











As can be seen in the above figure, the devices exhibit a noticeable variability in
performance. This variability will be even wider at higher current and temperature operation.

Temperature Measurement:

These devices will be operated at a very high power density. The power losses will force the
devices to operate at higher temperatures. SiC devices can operate at temperatures up to 600°C,
but the existing packaging techniques at the required operating voltages will limit the
temperature to 125°C. The device on-state performance will vary with temperature, so it must be
characterized at several different temperature points.

A high temperature probe station from Signatone is used for this measurement, shown in Fig.

4.11.

Fig. 4.11. Signatone high temperature probe station.

The probe station has a high temperature chuck that is rated for 500°C operation. The
temperature is varied using a sensitive high resolution PID controller. The controller monitors
the temperature using two T-type thermocouples connected to the chuck.

Due to the thermal mass of the DUT and the substrate, the setup is soaked to reach the
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desired temperature. The temperature is monitored through a T-type thermocouple that is
attached to the substrate connected to the backside of the DUT, and an inferred thermal meter.
The above results show that the GTO has a negative temperature coefficient on-state

resistance. This means that at a given voltage, the higher the current the higher the temperature

8 kV SGTO |-V over Temperature(Backside Attach)
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Fig. 4.12. Temperature effect on on-state performance.

rise. At high temperature this translates into lower on-state resistance leading to higher currents
again. This is a positive feedback loop that can lead to thermal runaway [39]. This is especially
dangerous when paralleling devices, which is necessary given the die size of the available
devices. When paralleling devices, any small on-state resistance variation will lead the device
with lowest on-state resistance to carry most of the current. This will cause that device to go into
thermal runaway, and eventually fail. Then this will happen again to the next best device in a
domino effect. Several solutions have been proposed to counter this problem [39], but as the

technology matures and device size grows then there will be no need to parallel devices.
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Switching Measurements:

Fig. 4.13 shows the schematic for the switching measurement test setup.
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Fig. 4.13. Switching measurement test setup.

When measuring switching performance at very high speeds, it is important to reduce
parasitics as much as possible. The goal of this circuit is to measure switching time at rated
current and the gate drive performance.

In the above circuit the DC power supply charges the capacitor to 50 V before testing is
initiated. The capacitor is charged very fast due to the 7 A capability of the supply, and no
current limit. The capacitor value was chosen according to equation 3.3. It will store enough
charge to supply 50 A for several cycles of testing.

A 1 Q ceramic resistor is used as a load and as a current sensor. Ceramic resistors have very
low parasitic inductance, and this will reduce any switching delays and voltage spikes. The 1 Q

value was chosen to get 1:1 current to voltage ratio as a current sensor.
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Fig. 4.14 shows the turn-on performance of the GTO.
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Fig. 4.14 Turn-on waveforms.

In the figure above channel 3 (CH3) is the voltage across the device, and channel 4 (CH4) is

the voltage across the 1 Q resistor, which has the same magnitude as the current through the

DUT.

It can be noticed from the above figure that the turn-on time is about 7 ps. This is a speed of

6 A/us. For current controlled devices, this is a function of the gate current di/dt. For GTO

applications, anything faster will lead to very high voltage spikes that will prevent the device

from soft switching turn on-applications.

Fig. 4.15 shows the turn-off waveforms.
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Fig. 4.15 Turn-off waveforms.
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For turn-off, the gate driver has no limiting resistor to control the gate current or the gate
current di/dt. The only thing that control the turn-off in this case is the device. For a GTO to turn
off, the stored charge in the device must be discharge out of the gate contact. The speed of this
discharge will determine the turn off speed. For maximum turn off, this will require a very low
discharge impedance path from the gate. This leads to maximum turn-off speed of about 700 ns,
but also results in very high voltage spike of 258 V for a 50 V system. The di/dt is 60 A/us. De-
embedding the path inductance for the voltage spike give an inductance of approximately 3.5
pH.

The voltage spike can be reduced by controlling the di/dt at turn-off. However, the
application intended for these devices required maximum turn-off speed under fault conditions.

Under normal operation the device will turn off by natural commutation.
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CHAPTER 5

MODEL VALIDATION

5.1.Model Fitting and Results

The developed model has been successfully tested for electrical behavior (feature validation)
and a SiC GTO was successfully characterized. It is important to validate the accuracy of the
model. This is done by comparing simulated with measured results (accuracy validation).

Fitting parameters are used to fit the model to a specific device’s performance. Fitting
parameters are related to physical properties of the devices, such a doping, geometry and
material properties. A list of model parameters and their default values is shown in Table 5.1
below.

Since this is a physics-based model, model parameters are related to the physical operation of
the device. This means that specific electrical behavior is not controlled by only one parameter.
For example the on state voltage drop is a function of Qg, fv, Op, but QOp, also effect the
blocking voltage. An individual parameter will usually affect several different device output
waveforms, producing a coupling effect of parameters.

To make the model more useful and attractive to the end user, a parameter extraction guide
that relates model parameters to device performance is developed. A sensitivity-based
inspection regarding the effect of parameter changes on performance (output waveforms) is

employed.
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Table 5.1 Default Model Parameter Values.

Model Parameter Parameter Description Default
Value
Ocp Thermal equilibrium hole charge in gate region 3x10°°
Oc Thermal equilibrium electron charge in gate region 5x107
Osn Thermal equilibrium electron charge in base region 3.5x107"
Os Thermal equilibrium hole charge in base region 1.2x107
T20 Equilibrium electron transient time from node 3 to 4 40u
T30 Equilibrium electron transient time from node 5 to 6 Su
Ry Base region short 10
fv Gate to base volume ratio 0.08
VizBko Breakdown voltage of J2 junction 100
Visko Breakdown voltage of J3 junction 8k
Ji2e Gate side depletion region factor 2
1 Base lifetime 18u
e Gate lifetime Su
My ow Mobility ratio in low doped region 2
MF high Mobility ratio in heavy doped region 3.5

Certify [41], a model optimization and analysis tool developed by the MSCAD group at the
University of Arkansas, is used to aid the development of the parameter extraction guide. The

goal of the parameter extraction guide is to identify to the user what parameters to optimize and

used to fit an output waveform. This simplifies the fitting process to the user.

Certify requires the model, the measured device data to be fit, and the simulation circuit
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netlist. It can then be used to analyze the sensitivity of the output waveform to a specific
parameter, or to optimize parameters to the waveforms. This gives the user the ability to analyze
the parameters without working knowledge of the model’s internal physical equations.

The sensitivity analysis shows that output performance is typically dominated by a small
subset of parameters. These are summarized in Table 5.2 below.

Table 5.2. Summary of Model Parameter Output Effects.

Output Effect Controlling Model Parameters
On-State Voltage Drop O, fv, Osa
On-State Resistance O3,06r Th20 Tuso
Blocking Voltage O6p Opnw Tnzo, Tuso, w8, Vj3BK, fj2,
Turn-On Time murlow, murhigh, tp, 16, O,
Turn-Off Time Oz O8,9cp, Th20 T8

On-Stave IV curve:

The two critical regions in the "On State IV curve" are: the on region, and the off-state to on-
state transition region. The on region is fit by fitting the on state resistance using Oz, Qgp and
T,30. The on state voltage drop is controlled with Qg and fv. The curvature of the transition
region is controlled by T7,2.

Blocking Curve:

The forward blocking voltage maybe fitted using several of the model parameters. For
simplicity, and to reserve some of the parameter for other fitting curves Vj3BK and fj2, are used.

Switching Measurements:

The turn on and turn off curves are controlled by many of the same parameters. For turn on

murlow, murhigh and 7 are used. For turn off Op, and 75 are used.
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Below in Fig. 5.1 is the forward blocking fit.
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Fig. 5.1. Forward blocking waveforms of model and measured data.

It can be concluded from the above figure that the model fits the measured device’s blocking

performance very well.
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Fig. 5.2.shows the model’s forward on-state conduction I-V characteristic fitted to the I-V

characteristic obtained using the experimental setup.
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Fig. 5.2. Forward on-state curves of measured results and model. (a) Log Scale (b) Linear
Scale.
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Again, from the above figure, it can easily be concluded that the model accurately matches

the measured device’s performance.

Fig. 5.3. below shows the model's temperature prediction.
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Fig. 5.3.Model and device performance over temperature.

In the figure above, on state waveforms for a device from room temperature up to 150 °C in
25 °C increments is shown. The wave form on the far right is room temperature, and the

waveform to the far left is 150° C. Again the model shows high fidelity in producing accurate

output waveforms.
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Figs. 5.4 and 5.5 shows the transient fits.
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Fig. 5.4.Turn-on performance of device and model.
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Fig. 5.5. Turn-off waveforms.
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In Figs. 5.4 and 5.5 it can be noticed that the time and transient mechanism for the current
and voltage to reach steady state accurately reflects that of the device. Again the model
accurately reflects the measured device’s performance.

Table 5.3 is a summary of the model's performance when compared with measured data.

Table 5.3.Summary of Model's Performance.

Parameter Measured | Simulated
Blocking Voltage (kV) 7.25 7.25
On-Resistance (m{Q) 13 13
Turn-Off Time (us) 1 1
Turn-On Time (pus) 7 7

Even though no circuit data is currently available, it is still of value to show the model's
performance in an application. Fig. 5.6 below shows the schematic of a full bridge rectifier that

was simulated using the developed model.
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I

Fig. 5.6. Simulated full bridge rectifier circuit.

Fig. 5.7. Shows the output current waveforms of the full bridge, and a half bridge rectifier.
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Fig. 5.7. Output current of simulated half bridge and full bridge rectifier.

The model accurately describes the performance of both the full bridge and half bridge

rectifying circuits.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1 Conclusions

A SiC p-type GTO model has been developed and implemented in the Saber circuit
simulator. The model accurately describes GTO physical behavior, including temperature
effects. This is the first physics based SiC GTO model. This model will help deploy cutting edge
future smart power electronics systems in a wide variety of applications, including extreme
environments, transportation, and the electrical grid.

For this research project to be complete, the model had to be compared to measured results.
This required a full characterization of first generation SiC GTOs. Both static and transient
measurements were successfully conducted, with customized non-destructive test setups.

To be able to accurately measure and operate these devices, a unique gate drive topology was
designed, prototyped and used. The topology is flexible enough to be used with wide range of
differently rated GTO devices.

Parameter extraction procedures and guides are important to enable the use of the model.
This enables the circuit designer to fit the model's performance with any device, without any
necessary working knowledge of the models internal physical equations or operation. With
physics based models this can prove difficult as many of the parameters may be coupled. Using
the Certify modeling optimization and analysis tool, a sensitivity study was conducted. This
study enabled a much clearer understanding of the model parameters, resulting in simpler
parameter fitting guide.

SiC high voltage device technology is still maturing. Only recently have 1.2 kV MOSFET

and BJTS become commercially available. The higher voltage rated devices still have a way to
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go before being commercialized. Challenges to these devices include yield, active area, and
blocking layer.

Improving the yield will dramatically decrease the price. This will increase their usage in end
user products, where price is a large factor. Increasing the active area will increase the current
rating of the device, making it possible for high current applications without having to parallel a
large number of devices. Paralleling high voltage devices is difficult due to the negative
temperature coefficient of the devices. Traditionally, bipolar (GTOs and BJTs) devices have a
negative temperature coefficient of on-state resistance, while unipolar (MOSFETs and IGBTs)
devices have a positive temperature coefficient. This is not true of very high voltage (>10kV)
devices with a thick lightly doped blocking epitaxial layer. The epitaxial layer's negative
coefficient dominates for both types of devices. The GTO will be the first high voltage SiC
device that resolves most of these issues due to the well understood simpler structure, and the
lack of an oxide.

6.2 Recommendations for Future Work

For future work, more standardized automated test setups can be developed. This can include
custom test boards that are fitted with appropriate test equipment connectors to reduce any circuit
parasitics. This is especially important in order to have a good frame of reference among a large
number of devices. Due to the nature of currently available SiC devices, there is a large
variability in performance between the devices. Automated test setups will remove many
external variables. Adding automation to these setups will increase measurement accuracy and

reduce test time.
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