

to identify the various modules. The five modules are packaged and distributed by two 

companies, X and Y. The semiconductor devices are fabricated by one of two 

companies, Cree Inc. or Rohm Semiconductors, however a distinction will not be 

made on a per module basis. The half-bridge modules which were evaluated are 

shown in Table 2.1.    

Table 2.1. Modules to Evaluate 

 

The modules from manufacturer X have only SiC MOSFETs while the modules from 

manufacturer Y have an additional semiconductor device, the SiC Schottky diode. In 

this case, the Schottky diodes are located inside the module package, parallel to the 

MOSFETs, and effectively bypass the integrated body diode of the MOSFET. The 

addition of a Schottky diode can potentially increase the module’s cost beyond that of 

the module which contains only MOSFETs, however the body diode may not be 

sufficient for the application. Each MOSFET will have a parallel Schottky diode and 

therefore twice the number of devices is required. This additional feature can be very 

beneficial for development of a system due to the performance enhancement that is 

achieved in the third quadrant operation. The MOSFET is designed for enhanced first 

quadrant operation and body diode operates only in the third quadrant, or whilst the 

body diode is forward conducting.  The diode, either Schottky or body, will be 

conducting when the opposing high-side or low-side device is turned off, thus the 

diode is used as a freewheeling path for the inductive load. The freewheeling path is 

essential to protect the device under test (DUT) from inductive kickback.  
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2.1 Schottky Diode Contribution 

There are two key features of the Schottky diode which can be beneficial to the 

half-bridge module. First, the Schottky diode is known for having a low forward 

voltage drop and faster switching speed when compared to a p-n diode. A reduction in 

forward voltage drop, across the diode, will increase the system efficiency since less 

power is dissipated. A comparison of the forward voltage drop for the body diode of 

module #1, #2, and Schottky diode of module #4 is shown Figure 2.1. The comparison 

shows that the forward voltage drop of the Schottky diode, measured at 125 A, is 

approximately 50% that of module #2 body diode and less than 40% that of module #1 

body diode. Since power is directly proportional to the diodes forward voltage drop, 

the Schottky diode is shown to be significantly more efficient than either of the 

measured body diodes.  

 

Figure 2.1. Schottky Diode vs. Body Diode 

Secondly, the Schottky diode benefits from a near absence of reverse recovery charge. 

Reverse recovery occurs when quickly changing the polarity across the diode, 

meaning the diode is conducting forward current and then quickly reversed biased to 

begin blocking voltage. A brief period of time is required before the depletion region 

can support this voltage. Reverse recovery will be covered in greater detail in Chapter 

6.   



Texas Tech University, Mitchell D. Kelley, December 2014 

5 

CHAPTER 3 

TEST METHODS  

 In order to obtain the dc characteristics and switching characteristics, different 

equipment and test methods are required. This chapter outlines the methods which 

were used to obtain dc characteristics and what is needed to obtain switching 

characteristics.   

3.1 Measurement of dc Characteristics  

To obtain dc characteristics for each module, a curve tracer is utilized. A curve 

tracer is a specialized measurement device used for obtaining important characteristics 

of semiconductor devices. Two different curve tracers are used for determining the 

desired characteristics. A commercial curve tracer, Agilent B1505A, was used to 

obtain the breakdown voltage, transconductance, and threshold voltage for each 

module. This curve tracer is equipped with three plug-in modules that are necessary 

for measuring these three parameters. A high power source monitor unit, B1510A, a 

high current source monitor unit, B1512A, and a high voltage source monitor unit, 

B1513B. Measurement of breakdown voltage requires the use of B1513B; 

measurement of transconductance and threshold voltage requires the use of both 

B1510A and B1512A. The operation range and measurement resolution for these 

modules is shown in Table 3.1 [4]. It can be concluded that the measurement 

resolution provided by each of these modules is well with-in a tolerable error for the 

parameters that will be measured using this equipment.  

Table 3.1. Agilent Plug-In Modules Specifications [4] 

 

 To obtain the output characteristics of each module, a customized 500 A curve 

tracer [5] is used. The devices evaluated are rated for continuous drain currents in 

excess of 250 A and a commercially available solution was not available in the lab. 

For the high current curve tracer design [5], four terminal sensing is used to obtain 

highly reliable results.  
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3.1.1 Measurement of Transconductance & Threshold Voltage  

Transconductance is defined as the ratio of change in output current, or drain-

to-source current, to the change in input voltage, in this case gate-to-source voltage. 

This parameter is measured by first applying a fixed drain-to-source voltage, 195 mV, 

and second, sweeping the gate-to-source voltage. As gate-to-source voltage is swept 

the output current of the device is measured. A curve is then plotted which represents 

the drain current, on the y axis, and gate-to-source voltage on the x axis. This curve 

does not represent transconductance but instead represents the measured drain-to-

source current. The result in taking the derivative of the drain-to-source current is the 

transconductance curve. A typical output from the curve tracer for transconductance is 

shown in Figure 3.1, where the drain-to-source current is shown with respect to the 

right y-axis and transconductance is shown with respect to left y-axis.  

One other feature shown in Figure 3.1 is a tangent line which is used to 

determine the threshold voltage of the device. Threshold voltage can be defined as the 

minimum gate-to-source voltage at which a channel is formed between the drain and 

source terminals. The channel serves as a conducting path between the two terminals 

and once formed the device is in the ‘ON’ state. The threshold voltage is determined 

by taking the maximum measured slope of the drain-to-source current, maximum 

transconductance, and then calculating the intercept. In Figure 3.1, the intercept is 

shown be ≈ 3.13 V.   

 

Figure 3.1. Typical Transconductance Curve & Drain-to-Source Current  
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3.1.2 Breakdown Voltage  

The breakdown voltage for a device can be defined as the maximum drain-to-

source voltage a device can support. Once the device can no longer support the drain-

to-source voltage a significant amount of leakage current will begin to flow, it is at 

this point that the device is experiencing avalanche breakdown. After the onset of 

avalanche breakdown, the device leakage current will exponentially increase. This is 

due to the generation of a large electric field which is accelerating mobile carriers and 

providing them with the required energy to generate electron-hole pairs [6]. The 

electron-hole pairs are generated once the mobile carriers collide with lattice atoms 

[6].  

To measure the breakdown voltage, the drain-to-source voltage is continually 

increased and the drain-to-source leakage current is simultaneously monitored to 

determine the voltage at which avalanche breakdown has onset. To safely measure the 

breakdown voltage, a current compliance is defined to conclude testing upon reaching 

the defined compliance. If the selected drain-to-source voltage is not large enough, the 

testing will run to the selected voltage. A typical breakdown curve is shown in Figure 

3.2, where both curves shown represent the leakage current, however one represents 

the breakdown on a linear scale and the other represents a semi-log scale.  

 

Figure 3.2. Typical Breakdown Curve  
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Figure 3.2 shows that a current compliance of 500 µA is selected with a maximum 

drain-to-source voltage of 1.6 kV. In this case, the current compliance is reached 

before the maximum drain-to-source voltage and testing is concluded. It is crucial that 

the power dissipation during testing be kept at a minimum so that the device is not 

damaged due to the onset of avalanche breakdown.  

3.2 Measurement of Switching Characteristics  

 To measure the desirable switching parameters a classic double pulse test is 

used. A double pulse test is used to test the device at the desired current level while 

limiting the number of pulses required. The number of pulses is limited so that the 

device is subjected to minimal heating and the characteristics can be measured at a 

specific temperature. The equipment that will be utilized for measurement of the 

devices in the double pulse tests is shown in the Table 3.2.  

Table 3.2. Test Equipment for Double Pulse Test 

 

The testing schematic used for the high-side and low-side double pulse test are shown 

in Figure 3.3 and Figure 3.4 respectively.  

 

Figure 3.3. High-Side Test Circuit 



Texas Tech University, Mitchell D. Kelley, December 2014 

9 

 

Figure 3.4. Low Side Test Circuit 

3.2.1 Double Pulse Test 

 The double pulse test consists of two pulses which typically vary in length. 

The first pulse is used to ramp the inductor current to a desired value and the second 

pulse is used to capture the device’s turn-on characteristics at a current nearly equal to 

that of the turn-off of the first pulse. During the ‘OFF’ time, between the first and 

second pulse the opposing MOSFET’s body diode will act as a freewheeling diode 

which establishes a path for the current which has been stored in the inductor. If a path 

is not created for the stored energy a large surge voltage would be generated and 

damage the device. A typical double pulse waveform is shown in Figure 3.5 where the 

low-side device is tested at a bus voltage ≈ 870 V. For the test shown in Figure 3.5, the 

first pulse is set to 70 µs and the second pulse is 16.7 µs which corresponds to a 50% 

duty cycle at the desired testing frequency of 30 kHz. Table 3.3 outlines the signals 

shown in Figure 3.5.    

Table 3.3. Signal Legend for Figure 3.5 
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Figure 3.5. Double Pulse Test Waveform 

3.3 Test Bed Required for Double Pulse Testing 

To perform the required double pulse testing, very demanding test conditions 

must be met. The bus voltage that is set for testing is 875 V and the turn-on current is 

220 A with a turn-off current of 270A. Therefore more than 200 kW of power is 

required to properly test the device. A power supply that is rated for this is very costly 

and not easily accessible, therefore another approach was considered. A capacitor 

bank was chosen for the testing due to the large amount of energy that can be stored 

within the capacitor bank. The power required is only peak power for a brief period of 

time during switching and a capacitor bank is more than suffice to provide large 

amounts of power for short periods of time. In addition to the capacitor bank, which 

acts as power supply for testing, a load inductor was required for testing. A specific 

load inductor was required for testing the devices in conditions which closely 

resemble the end application. By testing the devices under conditions similar to the 

end application the switching characteristics that are measured will correlate well to 

the system and efficiency calculations can be simplified. The design of the capacitor 

bank will be discussed in Chapter 4 and the design of an appropriate load inductor in 

Chapter 5.   
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CHAPTER 4 

CAPACITOR BANK DESIGN 

 The challenge in designing a capacitor bank is twofold. First, the capacitor 

bank must be able to maintain a relatively constant voltage over the pulse width and 

thus a significant amount of energy is required. The amount of energy stored in a 

capacitor is given by the following formula: 

 
𝐸 =  

1

2
𝐶𝑉2 (4.1) 

where E is the energy stored by the capacitor (Joules), C is the capacitor value 

(Farads), and V is the voltage to which the capacitor is charged (Volts). The test 

voltage and test current are known but two additional assumptions must be made 

before the capacitance of the capacitor bank is calculated. The first assumption is the 

pulse width and the second is the acceptable voltage droop over the pulse width. The 

second challenge in designing the capacitor bank is minimizing the parasitic 

inductance. It is always good practice to minimize stray inductance in power 

electronic systems as it negatively impacts the system. For this design it becomes very 

important as fast transients are expected due to the fast switching of the MOSFETs. If 

inductance is not minimized, then large voltage overshoots could potentially damage 

the DUT.  

4.1 Design Specifications 

 The test voltage and test current will vary based on which device is the DUT; 

an upper limit is chosen which is sufficient for all testing conditions. The following 

parameters are selected for the design of the capacitor bank: 

𝑉𝑚𝑎𝑥 = 1200 𝑉 

𝐼𝑚𝑎𝑥 = 350 𝐴 

𝑡𝑜𝑛 = 400 µ𝑠 

𝛥𝑉 < 2% 

where Vmax is the maximum test voltage, Imax is the maximum test current, ton is the 

pulse width, and ΔV is the percent change in voltage over the pulse duration. Now that 
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the capacitor bank parameters are selected, a required capacitance can be calculated. 

The capacitance value for the capacitor bank is calculated assuming that resistive 

switching will be performed on the modules. Although resistive switching will be 

performed, the primary test will be inductive switching. The first calculation that must 

be made is to determine the effective testing resistance, which is calculated as follows:  

 𝑅𝑚𝑖𝑛 =
𝑉𝑚𝑎𝑥

𝐼𝑚𝑎𝑥

 (4.2) 

where Rmin is the minimum resistive load that can be used to meet the specifications of 

the capacitor bank. The voltage in the capacitor bank will decrease exponentially; 

therefore the voltage at time, ton, can be calculated by the following formula:   

 𝑣(𝑡𝑜𝑛) = 𝑉𝑚𝑎𝑥𝑒
−𝑡𝑜𝑛

(𝑅𝑚𝑖𝑛𝐶)⁄
 (4.3) 

where C is the capacitance of the capacitor bank. It must be deduced that v(ton) is:  

 𝑣(𝑡𝑜𝑛) = (1 − ∆𝑉)𝑉𝑚𝑎𝑥 
(4.4) 

and C is then the only value which is left unknown and can be calculated. The 

minimum required capacitance is then calculated to be ≈ 5.78 mF.  

4.2 Capacitor Selection 

Now that the required capacitance is known, an appropriate capacitor can be 

selected for the design. Selecting a capacitor for this application, which requires a high 

charging voltage, can become quite difficult and even costly. The requirements for the 

capacitor are as follows: 

 Capacitance ≥ 5.78 mF 

 Absolute maximum voltage rating > Vmax 

 Absolute maximum current rating > Imax 

 Low equivalent series resistance (Cesr) 

 Low equivalent series inductance (Cesl) 

However, after searching vendors for an appropriate capacitor, it was determined that 

multiple capacitors would be required. Since few options were available it was fairly 

straightforward to select the correct capacitor for the capacitor bank; fortunately it was 
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possible to select the most ideal capacitor even though the choice was limited to only a 

few possible models. A 600 µF film capacitor was selected. The capacitor is 

manufactured by AVX and the model number is FFLI6Q0607K. This capacitor is 

rated for 1400 V and 60 A; therefore a minimum of six would be required due to the 

current rating, and a minimum of ten would be required to achieve the desired 

capacitance. However, twelve of these capacitors were selected for the design so that 

the busbar could be made wider instead of longer. The inductance of the busbar used 

for the capacitor bank can be optimized by using a wider conductor.   

4.3 Minimizing Inductance 

 A low inductance design is desired to optimize the system performance, 

therefore an effort must be made to minimize stray inductance. The largest additional 

contribution to stray inductance in the system is the busbars used to connect the 

capacitor bank to the DUT. For example, the capacitor bank will need to be connected 

to the DUT and therefore bus bars are used for this purpose. In addition, the bus bars 

are used to connect all of the capacitors in parallel. It is important to use good design 

practices in the layout so that the system does not inhibit the modules performance and 

that measurements are minimally affected by parasitic inductance. There are two main 

configurations that could be used for the capacitor bank bus bar, parallel plate and 

coplanar plate. These configurations are shown in Figure 4.1 [7]. Since the conductors 

are placed near each other, the magnetic fields will effectively cancel each other due to 

the direction of current flow within the bus bars. In order to fully understand the 

cancellation effect Ampere’s Law must be used; however, this is not necessary if the 

geometry of the conductors is observed. A simple graphic which represents the 

cancellation effect is shown in Figure 4.2 [7]. It can be seen in Figure 4.2 [7] that the 

parallel plate configuration has more opposing field lines which are overlapping and 

more overlap will effectively reduce stray inductance. For this design, the parallel 

plate is easier to implement and also has more benefit than that of the coplanar plate 

since more stray field lines are overlapped.  
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Figure 4.1. (A) Parallel Plate; (B) Coplanar Plate [7] 

 

Figure 4.2. (A) Parallel Plate Overlap, (B) Coplanar Plate Overlap [7]  

4.4 Bus Bar Inductance Calculation 

The formula used to calculate inductance of the capacitor bank bus bar 

conductors is shown below [7]:  

 
𝐿

𝑚
≈  𝜇0

ℎ

𝑤
 [7] (4.5) 

where, L is given as the inductance per unit length (Henries), µ0 is the permeability of 

free space (H per meter), h is the distance separating the conductors (meters), and w is 

the conductor width (meters). The formula used to calculate the inductance of the 

interconnect busbars is shown below [7]: 

 
𝐿

𝑚
≈  

𝜇0

𝜋
cosh−1 (

𝑤 + 𝑡

𝑤
) [7]  (4.6) 

where t is the distance between conductors (in meters). Again, the inductance is given 

per unit length.  

In addition to calculating the bus bar inductance and interconnect inductance, 

the resistance of these elements can be calculated as well as the skin depth. The skin 

depth is helpful to calculate so that the conductor is not unnecessarily oversized. Since 

skin depth is a function of the frequency, which is known, the conductor thickness can 
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be optimized. The skin effect will be discussed further in Chapter 5. The formula used 

to estimate the parasitic resistance is as follows:  

 𝑅𝑏𝑎𝑛𝑘 =  
𝜌𝐿𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟

𝐴
 (4.7) 

where, ρ is the resistivity of the material (Ω per meter), Lconductor is the length of the 

conductor (meters), and A is the conductor area (meter2). The following formula 

represents the calculation used for determining skin depth:  

 
𝛿 = √

2𝜌

𝜔𝜇0

 (4.8) 

where, δ is the skin depth and ω is the angular frequency (rad/s). In [8] it is 

recommended that the conductor be 3.5 times that of the skin depth. Therefore a 

conductor of 0.05” is chosen for the design as it is very near the 3.5 factor of the 

calculated skin depth.  

4.5 Capacitor Bank Simulation 

 After calculating the parasitic elements of the capacitor bank and 

interconnection bars, a verification simulation was performed. In the simulation, the 

parasitic contribution of the capacitor is used; due to the small contribution from the 

capacitor bank and interconnect these parasitic effects are neglected in the simulation. 

The simulation schematic used is shown in Figure 4.3. The switch shown will be the 

DUT; therefore an anticipated on-state resistance is used to model the switch in the 

simulation. In addition to closely modeling the DUT on-state resistance, the rise and 

fall times given per the manufacturer are used as well. The simulated results are shown 

in Figure 4.4, where the desired specifications are shown to be met.   

 

Figure 4.3. Capacitor Bank Simulation Schematic 
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Figure 4.4. Simulation Results: A – DUT Voltage, B – DUT Current 

It must be noted that the initial bank voltage is set to 1.2 kV, but in simulation the 

initial pulse voltage is 3 V lower than the given initial condition. This can be 

accounted for in the voltage that is dropping across the simulated switch. The 

simulated switch is matched very closely to what is expected to be the on-state 

resistance of the device, or 8 mΩ. Therefore, the total voltage loss before the load will 

be the equivalent series resistance of the capacitor bank plus the DUT on-state 

resistance. Since twelve capacitors are used, the estimated capacitor bank series 

resistance is 667 µΩ and therefore the equivalent resistance is ≈ 8.667 mΩ. The initial 

1200 V condition is given and nearly 350 A would be expected if the resistance was 

exactly equal to 3.429 but since the equivalent total resistance is beyond this value, a 

reduced current and voltage is expected. The calculated current is  

1200 𝑉

3.44 𝛺
= 349.07 𝐴, 

which is very close to the simulated value of 349.05 A. The maximum energy that can 

be stored in the capacitor bank is roughly 7 kJ. 
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4.6 Capacitor Bank 3D Modeling 

 Now that the capacitor has been selected, and the design that will be utilized to 

reduce inductance; a 3D model was developed using Autodesk Inventor. A 3D model 

was developed for two reasons. First, a physical representation was needed to 

understand how all the elements would fit together, and second this allows for rapid 

design changes that are possible depending upon the available material. Since the 

initial material was selected based on calculations, this was not anticipated but small 

changes were necessary that allowed for the design to easily be changed and verified 

due to parametric modeling. The 3D model that was developed for the capacitor bank 

is shown in Figure 4.5.  

 

Figure 4.5. Capacitor Bank 3D Model 

4.7 Capacitor Bank Test 

 After the capacitor bank was fabricated, using the dimensions from the 3D 

model, the capacitor bank had to be tested to verify the simulated operation. Shown in 

Figure 4.6, is the fabricated capacitor bank, which is shown with multiple connections 

that were necessary for testing. The capacitor bank was tested using previously tested 

devices that were capable of operating at conditions near what was intended, but were 

disposable in the case of intermittent failure. One additional piece of equipment that 
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was necessary and is partially shown in Figure 4.6 was a shorting stick. The shorting 

stick is used to discharge the capacitor bank energy when testing is concluded.  

 

Figure 4.6. Completed Capacitor Bank 

The shorting stick consists of a long delrin rod which has a high power resistor 

connected at the end. This allows for a resistive load to discharge the bank. The 

selected resistor was ≈ 200 Ω which allows for a time constant that is not arbitrarily 

large. If the resistor value was too small, then oscillations could occur which have the 

potential of damaging the capacitors if the absolute maximum voltage is exceeded. 

Placing a direct short across the terminals of the capacitor bank would cause a rapid 

increase in current, possibly beyond the absolute maximum, and thus the lifetime of 

the capacitors would be greatly decreased.  

 The capacitors must be charged which is often done in one of two ways. 

Firstly, a power supply could be used but the power supply must be capable of 

providing the necessary voltage requirements. This is not difficult but the available 

power supplies which have the proper voltage rating have very low output currents 

which would take long periods of time to charge the bank to full energy. Secondly, a 

capacitor charger can be used which provides a larger amount of energy and therefore 

reduces charging time. For this application a previously designed capacitor charger [9] 

was used. This capacitor charger is capable of very high voltage output due to a step-

up transformer.  
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CHAPTER 5 

LOAD INDUCTOR DESIGN 

 To perform an inductive double pulse test, a load inductor is required. In this 

case a very specific value of inductance was needed to test the device in conditions 

similar as it will be operated. It is important to match the test conditions as close as 

possible to how the device will be operated so that measured parameters are relatable 

to the designer of the power electronic system. In order to closely relate the switching 

characteristics to the end application, it was easiest to fabricate a custom inductor. The 

end application for the MOSFET modules is a three phase motor driver and therefore 

the motor inductance was closely modeled by fabricating the custom inductor. The 

desired inductor value for the double pulse test was ≈ 250 µH.  

 An inductor can be fabricated in multiple ways but the easiest way for this 

application is to roll an air core inductor. A ferrite core could be used to fabricate an 

inductor but this requires a very specific ferrite core and can become a costly endeavor 

in finding the appropriate core. If a ferrite core was used, it would be crucial to find a 

core that would not saturate due to the large magnetic field that is generated with high 

currents. In addition to not having to find an appropriate core, the air core inductor 

also has some advantages. The air core inductor is not prone to saturation as this effect 

is due to alignment of dipoles in the core, therefore core losses do not have to be 

determined. However, the air core does have drawbacks, but for this application the 

advantages outweigh the disadvantages. The main drawbacks are a large inductor size, 

and higher series resistance. Without the ferrite core, which has high permeability, a 

larger number of turns will be required for a given inductance. Since a larger number 

of turns are required, the size will increase over that of the ferrite core inductor and 

thus the resistive losses will be higher. The resistive losses can be mitigated by placing 

a large number of conductors in parallel thus reducing the dc resistance of the coil. A 

large number of parallel conductors is achieved by using litz wire.  

5.1 Litz Wire 

 Litz wire is a type of wire that is typically used to roll inductors and 

transformers. This type of wire is used because it has a high number of individually 
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insulated strands which has multiple benefits for inductors and transformers. First, by 

placing a large number of strands in parallel, a lower resistance can be achieved. 

Second, by having conductors which are individually insulated, skin effect can be 

combated. The testing frequency of 30 kHz is not extremely high, but skin effect is 

still something that should be considered. Skin effect is the tendency of ac currents to 

flow towards the outer boundaries of the conductor. As frequency increases, the 

current crowds to the outer boundary of the wire. This cross sectional area where the 

bulk of the current density is crowded is called the skin depth. Skin effect is partially 

negated by having multiple insulated conductors. The conductors are very small and 

therefore the current density is more uniform throughout the conductor. This is true 

until the frequency becomes so large that the skin depth is smaller than the wire gauge. 

For this inductor, type II litz wire is used and is shown in Figure 5.1 [10]. It can be 

seen in Figure 5.1 [10] that the type II litz wire consists of larger bundles consisting of 

smaller bundles of lower gauge wire. Each conductor is insulated and effectively 

reduces the resistance by a factor of the number of individual strands. For example, if 

the dc resistance of a single strand is equal to 1 Ω, and the litz wire consists of 100 

individual strands, then the effective dc resistance is now 10 mΩ.  

  

Figure 5.1. Type II Litz Wire [10] 

The litz wire that was used for the inductor is 10-50/42. The ‘10’ refers to the number 

of larger bundles, the ‘50’ is the number of strands that makes up a single bundle, and 

‘42’ is the wire gauge. This means that one strand of litz wire consists of 500 42 gauge 

wires, and effectively reduces the dc resistance by a factor of 500. The litz wire is 

capable of much higher pulsed currents than dc current but this inductor was 

fabricated without having an upper bound and therefore it was oversized.  
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5.2 Air Core Inductor Calculation 

The following formula can be used to calculate the inductance of an air core 

inductor for the design.  

 𝐿𝐴𝑖𝑟 𝐶𝑜𝑟𝑒 =
𝑛2𝜇0𝑎𝑟𝑒𝑎

𝑙𝑒𝑛𝑔𝑡ℎ
 (5.1) 

where, n is the number of turns, µ0 is the permeability of free space, area is the cross 

sectional area of the air core, and length is the overall length of the coil. From this 

formula the calculated inductor value is 264.4 µH.  

5.3 Fabricated Inductor  

 The fabricated inductor is shown in Figure 5.2. As it was previously 

mentioned, the overall effective volume the inductor occupies was not a limiting 

factor. In addition to not having a limitation on size it was easiest to have a large 

diameter so that less turns would be required. The three individual litz wires were cut 

to length based on the calculation and then knotted on one end. After knotting the 

conductors they were rolled flat onto a spool so that rolling onto the PVC could be 

simplified and free of tangling issues. After rolling the inductor, epoxy was used to 

hold the conductors firmly in place.   

 

Figure 5.2. Fabricated Air Core Inductor  

After fabricating the inductor is was measured using a B&K Precision 889B LRC 

meter. The measured inductance at 10 kHz was 263.9 µH which included part of the 

twisted wire used for connecting the inductor. The minimum inductor value was 250 

µH therefore the requirement was met with this inductor.  

17.5” 

8” 



Texas Tech University, Mitchell D. Kelley, December 2014 

22 

5.4 Experimental Inductor Measurement 

In addition to measuring the inductor with the bench-top RLC meter, the 

inductor was experimentally verified but by using measurement results. Since the 

inductor is linearly charged, the voltage across the inductor can be used to estimate the 

inductance value. The formula for the voltage across the inductor is shown below.  

 𝑣 = 𝐿
𝑑𝑖

𝑑𝑡
 (5.2) 

where v is the voltage across the inductor, L is the inductor value, and di/dt is the 

current rate of change over time. From experimental results, the only unknown is the 

inductance value. In Figure 5.3, a measured waveform is shown where the current is 

linearly ramped and the inductance can then be estimated.  

 

Figure 5.3. Experimental Inductor Measurement 

Using the numbers from Figure 5.3, the inductor value can be estimated in the 

following calculation: 

𝐿 = 869𝑉 [
70.4 𝜇𝑠 − 53.9 𝑛𝑠

220.17 𝐴 − 0.05 𝐴
] = 277.7 𝜇𝐻 

The experimental result is within 6% of the measured value. The experimental value is 

larger than the calculated value due to addition of stray inductance of the module 

busbar. In Figure 5.3, the experimental results include the additional inductance added 

by the module busbar which is not reflected in Equation 5.1.  
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CHAPTER 6 

SWITCHING PARAMETERS DEFINED 

After discussing the design of the test bed that will be used to conduct the 

double pulse testing, it is necessary to define which parameters can be determined 

from the double pulse test.   

6.1 Switching Energy 

 Switching energy can be defined as the energy that is lost during the switching 

cycle of a device. This occurs at both turn-on and turn-off of the MOSFET. Due to the 

switching nature of the device, the current and voltage are high during this transition 

period, thus power is also high since power is directly proportional to both the voltage 

and current. MOSFET power can be computed by the following formula: 

 𝑃𝐷𝑈𝑇 =  𝑉𝐷𝑆𝐼𝐷𝑆 (6.1) 

where PDUT is the DUT power, VDS is the drain-to-source voltage, and IDS is the drain-

to-source current. A typical turn-on transition is shown in Figure 6.1, where it is 

shown that the device current rises to the current amplitude before the device voltage 

begins to quickly drop to the MOSFET’s on-state voltage. In Figure 6.1, the arrows 

indicate the appropriate axis, and the units are presented in the legend.  

 

Figure 6.1. Typical Turn-On Switching Transition 
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Now that the DUT power has been defined, the switching energy computation can be 

developed. Shown in Figure 6.2 is the resulting power waveforms for device turn-on 

and turn-off. The simpliest definition of switching energy is the area under the 

resultsing power waveform during the switching transistion.  

 

Figure 6.2. Switching Energy Measurement  

In Figure 6.2 the area under the curve is shown for both turn-on energy, EON, and turn-

off energy, EOFF. The time boundaries are also shown which represent the boundaries 

that will be used for integration of the resulting waveform. Integration will give the 

resulting area that falls under the curve and can be defined by the following formulas:  

 
𝐸𝑂𝑁 =  ∫ 𝑃 𝑑𝑡

𝑡2

𝑡1

 (6.2) 

 
𝐸𝑂𝐹𝐹 =  ∫ 𝑃 𝑑𝑡

𝑡4

𝑡3

 (6.3) 

where EON is the turn-on switching energy and EOFF is the turn-off switching energy. 

The corresponding integration boundaries, t1 –t4, are shown in Figure 6.2.  

6.2 Reverse Recovery  

Reverse recovery occurs when quickly reverse biasing a diode which is 

conducting forward current. This occurs due to stored minority carriers in p-n 
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junctions [11]. The p-n junction develops a depletion region which is sufficiently large 

to begin blocking voltage, but this cannot occur until the stored charge is extracted. In 

order to quantify the three main parameters of reverse recovery, Figure 6.3 is shown. 

The parameters are reverse recovery time, trr, reverse recovery peak current, IPeak, and 

reverse recovery charge, Qrr. 

 

Figure 6.3. Reverse Recovery Measurement 

Two of the three reverse recovery parameters can be directly measured using the 

above waveform. Since the DUT current is measured, the peak reverse recovery 

current and the reverse recovery time are directly measured. However, the reverse 

recovery charge is defined as the area under the current curve and must be integrated 

to be determined. The following formula is used to obtain the reverse recovery charge:  

 
𝑄𝑟𝑟 = ∫ 𝐼 𝑑𝑡

𝑡2

𝑡1

, (6.4) 

where, Qrr is the reverse recovery charge, t1 is the time at which the measured current 

falls below zero, and t2 is the time at which the current value returns to zero. Therefore 

two mathematical expressions can be developed from Figure 6.3 to determine the 

reverse recovery time. 

 𝑡𝑟𝑟 = 𝑡2 − 𝑡1 = 𝑡𝑎 + 𝑡𝑏 ,  
(6.5) 
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where ta is the time from t1 to IPeak, and tb is the time from IPeak to t2. Ta is defined as 

the time it takes for minority carriers in the depletion region to be extracted, and tb is 

the time required to extract the charge stored in the bulk.  

6.3 Voltage Overshoot  

Voltage overshoot is an important parameter that is measured directly across 

the DUT. This parameter is important to understand so that a device can be properly 

de-rated. It is good design practice to operate the device much below the absolute 

maximum voltage rating as to not damage the device if overshooting is to occur. In 

this case the device overshoot can be contributed to the high di/dt of the device turning 

off which results in a voltage surge due to stray inductance of the module as well as 

any stray inductance that is present in the system. The di/dt can exceed 5 kA/µs and 

thus nH values of inductance can even cause potential issues. Figure 6.4 shows how 

the overshoot voltage is determined from the DUT measurement, and is labeled ΔV. 

The overshoot voltage can be defined as the peak DUT voltage minus the steady state 

bus voltage.  

 
Figure 6.4. Voltage Overshoot Measurement 

6.4 Turn-On Switching Times 

 Traditional turn-on switching times would be measured in a resistive switching 

test setup. However, since the load is modeled as being very close to the end 
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application, the switching times are measured from the results obtained with the 

inductive double pulse test. Two quantifiable parameters are defined for turn-on 

switching times, the rise time, and the turn-on delay time. The drain-to-source current 

is used to measure the rise time and it is measured from 10% to 90% of the steady 

state drain-to-source amplitude. An example waveform is shown in Figure 6.5, where 

the 10% and 90% amplitude is defined, as well as the rise time denoted by Δt. Since 

some ringing occurs due to the parasitic inductance it is difficult to observe the steady 

state current amplitude which is linearly interpreted from waveform and is not shown 

in Figure 6.5.  

 

Figure 6.5. Rise Time Measurement 

Now that rise time has been defined, the turn-on delay must be defined. Turn-on delay 

is measured as the time delay between 10% of the gate-to-source voltage amplitude to 

10% of the drain-to-source current amplitude. The summation of the rise time and 

turn-on delay time gives the total switching time. The total switching time is important 

for developing a correlation between when the device is intended to be ‘ON’ and when 

the device is actually turned ‘ON’. An example waveform for defining turn-on delay is 

shown in Figure 6.6, where the gate-to-source voltage is shown and the drain-to-

source current. The miller plateau for the gate-to-source voltage is shown clearly in 

Figure 6.6, but the amplitude of the gate-to-source voltage is not shown but is 20 V. 

This is due to the fact that only a small portion, 400 ns, is shown. The switching times 
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are quite fast for the module and therefore only a small window can be used to clearly 

define this parameter. The small arrows point to the corresponding axis for each signal 

and Δt represents the measured turn-on delay.   

 

Figure 6.6. Turn-On Delay Measurement 

6.5 Turn-Off Switching Time 

 The turn-off switching times are measured in a similar manner to that of the 

turn-on switching times, but are measured at the turn-off of the device. Again, the 

current is used to measure the fall time of the device and is measured from 90% of the 

current amplitude to 10% of the current amplitude. An example waveform is shown in 

Figure 6.7, where the 10% and 90% amplitude is defined, as well as the fall time, 

which is denoted by Δt. It should be noted that the steady state value for the current is 

in fact 0 A, but some ringing occurs at turn-off and therefore in Figure 6.7 it does not 

appear that the current is returning to zero. The ringing which occurs is due in part to 

stray inductance of the system and device.  

The second parameter for turn-off switching time is the turn-off delay. This 

delay is measured from 90% of the gate-to-source voltage amplitude to 90% of the 

drain-to-source current amplitude. An example waveform is shown in Figure 6.8, 

where the turn-off delay is denoted by Δt and the arrows point towards the 

corresponding axis. The turn-off delay is typically larger than the turn-on delay and 
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therefore consideration must be made when determining the system dead-time. Dead-

time is implemented in the half-bridge module to prevent device shoot-through which 

is a condition that should be avoided. Device shoot-through occurs when both high-

side and low-side devices are simultaneously in the ‘ON’ state. When this occurs the 

effective resistance to ground is the summation of the high-side and low-side on-state 

resistances.  

 
Figure 6.7. Fall Time Measurement 

 

Figure 6.8. Turn-Off Delay Measurement   
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CHAPTER 7  

DEVICE FAILURES  

Prior to discussing the measurement results, it is beneficial to briefly discuss 

the failures which were encountered during module evaluation.  

7.1 Module #3 Failure 

Upon first receiving module #3 an initial characterization of the breakdown voltage 

was performed. A current compliance of 500 µA was used and the maximum drain-to-

source voltage was set to 1.5 kV. This test resulted in no signs of avalanche 

breakdown and therefore the maximum drain-to-source voltage was increased to 2 kV. 

At 1.75 kV the device showed signs of snap-back breakdown, which is shown in 

Figure 7.1.  

 

Figure 7.1. Module #3 Breakdown Measurement  

The device’s forward characteristics were then measured to determine if the device 

was still functional. Measurement results suggested that the device was in fact 

damaged. It was later determined that the external connections to the device were not 

proper but the bond wires had already been damaged due to removing the package lid 

to determine if any observable damage was present with-in the device package. The 

low-side device had no broken bond wires instead a terminal that was disconnected. 

The terminal was later replaced and the low-side device was re-measured and showed 

to be operating properly, however the device could not be inductively switched due to 

the damage which had occurred on the high-side bonding wires.  
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7.2 Module #4 Failure 

 The dc characteristics were initially measured for module #4 which showed 

promising results. The device seemed to perform on par with measurement data that 

was provided by the manufacturer datasheet. Upon completing dc characterization, the 

module was placed in the designed test bed, but the load used was a resistor instead of 

the designed load inductor. A single resistive switching pulse is used to verify the 

setup before placing the device in the inductive switching test setup. The high-side 

device was initially switched, where it is speculated that the high-side gate 

experienced punch-threw of the gate oxide. From the measurement results this appears 

to have been the initial failure and after removing the device a very low ≈200 Ω was 

measured between the gate and source terminals of the device. Since the gate consists 

of a thin oxide layer, the measured impedance between gate and source should reflect 

a value approaching ∞, or an open circuit.  

After the initial failure, the device was re-characterized to determine if damage 

had occurred on the low-side device. The low-side device showed no signs of 

degradation but the high side gate could not be pulled below 0 V; however the high-

side device did show signs of severely degraded forward conduction. For this reason, 

the gate and source of the high-side device was then isolated from the gate driver 

circuitry and a direct short was placed between the gate and source. It was anticipated 

that the overall module performance would show signs of instability due to a lack of 

control on the high-side gate. Before testing the low-side device, the gate driver 

operation was verified to be operating normally and therefore testing began on the 

low-side device. The low-side device was first tested at 100 V bus voltage and then 

incremented in steps of 100 V. At 400 V bus voltage, the device experienced 

catastrophic failure. The waveform of this failure is shown in Figure 7.2, where the 

channel 1 (top) is the gate-to-source voltage; the channel 2 (second from top) is the 

DUT voltage measured from drain-to-source; and channel 3 (bottom) is the high-side 

drain current. An image of the failed device is not shown to conceal the manufacturer 

identity. The most notable measurement in Figure 7.2 is the measured DUT current. It 

can be observed that the device has fully turned ‘ON’ before failure, at which point the 

failure appears to be a short circuit. The failure appears to be a short circuit due to the 
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rapid change in current, which quickly approaches ∞. It was already known that little 

to no control existed for the high-side device which turned ‘ON’ at some point and 

therefore catastrophic failure occurred. Upon observing the device after failure it 

appeared that the current crowding occurred since only partial failure occurred on the 

high-side and low-side. The high-side and low-side consist of multiple parallel 

connected MOSFETs and therefore partial failure refers to the fact that not all 

MOSFETs had catastrophically failed.  

 

Figure 7.2. Module #4 Failure 

7.3 Module #5 Failure 

 Module #5, like module #4, also experienced premature failure which occurred 

during resistive switching. The dc characterization was first performed on the module 

then the high-side device was resistively switched. It was believed that unintended 

ringing was occurring on the gate voltage from previous measurements made on 

module #4 and therefore the gate resistor was increased for testing of module #5. 

Initially the high-side device was tested with a gate resistor of 12Ω. The high-side was 

successfully tested to a bus voltage of 875 V. After testing the high-side, testing was 

initiated on the low-side device where the ringing appeared to be more excessive than 

that measured on the high-side device. Upon further observation of module #4 the 

low-side gate was found to be located a long distance from the gate driver and 

therefore it was concluded this was the driving mechanism for this response. 
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Therefore, the gate resistance for testing the low-side was increased to 15Ω. The 

resulting failure is shown in Figure 7.3, where channel 1 (top) is the gate-to-source 

voltage; channel 2 (second from top) is the DUT voltage measured from drain-to-

source; channel 3 (third from top) is the low-side source current; and the channel 4 

(bottom) is the high-side drain current. It is observed that the device fails at turn-off. 

Module #5 failed at a bus voltage of 800V, and therefore the failure was more 

catastrophic than that of module #4 due to a larger amount of available energy that 

was stored in the capacitor bank.  

 

Figure 7.3. Module #5 Failure 

The device appears to have turned off for a brief period of time and then control of the 

low-side device is lost. The actual failure mechanism was not fully developed, but 

from the waveform it appears that electromagnetic interference (EMI) could be the 

cause of failure. It should be noted that unlike module #4, where only partial failure 

occurred, all MOSFET devices on both high-side and low-side had been destroyed.    

Both of the available modules from manufacturer Y failed. The package used 

for these modules is the same package that is traditionally used for Si IGBT modules. 

Si IGBT devices operate at much lower frequencies and thus have much slower 

transition times. Slower transition times result in less EMI generation and therefore it 

does not seem that using this package is a valid solution for SiC MOSFETs due to the 

difference in operation between MOSFETs and IGBTs.    
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CHAPTER 8 

MEASUREMENT RESULTS 

 The measurement results for dc characterization are shown vs. temperature and 

gate voltage when applicable. The measurement results from the switching 

characterization will be shown vs. external gate resistance and temperature; however 

the measurement results for switching parameters vs. drain-to-source current will be 

shown in Appendix A. These results will be shown in the appendix as the trends are 

shown to be linear due to the varying drain-to-source current. The results shown vs. 

gate resistance are much more useful as a trade-off can be made between the device 

efficiency and the consequences of driving the gate harder. 

8.1 Threshold Voltage 

 The means of obtaining the threshold voltage was outlined in Chapter 2. The 

threshold voltage is measured to determine the gate-to-source voltage required to turn-

on the device. The high-side and low-side threshold voltages are measured vs. 

temperature to determine how the device temperature will influence the threshold 

voltage. The results for modules #1 and #2 are shown in Figure 7.1.  

 
Figure 8.1. Measured Threshold Voltage 
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In Figure 8.1, it is shown that for a given module the correlation between the high-side 

and low-side devices is very good; however, a non-negligible difference is measured 

when comparing the two modules. Module #1 is shown to have a higher threshold 

voltage which increases the noise immunity for this device. The noise immunity is the 

ability of the device to reject unintended gate signals.  

8.2 Output Characteristics  

 The output characteristics of the modules are measured to establish a 

relationship between the device’s forward voltage drop, drain-to-source voltage, and 

drain-to-source current. The MOSFET is desired to act as a switch; therefore the 

desired operating region is the linear, or ohmic, region. In this region the device’s on-

state resistance is lowest. Once the device reaches the saturation region, the channel 

has become fully modulated and the drain-to-source current is saturated. This means 

that the voltage across the device will continue to increase but the current remains 

relatively constant depending on the device. The output characteristics for module #1 

and #2 are shown in Figure 8.2 and Figure 8.3 respectively. It is shown in Figure 8.2, 

and Figure 8.3, that neither of the devices has become saturated and that the results are 

very similar when driven with 20 V gate-to-source.    

 
Figure 8.2. Module #1 Output Characteristics with 20 V Gate-to-Source 
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Figure 8.3. Module #2 Output Characteristics with 20 V Gate-to-Source 

8.3 On-State Resistance  

 The on-state resistance of a MOSFET can be determined by use of the device’s 

output characteristics, which is shown in Figure 8.2 and Figure 8.3. Since the power 

MOSFET is used primarily as an electrically controlled switch, the on-state resistance 

is important for determining on-state losses. A lower on-state resistance results 

directly in a higher module efficiency. The measured on-state resistance vs. 

temperature for module #1 and #2 is shown in Figure 8.4 and measured at a drain-to-

source current of 200 A. In Figure 8.4, a line is drawn to establish a boundary between 

the two different gate-to-source voltages. An increase in gate voltage will result in a 

decrease in the on-state resistance due to channel modulation of the device. Ideally, 

the MOSFET’s gate-to-source voltage will be driven to the absolute maximum to 

effectively reduce the devices on-state resistance to a minimum. For both modules #1 

and #2 the absolute maximum gate-to-source voltage is 20 V. It is crucial to not 

overdrive the gate as this could result in punch-through of the gate oxide. Punch-

through occurs when the electrical field between gate and source exceeds the oxide’s 

dielectric strength and punches through the oxide forming a channel between gate and 

source.  
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Figure 8.4. On-State Resistance Measured at 200 A 

It is shown in Figure 8.4 that the on-state resistance of the device will increase with 

increasing temperature. This phenomenon results due to a variation in mobility with 

temperature.  

8.4 Body Diode Output Characteristics 

 The device structure of a MOSFET includes an integrated p-n junction which 

forms a diode. This diode is typically known as the body diode but has operating 

characteristics unlike that of the MOSFET. The body diode is not idealized for 

efficient operation as the MOSFET is designed to be efficient; but in some cases the 

body diode is used as a freewheeling diode in a clamped inductive test. In the end 

application, the body diode will be used for this purpose and is measured to determine 

the operating characteristics. The output characteristics for the body diode are shown 

in Figure 8.5 and Figure 8.6 for modules #1 and #2 respectively. Figure 8.5 and Figure 

8.6 show the output characteristics at 25°C for various gate voltages that could 

potentially be used. It is interesting to note that the more negative the gate is biased, 

with respect to gate-to-source, the higher the voltage drop across the device will be.   
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Figure 8.5. Module #1 Body Diode Characteristics at 25°C 

 
Figure 8.6. Module #2 Body Diode Characteristics at 25°C 

In addition to measuring the body diode characteristics at 25°C, the characteristics 

were also measured at 125°C to determine how the operation changes at higher 

operating temperatures. The results measured at 125°C, for the same gate biases used 

at 25°C, are shown in Figure 8.7 for module #1 and Figure 8.8 for module #2.  
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Figure 8.7. Module #1 Body Diode Characteristics at 125°C 

 
Figure 8.8. Module #2 Body Diode Characteristics at 125°C 

The correlation between the high-side and low-side of module #1 is shown to be more 

consistent at 25°C than at 125°C. It is important to note that the forward voltage drop 

across the body diode for module #1 and module #2 is reduced at 125°C from what is 

measured at 25°C. 
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8.5 Turn-On Energy (EON) 

Turn on energy was previously defined in Chapter 6 as being the energy that is 

dissipated due to the switching of the device. It is desired to reduce the switching loss 

as much as possible, but this parameter is heavily dependent upon how quickly the 

device turns ‘ON’. The main dependence upon how quickly the device will turn on is 

how much current is available for charging the gate capacitance and what the gate 

capacitance value is; therefore reducing the gate resistance value will result in a higher 

gate charging current thus reducing the switching energy. The turn on switching 

energy vs. the external gate resistance value is shown in Figure 8.9. Multiple curves 

are shown for module #1 and module #2 which represent different device 

temperatures.  

 
Figure 8.9. Turn-ON Energy vs. External Gate Resistance 

It is shown in Figure 8.9 that the lower the gate resistance value, the lower the turn-on 

switching energy will be. In all cases module #1 resulted in higher switching loss than 

module #2 which can be contributed to a reduced switching time of module #2. 

Module #1 is shown for five gate resistor values while module #1 is only shown for 

three due to ringing measured on the gate. Excessive gate ringing could potentially 

damage the gate oxide and therefore the gate resistance was not reduced beyond 3 Ω.  
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8.6 Turn-Off Switching Energy (EOFF)  

 The switching loss at turn-off must also be measured to determine the 

switching loss during this transition. The switching loss at turn-off is lower than that 

measured at turn-on due to the reverse recovery of the freewheeling body diode being 

included in the turn-on loss. The results for turn-off switching loss vs. external gate 

resistance value are shown in Figure 8.10. Contrary to turn-on switching loss, the 

external gate resistance value can be reduced to a low enough value that the switching 

loss of module #1 is reduced beyond that of module #2, however this only occurs once 

the external gate resistor is set to 1 Ω. A trade-off is needed due to the fact that 

reducing the gate resistance, effectively driving the gate harder, will affect other 

parameters and not just the switching loss.  

 
Figure 8.10. Turn-OFF Energy vs. External Gate Resistance 

8.7 Reverse Recovery (Qrr, trr, IPeak) 

The parameters which quantify reverse recovery were defined in Chapter 6. 

The reverse recovery is important to understand as it is another form of loss. In Figure 

8.11, the reverse recovery charge for module #1 and #2 is shown with respect to 

external gate resistance and at various temperatures. In Figure 8.11 it is shown that the 

reverse recovery charge for module #1 increases with decreasing gate resistance and 
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for module #2 the reverse recovery charge is shown to be fairly consistent for the three 

gate resistors that were used. It is also shown that an increase in temperature reflects a 

larger reverse recovery charge for both modules.  

 
Figure 8.11. Reverse Recovery Charge vs. External Gate Resistance  

The peak reverse recovery current is shown in Figure 8.12 for module #1 and #2. 

 
Figure 8.12. Peak Reverse Recovery Current vs. External Gate Resistance 
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Much like the reverse recovery charge, the peak reverse recovery current also 

increases with an increase in device temperature. This trend is expected for both 

modules due to the fact that the reverse recovery charge is shown to increase as device 

temperature increases. However, as shown in Figure 8.13, the reverse recovery time is 

shown to decrease as gate resistance is decreased, but increases with device 

temperature.  

 
Figure 8.13. Reverse Recovery Time vs. External Gate Resistance 

As switching energy decreases with decreasing external gate resistance, the reverse 

recovery charge increases. Therefore, a trade-off must be made after a summation of 

the total device loss is calculated to determine the optimum external gate resistor.  

8.8 Turn-On Switching Times 

The device turn-on times were previously defined in Chapter 6. The switching 

energy has already been shown to decrease with decreasing external gate resistance 

and therefore the same trend is expected when measuring the switching times. This 

conclusion is drawn because switching time can drastically impact the switching loss. 

The rise time is shown for module #1 and #2 in Figure 8.14. It was previously 

mentioned that the switching times of module #2 were faster than that of module #1 

and this statement is solidified in Figure 8.14.  
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Figure 8.14. Rise Time vs. External Gate Resistance 

In Figure 8.14, it can also be noted that as device temperature increases, the rise time 

is shown to decrease. This is also shown to be true for the turn-on delay which is 

shown in Figure 8.15. The turn-on delay, much like the rise time, also decrease with 

decreasing external gate resistance but should not impact the switching loss.   

 
Figure 8.15. Turn-on Delay vs. External Gate Resistance 
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8.9 Turn-Off Switching Times 

 The turn-off switching times were defined in Chapter 6. In Figure 8.16, it is 

shown that the fall time of the module #2 is not as consistent as that of module #1, 

however the switching energy measured at turn-off remains consistent.  

 
Figure 8.16. Fall Time vs. External Gate Resistance 

 
Figure 8.17. Turn-OFF Delay vs. External Gate Resistance 
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Unlike the measured fall-times, the turn-off delay is shown to be much faster for 

module #2 than module #1. This is especially beneficial for reducing the dead-time 

that would be required to prevent shoot-through. The dead-time would be limited by 

the turn-off times since effective total switching time at turn-off is significantly larger 

than at turn-on. Contrary to the results shown for turn-on times, the fall time between 

the modules shows less change than measured for turn-on.   

8.10 Voltage Overshoot  

 The measurement of the voltage overshoot was defined in Chapter 6. The 

results for the measured voltage overshoot are shown in Figure 8.18 where it can be 

seen that a reduction in the external gate resistance results in a larger voltage 

overshoot. By reducing the gate resistor it was shown that the switching times 

decrease and since the device current is constant, a reduced switching time will 

generate a larger di/dt. The voltage overshoot is driven by the di/dt due to stray 

inductance of the package and module busbar. It is shown in Figure 8.18 that the 

voltage overshoot is shown to decrease with an increasing temperature, which is due 

to a rise in fall time with increased temperature. As device temperature is increased the 

di/dt is shown to reduce and therefore a lower voltage overshoot is measured.   

 
Figure 8.18. Overshoot Voltage vs. External Gate Resistance  



Texas Tech University, Mitchell D. Kelley, December 2014 

47 

CHAPTER 9 

CONCLUSION 

 The dc characterization and switching characterization of three SiC half-bridge 

modules has been presented. The dc characterization was performed on two curve 

tracers and a test bed was designed and developed for obtaining the switching 

parameters for each of the modules. Modules #4 and #5 intermittently failed and 

therefore little data was obtained from these modules which were both manufactured 

by company Y. 

 Results from dc characterization showed that modules #1 and #2 have very 

similar on-state resistances, but differ significantly for measured threshold voltages 

and body diode characteristics. The results were presented at different gate-to-source 

voltages for the on-state resistance, and body diode output characteristics. The output 

characteristic of the MOSFETs was presented only with 20 V gate-to-source, but the 

results measured can be inferred for a drain-to-source current of 200 A by use of the 

on-state resistance that were shown. From data presented on modules #1 and #2, for 

the dc characteristics, it is concluded that module #2 would be the optimal module to 

select for the end application. The on-state resistances are similar but the 

characteristics of the body diode are superior for module #2 and therefore this module 

is more efficient overall.   

 A rigorous switching test on the low-side of modules #1 and #2 was 

completed and data was obtained for multiple external gate resistor values, 

temperatures, and drain-to-source currents. It has been shown that module #2 produces 

superior results to that of module #1 in terms of efficiency due to the faster switching 

times which were measured. Faster switching times results in less switching loss and 

therefore this module is superior for the same external gate resistor. However, the 

faster switching times of module #2 increases the overshoot voltage, and peak reverse 

recovery current and a trade-off must be made if the system is sensitive to these 

conditions. The peak reverse recovery is added to the turn-on current and therefore 

very high currents are present for a very short period; the half-bridge module is 

capable of such operation but it is critical that other devices in the system are as well.   
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Module #1 can be driven harder than module #2 by reducing the external gate 

resistance to a value that is lower than module #2 can achieve due to excessive gate 

ringing. Again, a trade-off is required because driving the module #1 harder results in 

only a small change in switching energy, but a large change in voltage overshoot, 

reverse recovery charge, and peak reverse recovery current.  

Ultimately, it is up to the designer to determine the trade-offs for a given 

application. Device data has been measured in a system closely resembling that of the 

end application and data has been presented for multiple operating conditions. An 

understanding of how the modules operate under these conditions has been developed 

and the realization of a more complex system is more feasible with accurate module 

data.  
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APPENDIX A 

 

 
Figure A1.1. Turn-ON Energy vs. Drain-to-Source Current 

 
Figure A1.2. Turn-OFF Energy vs. Drain-to-Source Current 
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Figure A1.3. Reverse Recovery Charge vs. Drain-to-Source Current 

 

 
Figure A1.4. Peak Reverse Recovery Current vs. Drain-to-Source Current 

  



Texas Tech University, Mitchell D. Kelley, December 2014 

52 

 

 
Figure A1.5. Reverse Recovery Time vs. Drain-to-Source Current 

 

 
Figure A1.6. Overshoot Voltage vs. Drain-to-Source Current 

 

 


