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CHAPTER 4 

Characterization and Parameter Extraction 

 

4.1 IGBT Characteristics 

4.1.1 Steady state characteristics 

The steady state characteristics of an IGBT are the output characteristics and the transfer 

characteristics. The output characteristics are obtained by plotting the collector current verses the 

collector-emitter voltage at a constant gate voltage. The output characteristics are normally 

displayed as a family of curves where the output characteristics are plotted for several different 

gate voltages. The shape of the output characteristics of an IGBT is similar to the shape of the 

characteristics of MOSFETs with an offset voltage. The voltage offset is due to the additional 

junction in the IGBT structure preventing the voltage across the IGBT to drop below the voltage 

of a diode when in conduction mode. As the collector emitter voltage increases the internal 

collector base voltage is increased after the voltage exceeds the built in voltage the collector 

current starts increasing rapidly provided that the gate voltage is above the threshold voltage. 

The current will keep increasing with increasing voltage to a point where the MOSFET channel 

gets pinched off. After pinch off the current does not increase with increasing voltage, and the 

device is said to be saturated. The saturation current varies with a varying gate voltage. The 

higher the gate voltage is the higher the saturation current, causing the entire output family of 

saturation current curves to shift upwards. Pinch off or saturation occurs when collector emitter 

voltage is greater than the gate voltage minus the channel threshold voltage, and the collector 

current becomes independent of any increase of the voltage applied to the drain. 
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The transfer characteristics are obtained by plotting the collector current versus the gate 

voltage at a constant collector emitter voltage. The transfer characteristics are often referred to as 

the transconductance characteristics as the gradient at any given point on the curve would 

represent the transconductance. As the gate voltage increases beyond the gate threshold voltage, 

the MOSFET channel starts to form. Once the MOSFET channel is formed the current starts 

increasing rapidly with the increase of gate voltage. As mentioned above the higher the gate 

voltage the higher the output current saturation is, but as the gate voltage is increased to a certain 

point a flattening in the increase of the saturation current is observed. This is due to the 

interaction of the saturation effect in MOSFET component of the IGBT and the gain limiting in 

the BJT component of the IGBT. 

4.1.2 Switching characteristics 

Because IGBTs are voltage controlled devices the control signal is a voltage signal, and 

is applied at the gate of the device. A gate signal large enough needs to be applied at the gate to 

insure that the device operates in the linear region with low voltage drop rather than in the 

saturation region. 

Turning on the IGBT requires applying a large gate emitter voltage across the device. 

Even though IGBTs are gate controlled devices, the turn on switching speed of the device 

depends on the gate current rather than the gate voltage. Increasing the gate voltage increases the 

saturation limit on the device but it does not influence the turn on speed of the device. IGBT turn 

on can be viewed as a charging capacitor, where turning on the IGBT requires the charging of 

the gate emitter capacitance to the applied gate emitter voltage. The larger the current is the 

faster the device will turn on.  
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Turning off the device requires the removal of the gate voltage. A series gate resistance is 

required to provide a path for the gate emitter capacitor to discharge as the discharge of the gate 

emitter capacitor is required to turn the device off. The gate series resistance has an upper limit 

and a lower limit. The lower limit on the gate resistance is to limit the current flowing through 

the gate as the rated current through the gate is on the order of milliamps. The upper limit on the 

gate series resistance is to limit its influence on the turn off speed as it controls the fast current 

decay phase of the turn off transition. 

4.2 Parameter extraction 

Parameter extraction was accomplished using Certify. Certify is a fitting tool that works 

with the simulator to extract the parameters of the model. Certify supports the Saber and Spectre 

simulators. The netlist, top level model, and the parameter extraction recipe need to be specified 

for Certify. The parameter extraction recipe consists of the analysis that needs to be done, 

parameters to output, and signals to fit along with the target files. Once Certify has the needed 

files and the recipe it launches its own browser. In the browser the user loads the target files and 

runs the simulation based on a preliminary guess of the parameters. Then the user zooms into 

specific regions and fits a specific subset of the parameters that influences the characteristics of a 

specific region. It is noteworthy that the extracted parameters are not exact as they are based on 

fitting rather than on physical analysis. A more accurate parameter extraction method was 

developed in [7]. 
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Table 4.1. Temperature Scaled Parameters. 

Parameter Description 

   Metallurgical base width 

   Epitaxial layer doping concentration 

  Device active area 

    Gate drain overlap active area 

   Intrinsic series resistance 

    MOSFET channel transconductance in linear region 

    Transconductance in linear region for lower currents 

       Temperature exponent for    

    Ratio of    in saturation region to that in the linear region 

    Kf for lower currents 

       Temperature exponent for    

      
Transconductance reduction factor due to transverse electric field in the 

MOSFET 

          Temperature exponent for Theta 

      High level excess carrier lifetime 

          Temperature exponent for       

     Emitter electron saturation current 

         Temperature exponent for      

    MOSFET channel threshold voltage 

    Low thershold voltage 

      Temperature coefficient for    

    Gate drain depletion threshold 

       Temperature coefficient for     

    Avalanche multiplication exponent 

        Temperature exponent for     

    Avalanche uniformity factor 

        Temperature exponent for     

    Gate to source capacitance 

     Gate drain oxide capacitance 

     Temperature for which parameters apply 

      Temp. exponent for mobilities 

     Minimum slope for MOSFET current 

   Forward-bias non-ideal junction capacitance coefficient. 

   Junction grading coefficient 

         Breakdown voltage coefficient 

        Concentration ratio coefficient 
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Certify optimizes the fitting by means of error minimization. Therefore the fitting is 

based on extracting the parameters from the device’s characteristics and no manufacturing details 

about the device are required. This is due to the fact that circuit designers do not always have the 

internal details of the devices as it is not commercially practical for the manufacturer to release 

such information. 

A common practice in modeling is to perform the fitting of the dc transfer characteristics 

on a semi-logarithmic scale as it eases the extraction of some of the parameters in exponential 

equations. Using a semi-logarithmic scale for fitting produces more accurate fits as the error 

between the simulation and the actual data would not be misleading at lower currents. 

In low voltage field effect devices the drain-source operating voltage is normally low. 

And the difference between the operation voltage and the threshold voltage is very low, causing 

the device to operate in the subthreshold mode at weak inversion of the channel, thus modeling 

the subthreshold region in the device characteristics is very important. This raises the need for 

performing the fitting in a semi-logarithmic scale for improved accuracy. 

Power semiconductor devices are primarily used as switches, thus the device is normally 

operated either in the strong inversion mode, or in the blocking mode. Since the device is not 

normally operated in the weak inversion mode, it is not as critical to do the fitting in a semi-

logarithmic scale as it is for low power devices. The fitting was done in a semi-logarithmic scale 

to ensure more accurate fitting.   

Figure 4.1 below is a representation of the circuit schematic used to obtain the switching 

waveforms of the p-channel device. Figure 4.2 below is a representation of the schematic used to 

obtain the steady state characteristics of the device. 



46 
 

A complete list of the model parameters is given in Table 4.1 below. Figure 4.3 and Figure 

4.4 shows generic output and transfer characteristics showing which parameters need to fit which 

regions. The parameter extraction starts with the extraction of low current threshold voltage VTL 

and the Transconductance gain parameter KPL from region I of the transfer characteristics where 

the device has barely turned on. Then the high current threshold voltage VTH and the 

transconductance gain KPH are extracted from the linear slope in region II of the transfer 

characteristics. The current reduction factor theta can be extracted from region III. After the 

parameters have been extracted from the transfer characteristics; they are refined by fitting the 

output characteristics. 

 

 

Fig. 4.1. Circuit schematic used for switching measurements. 
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Fig. 4.2. Circuit schematic used for steady state characterization. 

 

Figures 4.5 through 4.8 show the simulated and measured steady state output, and transfer 

characteristics for a 4H-SiC 15 kV p-channel IGBTs from Cree Inc. The data was provided by 

Cree Inc. for the purpose of model development. Figures 4.9 and 4.10 show the simulated and 

measured switching characteristics for the device. The model was also validated for 4H-SiC n-

channel IGBTs. Figures 4.11 through 4.14 show the fits for the n-channel device. Table 4.2 below 

shows the extracted parameter values. 
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Table 4.2 Extracted Parameters for n-hannel and p-channel 4H-SiC IGBTs 

Parameter 
Value 

Parameter 
Value 

N-IGBT P-IGBT N-IGBT P-IGBT 

   8.35e-3 8.38e-3       -0.02 -0.01 

   200t 200t      10f 10f 

  0.1 0.1          0 0 

    0.05 0.05     1 1 

   0.004 0.01         0 0 

    2 1.2     2n 2n 

       0.8 0.6      1n 1n 

   0.45 0.32      300 300 
       0.1 0.05       -2.7 -2.5 

      0.005 0.01       0.55u 0.62u 

          0.002 0.004           0.24 0.2 

    7.5 9.5    
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Fig. 4.3. P-channel IGBT generic output characteristics 

 

Fig. 4.4. P-channel IGBT transfer Characteristics. 
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Fig. 4.5. Measured and simulated transfer characteristics for a 15kV 4H-SiC p-channel 

IGBT. 

 

Figure 4.5 shows the measured and simulated transfer characteristics for the 15kV 4H-SiC 

p-channel device. The measured results consist of four points only as the transfer characteristics 

were not provided by Cree. The transfer characteristics were extracted from the output 

characteristics as the output characteristics were provided for several gate voltages. Figure 4.5 

shows a good fit as the simulation results fits all four data points extracted. The transfer 

characteristics are typically obtained by measuring the output current while sweeping the gate 

voltage at a constant collector-emitter voltage. This measurement is normally taken using a curve 

tracer like the Tektronix 371B. Different leads are used for force and sense to minimize the 

parasitic resistance in the circuit.  
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Fig. 4.6. Measured and simulated output characteristics for a 15kV 4H-SiC p-channel 

IGBT. 

 

Figure 4.6 shows the measured and simulated output characteristics for a 4H-SiC device. 

The output characteristics are provided for gate voltages of 5V, 10V, 15V, and 20V at room 

temperature. The saturation affect mentioned earlier can be observed for gate voltage 10V and 

15V. The 5V curve coincides with the x-axes because the gate threshold voltage is 9.5V. A very 

good fit is obtained for the output characteristics. The output characteristics are obtained by 

measuring the output current while sweeping the collector-emitter voltage for constant gate 

voltages. This measurement is also done using a curve tracer. 
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Fig. 4.7. Fitted output characteristics at Vg=15V for a 15kV 4H-SiC p-channel IGBT in 

log scale. 

 

Figure 4.7 shows the measured and simulated output characteristics fit in log scale for a 

gate voltage of 15V at room temperature for the 4H-SiC device. It is the same fit provided in 

Figure 4.6 displayed in log scale to show the quality of the fit. 
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Fig. 4.8. Fitted output characteristics for a 15kV 4H-SiC p-channel IGBT at different 

temperatures. 

 

Figure 4.8 shows the measured and simulated output characteristics at 15V gate voltage 

over temperature for the 4H-SiC device. The temperature was varied from room temperature to 

300° C. It can be noticed that the threshold voltage of the p-channel devices has negative 

temperature coefficient opposite of n-channel devices.  
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Fig. 4.9. Measured and simulated current switching waveform for a 15kV 4H-SiC p-

channel IGBT. 

 

Figure 4.9 shows the measured and simulated current switching waveform for the 4H-SiC 

p-channel device. The fast current decay phase and the current tail phase of the turn off switching 

can be clearly identified.  The fast decay phase occurs in nanoseconds, the current tail takes more 

than 5 microseconds to decay to zero. It is noteworthy that the y-axes scale is negative as this is a 

p-channel device and the current follows from emitter to collector. The figure shows that a good 

fit has been achieved. This measurement is done using the circuit in Figure 4.1. 
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Fig. 4.10. Measured and simulated current switching waveform for a 15kV 4H-SiC p-

channel IGBT. 

 

Figure 4.10 shows the simulated and measured voltage switching waveforms for the 4H-

SiC devices. Low voltage appears across the device when it’s on, then when the device is turned 

off the full voltage applied by the power source is blocked by the device and the voltage across 

the device rises to 1kV. This measurement is also done using the circuit in Figure 4.2. 
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Fig. 4.11. Measured and simulated transfer characteristics for a 15kV 4H-SiC n-channel 

IGBT. 

 

Figure 4.11 shows the measured and simulated transfer characteristics for the 15kV 4H-

SiC n-channel device. This device has a gate threshold voltage of 7.5V. A good fit for the transfer 

characteristics has been achieved. 
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Fig. 4.12. Fitted output characteristics at Vg=15V for a 15kV 4H-SiC n-channel IGBT in 

log scale. 

 

Figure 4.12 shows the simulated and measured output characteristics of the 15kV 4H-SiC 

n-channel device in log scale at room temperature. This output characteristic was obtained at a 

gate voltage of 15V. 
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Fig. 4.13. Measured and simulated output characteristics for a 15kV 4H-SiC n-channel 

IGBT. 

 

Fig. 4.14. Fitted output characteristics for a 15kV 4H-SiC n-channel IGBT at different 

temperatures. 
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Figures 4.13 and 4.14 show the fit for the output characteristics of the 15 kV device at 

different gate voltages at room temperature, and different temperatures at a gate voltage of 15V 

respectively. The positive temperature coefficient of the threshold voltage can be clearly seen in 

Figure 4.14. 
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CHAPTER 5 

Conclusions and Future Work 

5.1. Conclusions 

A physics-based IGBT model capable of predicting the characteristics of Si and SiC 

IGBTs for both n-channel and p-channel structures has been presented. This is the first IGBT 

model that predicts the behavior of p-channel IGBTs and SiC IGBTs. IGBTs are the preferred 

devices when it comes to medium voltage, medium frequency applications. SiC IGBTs and more 

specifically p-channel SiC IGBTs are penetrating the high voltage application range competing 

with GTOs. The projection for SiC p-channel IGBTs is to have 15 kV-100A devices 

commercially available by 2013 [27]. Those new SiC p-channel devices will mainly be attractive 

for smart grid systems [28]. These expectations, projections, and goals mentioned above give the 

relevance of the work presented in this thesis. The importance of the model comes from the 

importance of the device it models and the need of accurate models suitable for circuit 

simulation.  

Once a good model has been developed circuits can be simulated and prototyping can be 

avoided. A model’s importance is measured by the impact it has in the industry. A model’s 

impact in the industry is dependent on the quality of the model, and more importantly the need 

for the device it models. The Hefner IGBT model is estimated to have an annual impact of $40M 

in the industry. The unified IGBT model presented here has the potential to impact the industry 

similar to the Hefner model as SiC IGBTs and p-channel SiC IGBTs have promising future. 

 Simulation fits for Cree's 12 kV SiC p-channel IGBTs were presented. The model was 

experimentally validated for steady-state and switching characteristics. The model was validated 
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over temperature up to 125 C for silicon and 225 C for SiC. The validation process was done 

on R&D devices that were made available through Cree, as SiC p-channel IGBTs are not 

available commercially. 

5.2 Future Work Recommendations 

5.2.1 Electro-thermal Modeling 

IGBTs modular configurations are very common, as they provide off the shelf solutions 

to high voltage applications [27]. Thermal management is of great importance when building 

power electronic modules. Electro-thermal modeling and self-heating models are desirable when 

using modular configurations for power electronic applications. It is recommended that the 

model developed in this work be extended to obtain an electro-thermal version that includes self-

heating effects. 

5.2.2 Automation of IGBT Characterization 

Characterization is a very important step in device modeling. Characterization helps in 

understanding the physics, and the behavior of the device before the modeling effort even begins. 

And after the model is developed and ready, characterization is necessary for the purpose of 

validation. The characterization process can be tedious and time consuming. Most curve tracers, 

including the one used to perform some the characterization work of this thesis (Tektronix 

371B), can be controlled through a computer for setting up the test, and for data acquisition. It is 

recommended that static characterization be automated as the characterization process is not 

device specific. 
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