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ABSTRACT 

 A new physics-based IGBT compact model has been developed for circuit simulation of 

silicon (Si) or silicon carbide (SiC) devices. The model accurately predicts the steady-state 

output, transfer and switching characteristics of the IGBT under a variety of different conditions. 

This is the first IGBT model to predict the behavior of p-channel SiC IGBTs. Previous work on 

IGBT models has focused on Si n-channel IGBTs [1-3]. This unified model is not limited to SiC 

p-channel IGBTs; the user has the option to select between Si or SiC, and n-channel or p-

channel, making it the first IGBT model that captures the physics of all of these device and 

material types. The model also accounts for temperature effects, often referred to as temperature 

scaling, that have been experimentally validated up to 300 ºC for SiC. Validation of n-channel 

and p-channel devices was accomplished by fitting the steady-state characteristics and inductive 

load switching transient waveforms. 15-kV p-channel IGBTs supplied by Cree were among 

those used for validation [6]. The fitting was achieved using Certify, a software tool developed at 

the University of Arkansas. A parameter extraction recipe for the model was developed for 

simple parameter extraction using data that are readily available from datasheets. That fitting tool 

is available to the public through the National Center for Reliable Electric Power Transmission 

website (ncrept.eleg.uark.edu). The model and parameter extraction recipe will also be made 

available to the public through NCREPT. 
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CHAPTER 1 

Introduction 

1.1 Overview of IGBTs 

1.1.1 History of IGBTs 

The Insulated Gate Bipolar Transistor (IGBT) is a four layer voltage-controlled bipolar 

device. It was first demonstrated by Baliga in 1979 when he was with General Electric R&D [1]. 

Even though the IGBT was first demonstrated by Baliga in 1979, the concept of using a gate to 

control a vertical channel was being investigated as far back as the 1950s, mainly in France [2] 

and Japan [3]. This concept of a gate controlling a vertical channel was first described as a PNP 

junction bipolar transistor (BJT) driven by an n-channel Metal Oxide Field Effect Transistor 

(MOSFET) by Baliga in 1984 [4]. The first silicon IGBT was introduced commercially in 1983 

[5]. Since 1983, IGBTs have come a long way in terms of device ratings and characteristics. 

Silicon carbide IGBTs are not yet available commercially, but are available as R&D devices. 

1.1.2 The Subcircuit Model 

Figure 1.1 presents the structure of an n-channel IGBT. It can be seen that it is the same 

as the structure of an n-channel MOSFET with the addition of the heavily doped substrate. The 

effect of this heavily doped substrate is that instead of having an anti-parallel body diode as in a 

MOSFET, IGBTs have a bipolar component. Adding this new layer introduced a new junction 

that can be considered as a PIN diode. Figure 1.2 shows the PIN-MOSFET subcircuit model. The 

subcircuit model could also be looked at as a MOSFET driving a bipolar transistor, as the p-n 

junction that composes the body diode in a MOSFET is now a pnp bipolar transistor in the 

IGBT. Figure 1.3 shows the MOSFET-BJT subcircuit model. 
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Fig. 1.1. N-Channel IGBT structure. 

 

   

Fig. 1.2. MOSFET-PIN rectifier subcircuit model.  Fig. 1.3. MOSFET-BJT subcircuit model. 
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1.1.3 Modes of Operation 

1.1.3.1 Reverse Blocking Mode 

Reverse blocking is when the gate is shorted to the cathode, the cathode is at a positive 

potential, and the anode is at a negative potential relative to the cathode. At this condition, 

junctions J1 and J3 are reverse biased while junction J2 is forward biased. The reversed junctions 

J1 and J3 prevent current flow in the device, and voltage builds up mainly across junction J1. 

Most of the depletion region extends through the epitaxial layer due to its low doping. The 

reverse blocking voltage of the IGBT depends mainly on the width and doping of the low doped 

epitaxial layer, otherwise called the drift region.  

1.1.3.2 Forward Blocking and Conduction Modes 

If the voltage across the anode-cathode is reversed while maintaining the gate shorted to 

the cathode, junctions J1 and J3 will become forward biased, and junction J2 will become 

reverse biased. Thus, the forward blocking voltage will be supported by junction J2, and in this 

case, the depletion region primarily extends into the lightly doped epitaxial layer. 

1.1.3.3 Forward Conduction Mode 

The forward conduction mode is achieved by applying a positive voltage across the gate-

cathode while maintaining the positive anode-cathode voltage. The gate-cathode voltage needs to 

be large enough to invert the body region underneath the gate, thus forming a channel. This 

channel once formed will connect the highly doped n+ region to the epitaxial layer, and electrons 

will diffuse from the highly doped region to the lightly doped region. Once electrons are in the 

lightly doped region they will drift due to the field effect from the drain to the source of the 
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MOSFET causing the potential of the epitaxial layer to drop near the highly doped body region 

to a point where the junction J1 becomes forward biased. Now that junction J1 is forward biased, 

a high density of holes will be injected from the substrate region to the epitaxial layer. At very 

high anode to cathode voltages, the amount of injected carriers could be up to 100-1000 times of 

the background doping of the epitaxial layer, constituting what is called high level injection. This 

high concentration of holes in the epitaxial layer attracts electrons from the cathode contact. The 

excess concentration of electrons and holes in the lightly doped epitaxial layer enhances its 

conductivity. This mechanism is referred to as conductivity modulation, and it results in a very 

low on-state resistance. 

1.1.4 Status of SiC IGBTs 

Although not commercially available, 15 kV p-channel SiC IGBTs have been reported 

[6]. In the meantime, silicon IGBTs are the primary devices in use for power electronic 

applications as they offer higher switching speeds than current controlled devices such as GTOs. 

They also offer higher blocking voltages with less conduction losses than MOSFETs, making 

IGBTs the best choice for medium voltage, medium frequency applications. Currently silicon 

IGBTs are available with up to 6.5 kV-1.2 kA ratings competing with silicon GTOs [6]. 

Although 6.5 kV IGBTs are available, the use of the 3.5 kV devices in modular configurations is 

more common as the 6.5 kV devices are relatively slow. 

1.1.5 Modeling & Simulation 

Simulation is an essential step in power electronic systems design. As a matter of fact, it 

is important for the design of any electrical circuit. The importance of simulation arises from the 

fact that it saves the designers time, and effort. Most importantly, it reduces the cost of 
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prototyping. Simulation is important for verifying the concept of the design before prototyping 

begins, as many problems in the design can be foreseen in the simulation. Once the design is 

verified through simulation, then prototyping can begin. Simulation is also important for large 

systems, where it can be broken into smaller blocks, and each block could be simulated and 

verified on its own before integrating the whole system.  

A simulation is only as accurate as the model. Models range in accuracy from a less 

accurate level-0 model to a highly accurate level-4 model. Level-0 models are behavioral models 

that are composed completely from empirical equations, and lack any physical equations, or any 

empirical equations that model second order or above physical effects. A level-0 model is only 

concerned with the input and output characteristics, and is not all that accurate. Level-4 models 

are models that are purely physical and predict every detail of the device. A level-4 model is 

deals with charge carriers, and the associated electric field produced inside the device. A level-4 

model is accurate enough that it will predict physical effects in the devices. Level-1 to level -3 

models describe the basic behavior of the devices. Specific physical effects that are observed 

form the device’s characteristics can be added to the model. These physical effects can be 

described by physical or empirical equations. 

Physical effects can be first order effects or second order effects. First order effects are 

the effects that describe the basic behavior of the device, like linear capacitances, and intrinsic 

resistances. Second order effects are the effects that are more detailed, like conductivity 

modulation, avalanche breakdown, and mobility reduction. The classification of what level the 

model is depends on what physical effects are modeled; the more second order effects are 

modeled the more predictive the model will be. 
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The first step in device modeling is to have a comprehensive understanding of the 

device’s characteristics, its basic operation, and the more detailed physical phenomena that takes 

place in the device. An understanding of the how the device physics leads to the specific 

characteristics of the device is needed. 

The level of accuracy is determined by selecting what effects to include in the model, as 

different levels of models serve different purposes. The more accurate the model is, the more 

complicated it is and the model formulation and simulation becomes more time consuming. For a 

basic proof of concept simulation, a high level accuracy is not necessary as it consumes time and 

computation power. High accuracy physical models, like a level-4 model, would be needed when 

the purpose of the model is to help understand the physics of the device, and the design is at the 

device level. 

Next, the mathematical representation of the model is developed. The model equations 

need to be formulated and derived from the physics of the device. In this step all the first and 

second order effects are mathematically described as they relate to the characteristics in the 

different operation modes and regions. 

Lastly, the mathematical representation of the model and the different effects included 

are put together in a model using a hardware description language (HDL). Different simulators 

support different languages; for example, the Spectre simulator uses Verilog-A, and Saber uses 

MAST. 
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1.2 Survey of IGBT Models 

Since the invention of the IGBT, more than fifty papers have been published on IGBT 

models [7]. Hefner developed the first complete analytical, charge controlled model suitable for 

circuit simulation [8]. The main two IGBT models developed are the Hefner model and the 

Kraus model [9]. Both models have been implemented in MAST. The two models have been 

developed using different approaches. The Hefner model depends on the redistribution of charge 

within the drift region, while the Krause model models the charge extraction from the drift 

region by the electric field and by emitter back injection [9]. Hefner modeled the nonquasi-static 

effects caused by the fast penetration of the space charge layer edge. Nonlinear capacitances, 

conductivity modulation are also present in the Hefner model. This model was also extended to 

an electro-thermal model. Krause modeled the nonzero minority carrier concentration at the 

emitter edge. The Hefner model was adopted by many modelers and simulators. It is used in the 

Saber simulator and in PSPICE, and is well described in the literature.  

Another model worth mentioning is the Lauritzen lumped charge IGBT model [10]. It 

offers a simpler parameter extraction recipe, but compromises the accuracy in doing so. 

Although the Hefner model provides very high accuracy, is commonly used, and is available in 

the simulators PSPICE and Saber, the parameter extraction procedure is complicated enough, 

that it is only practical for simulator vendors, and power semiconductor device manufacturers to 

create model libraries. An automated parameter extraction software was developed for the 

Hefner model by the National Institute of Standards and Technology (NIST) [11]. Although the 

parameter extraction software developed by NIST is automated, it requires detailed complex 

measurements for the device under test (DUT) that only few laboratories in the world have 

capabilities of performing [12]. Another parameter extraction method has been developed by 
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Lauritzen, but it is only suitable for the lumped charge IGBT model [10]. Many simpler 

parameter extraction techniques have been developed by the academic society for the Hefner 

model [13].  

1.3 The Unified IGBT Model 

A new physics-based IGBT compact model has been developed for circuit simulation of 

silicon (Si) or silicon carbide (SiC) devices. The model accurately predicts the steady-state 

output, transfer and switching characteristics of the IGBT under a variety of different conditions. 

This is the first IGBT model to predict the behavior of p-channel SiC IGBTs. Previous research 

on IGBT models have focused on Si n-channel IGBTs. The unified model is not limited to SiC p-

channel IGBTs. The user has the option to select between Si or SiC, and n-channel or p-channel, 

making it the first IGBT model that captures the physics of all of these device and material types. 

The model also accounts for temperature effects, often referred to as temperature scaling, that 

have been experimentally validated up to 125 °C for silicon and 225 °C for SiC. Validation of 

the n-channel and p-channel devices for both Si and SiC was accomplished by fitting the steady-

state characteristics and inductive load switching transient waveforms. 12-kV p-channel IGBTs 

supplied by Cree, and 600-V n-channel IGBTs from International Rectifier were among those 

used for validation [14]. The fitting was achieved using Certify, a software tool developed at the 

University of Arkansas. A parameter extraction recipe for the model was developed for simple 

parameter extraction using data that are readily available from datasheets. That fitting tool is 

available to the public through the National Center for Reliable Electric Power Transmission’s 

website (ncrept.eleg.uark.edu). The model and parameter extraction recipe will also be made 

available to the public through NCREPT. 
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1.3.1 IGBT modeling 

This unified model is a physical model based on the Hefner IGBT model [15]. This 

model predicts the operation of the device under both steady-state and transient operation. A 

circuit representation that has been used in previous models to describe and predict the operation 

of Si n-channel IGBTs is leveraged. It consists of a MOSFET driving an NPN BJT. The BJT 

components in this model are very different than traditional BJT models.  This is due to a wide, 

low-doped base region that has a low gain. Given the current densities of the IGBT, the BJT 

component will be in high level injection conditions, so ambipolar transport equations are used 

to describe carrier transport. 

The model uses the latest mobility model for SiC. Different parameters have been 

introduced to account for the reduction in channel mobility due to high electric field introduced 

by high gate voltages. The MOSFET current component is split into two components: IMOSL and 

IMOSH, representing the low and high level currents, respectively. This is done to enable modeling 

of the soft knee transition in SiC for the transconductance. The two current components, IMOSL 

and IMOSH, have independent threshold voltage parameters, VTL and VTH, and independent 

transconductance parameters KFL, KPL, and KFH, KPH, respectively. This parallel channel offers 

much better control of the main channel current inside the model. KFL and KPL were introduced 

to account for the different current values in the linear and saturation region due to the non-

uniform density in the channel. The charge equations have been formulated as the integral of the 

capacitances over voltage to ensure the conservation of charge. In order to simplify the transient 

parameter extraction, the various internal capacitances in the model have been combined to 

obtain the terminal capacitances Ciss, Coss, and Crss which are normally given in device 

datasheets. 
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1.3.2 Parameter extraction 

The parameter extraction software package Certify was developed at the University of 

Arkansas [17]. It automates the parameter extraction procedure. The software needs a parameter 

extraction recipe and the target data to extract the parameters. The parameter extraction recipe is 

a set of different simulations to run the associated test conditions and specified algorithms for 

parameter extraction and fitting. 

 

 

 

 

 

 

 

 

 

 

 

 



11 
 

CHAPTER 2 

Silicon Carbide Power Semiconductor Devices 

 

2.1 Introduction 

Silicon Carbide (SiC) is the logical choice for fabricating power semiconductor devices 

for its superior properties. The superior properties of SiC allow the fabrication of power 

semiconductor devices with improved characteristics resulting in better power electronic 

systems. This chapter will discuss the properties of SiC, and how that leads to better power 

semiconductor devices, and better power electronic systems. 

2.2 SiC properties & device characteristics 

An ideal power semiconductor device has a couple of characteristics that are of 

importance. It should have the ability to block large voltages in forward and reverse mode with 

very little current flowing through the device, and conduct large currents when switched on, with 

very little voltage drop across the device. It should also be able to transition from conduction 

mode to blocking mode almost instantaneously. And finally, it should consume very little power. 

Ideal power semiconductor devices do not exist, but if a comparison were to be made between Si 

and SiC devices, SiC devices clearly would have the most resemblance to ideal switches. 

Silicon power semiconductor device’s capabilities have advanced tremendously over the 

past decades due to the demand of improved performance. The improved performance was 

achieved due to the high level of maturity of silicon technology, where large substrates are 

produced with very low defects. Silicon devices have reached material limitations, preventing 

any major advances in the technology. Characteristics such as blocking voltage, forward current, 
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leakage current, and switching frequency capabilities are not predicted to improve in Si devices. 

The limitations on those characteristics are due to the properties of silicon as will be discussed 

later. 

When compared to Si, SiC allows the fabrication of thinner drift regions (0.1x) with 

higher doping (10x), thus having 100 times the blocking capability of silicon, and 0.001 times 

the resistance of silicon, leading to lower power dissipation and higher switching speeds [18]. 

The superior properties of SiC has always been known to the power semiconductor 

devices research community, but it was not until recently that silicon carbide technology reached 

a level of maturity allowing the fabrication of large wafers with low defects, thus making it 

commercially feasible to fabricate SiC power semiconductor devices[19]. SiC is the most 

prominent in power electronics, but GaN may be the material of the future. Years from now, 

there may be diamond power semiconductor devices for critical applications, as it has the most 

superior properties [20]. 

SiC and GaN both promise superior device characteristics mainly due to their wide 

bandgap, and higher breakdown electric field. SiC, and GaN are not new materials, nor were 

their properties discovered recently. In fact SiC was a very good candidate to be used for 

semiconductor devices before silicon due to its superior properties, but the inability to grow large 

SiC substrates with low defects was an issue. On the contrary, silicon could be grown in large 

wafers and with very low defects. Thus silicon was the more attractive choice for research and 

development, and device fabrication. 

The key advantage of SiC over Si is the wide bandgap. The wider bandgap allows the 

operation of power semiconductor devices at higher temperatures, higher blocking voltages, and 
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in higher radiation environments. Wide bandgap means it takes more energy to transfer an 

electron from the valance band to conduction band, making the device more immune to 

temperature and radiation affects. This property also translates into higher breakdown electric 

field, which is the reason behind the higher blocking voltage capabilities. 

The main properties to study when comparing semiconductor materials for power 

semiconductor applications are the bandgap, saturation drift velocity, critical electric field, 

electron and hole mobility, and thermal conductivity. Table 2.1 shows a comparison of these 

properties of the different materials discussed. It can be seen that while most of the properties of 

SiC are much better than those of Si, the mobility of SiC is less than that of silicon. When it 

comes to device characteristics it is evident that the advantages of SiC over Si overcome the 

advantages of Si over SiC.  

Each of the properties in Table 2.1 below has in impact on the improvement in the 

characteristics of the power semiconductor device. The superior properties of SiC are discussed 

below as they pertain to the specific device characteristic. 

Table 2.1. Properties of Different Semiconductors 

 

Material 

Eg 

@300 K 

(eV) 

Vsat 

(cm/s) 

Ec 

(V/cm) 
ℰr 

µn 

@ 300k 

(cm2/V·s) 

µp 

@ 300k 

(cm2/V·s) 

Thermal 

conductivity 

(W/m·k) 

Si 1.11 10^7 3x10^5 11.7 1450 450 150 

3C-SiC 2.3 2.5x10^7 2x10^6 9.6 1000 45 500 

6H-SiC 2.9 2x10^7 2.6x10^6 9.7 415 90 480 

4H-SiC 3.2 2x10^7 3x10^6 10 950 115 400 

GaN 3.39 2x10^7 5x10^6 8.9 1000 350 130 

Diamond 5.6 3x10^7 5.6x10^7 5.7 2200 1800 2000 
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2.2.1 Wide Bandgap 

The bandgap is the energy required to transfer a charge carrier from the valance band to 

the conduction band. The wider the bandgap is the less sensitive it is to radiation and thermal and 

electric field stresses. The wide bandgap of SiC leads to higher blocking voltages, lower 

conduction losses, lower switching losses, lower leakage current, and higher temperature 

operation. It also allows the fabrication of drift regions that are 10 times thinner with 10 times 

the doping of silicon. Thus, SiC devices have two orders of magnitude lower on-state resistance 

than Si devices leading to lower on-state power losses. The wide bandgap also contributes to the 

faster switching speeds of SiC devices. Figure 2.1 illustrates the bandgap, conduction band, and 

valance band. 

 

Fig. 2.1. Bandgap of a semiconductor device. 
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2.2.2 High Drift Saturation Velocity 

 The drift saturation velocity is the highest speed a charge carrier can travel within the 

material. The high drift saturation velocity of SiC contributes to the faster switching speeds of 

SiC devices. The low power loss per switching cycle allows the switching of the devices at 

higher switching frequencies. It also contributes to the higher current density of SiC devices. 

2.2.3. Thermal Conductivity 

The thermal conductivity of SiC is over 400-500 W/(m-K), which is about three times 

that of Si. The thermal conductivity of SiC being slightly higher than the thermal conductivity of 

copper makes it easier to remove the heat from SiC devices, than from Si devices.. The ease of 

heat removal from the device leads to slower thermal buildup thus allowing the device to operate 

at higher junction temperatures. 

2.2.4 Critical Electric Field 

The critical electric field is the breakdown electric field of the material per square area. 

The critical electric field contributes to the higher blocking voltage capability of SiC devices due 

to the higher breakdown electric field. 

2.3 System Advantages 

These superior properties of the material and the resulting improvements in 

characteristics of the SiC power semiconductor devices enable building better power electronic 

systems. 

The faster switching speeds of the devices result in less switching losses, thus improving 

efficiency of the system. It also means that the devices can now be switched at higher 
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frequencies thus resulting in less harmonic content for high frequency inverters. Less harmonic 

content is favorable for power quality issues and because it reduces the size and footprint of the 

passives needed for filtering. Switching at higher frequencies also reduces the size of energy 

storage elements required and thus the physical size of these elements can be made smaller. 

Higher operating temperature of SiC devices can simplify and reduce cooling systems 

complexity and footprint.  

Fewer stacked devices are needed for high voltage applications due to the higher 

blocking voltage. This reduces the size and the complexity of voltage sharing networks. This all 

improves the system reliability. 

The wide bandgap nature of SiC makes systems less sensitive to temperature and 

radiation variation, which improves the overall stability of the system. The wide bandgap also 

leads to reduced leakage current in the devices, thus reducing the standby power consumption. 

Even though SiC has higher current density, Si IGBTs have much higher current ratings 

because they are wafer level in scale. Current SiC devices are considered low current devices in 

comparison. But as SiC technology matures enough to enable the fabrication of devices with 

similar sizes to Si devices, SiC devices will offer devices with higher current ratings. 
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CHAPTER 3 

The Unified IGBT Model 

3.1 Introduction 

This model is based on the Hefner Si IGBT model [8]. The topology used in both models 

is displayed below in Figure 3.1. This topology is based on the analog circuit representation of 

the model equations. Two internal nodes are necessary to implement this model, the drain and 

the emitter nodes. Each of the current components in the topology below is discussed later, along 

with the associated elements. 

 

Fig. 3.1. The model topology [8]. 
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This model was implemented in Modlyng, and then a MAST template was generated. A 

MAST template consists of several different sections. These sections include the template 

header, the header declarations, the local declarations section, the parameters section, the values 

section, the control section, and finally, the equations section. 

The template header defines the name of the template, the ports of the template, and the 

template parameters. Header declarations define the parameters that are used in the header. The 

local declarations section is used to declare the values(    ) and variables (    ) that are used 

in the model. The parameters section is used to manipulate the parameters that are declared in the 

header, or the calculated model parameters that are not declared in the header. Calculated model 

parameters can only depend on parameters that are declared in the header. In the values section 

values are manipulated and the variables are prepared to be solved. The values section is also the 

section where the behavior of the device is described, and all the physical effects are 

implemented in the model.  

In the control section, specific information is provided to the simulator to aid 

convergence. This information includes Newton steps, sample points, and plot sets. The control 

section is not mandatory as the simulator can guess the needed information, but providing 

information that is optimized for the specific model will improve the overall performance of the 

model. The equations section is used to describe the characteristics of the terminals of the model, 

and to specify the fashion in which the variables in the system are solved. The equations in the 

equation section can either be a simple relation of a terminal current as it relates to values from 

the values section, or it can be used to force the simulator to solve for a variable iteratively until 

a certain condition is met. 
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3.2 Mobility 

3.2.1.Low Field Mobility Modeling 

Mobility is the ability of charge carriers to move in the semiconductor material. In other 

words, it governs the charge carrier transport in the semiconductor material. It can be expressed 

as the average particle drift velocity per unit of electric field as in Equation (3.1) [22].  

(3.1)     
〈  〉

ℰ 
 

At low electric fields the relation between the mobility and the charge carrier velocity is 

linear, and the mobility is constant at µo (lower field mobility). The low field mobility depends 

on the doping and on the temperature. Equation (3.2) describes the dependence of the low field 

mobility on doping. 

(3.2)         
         

  (
 

    
)

  

In the equation, N is the total doping concentration in the material, and     ,     ,      , 

and   are fitting parameters [23]. These are fitting parameters for the mobility model of the 

material, not for the device itself. The mobility is measured in a bulk material for different 

samples with different doping. Then, the measured data is fitted to the analytical equation above. 

Equations (3.3) through (3.6) describe the low field mobility of n-type and p-type 

materials, for both silicon and silicon carbide. The equations were obtained by substituting the 

appropriate fitting parameters into Equation (3.2). The fitting parameters were obtained from 

[24]. Table 3.1 summarizes the fitting parameters used.  
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For Si:  

(3.3)      
                   

                
 

(3.4)      
                    

                
 

For 4H-SiC: 

(3.5)      
                   

                
 

(3.6)      
                  

              
 

 

 

Table 3.1. Mobility Model Parameters 

Parameter Si 4H-SiC 

Minimum and maximum electron mobility 

     ,      . (cm
2
/V.s) 

65 

1360 

50 

 950 

Minimum and maximum hole mobility 

     ,      . (cm
2
/V.s) 

50 

505 

10 

180 

Electron an hole ionization coefficients 

      

0.91 

0.63 

0.76 

0.56 

Reference electron and hole concentrations 

     ,       
8.5e16 

6.3e16 

2.2e17 

2.35e17 
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3.2.2. Temperature Dependent Mobility 

Equation (3.7) is the general form of the empirical equation that describes the relationship 

between mobility and temperature [25]. 

(3.7)     (
 

  
)
 

 

In Equation 3.7,    is the low field mobility, T is the temperature,    is the nominal 

temperature, and   is a fitting parameter. 

 Equations (3.8) through (3.11) describe the relationship between mobility and 

temperature for n-type and p-type materials, for both silicon and silicon carbide. 

For Si:  

(3.8)         (
 

   
)
     

 

(3.9)         (
 

   
)
     

 

For 4H-SiC: 

(3.10)         (
 

   
)
     

 

(3.11)         (
 

   
)
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3.2.3. Mobility Degradation 

The actual mobility in power semiconductor devices is not exactly as described in 

Equations (3.8) through (3.11) due to some degradation factors. The effective mobility in IGBTs 

is described in Equation (3.12) below. 

(3.12)                
 

    
 

As the electric field in the channel increases, the velocity of the carriers in the channel 

increase linearly. However, as the velocity increases it will reach a saturation velocity. The 

saturation velocity is reached due to the scattering of the energetic electrons at high velocities. 

This will effectively reduce the carrier mobility in the channel. 

At high carrier concentrations, carrier-carrier scattering will take place due to the excess 

carrier concentration at the emitter edge of the base, which is designated as   . The last term in 

Equation (3.12) is approximated as described in Equation (3.13) below: 

(3.13) 
 

    
 

  

          
 

  

     
 

Where p0 is the excess carrier concentration at the emitter edge of the base,      is the 

component of base collector space charge due to velocity saturation, and    is the background 

base charge.  

Using the approximation above, the effective mobility can be approximated as described 

in Equation (3.14). 

(3.14)           
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The value      is dependent on    and    . Both current components are dependent on 

the space charge   ; thus,     has to be solved iteratively. The use of the approximation above 

eliminates the need for the variable      that was solved for iteratively therefore improving 

simulation speed and convergence. 

The effective mobility       is used for the calculation of the drift region conductivity 

modulated base resistance in the forward conduction mode. In the reverse blocking mode, 

conductivity modulation does not take place so the base resistance is calculated using     or 

    depending on the type of the device. 

In the blocking mode the equation governing the base resistance is: 

(3.15)    
 

          
    

In the case of forward conduction mode, the equation becomes: 

(3.16)    
 

              
    

To improve convergence and simulation speed, the equations for    ,      , and      

were broken into smaller and simpler parts. A couple of simple equations are easier and faster for 

the simulator to solve rather than one big complex equation. Figure 3.2 below shows the code 

fragment used to calculate the conductivity modulated base resistance   . 

Charge carrier mobility in the MOSFET inversion layer is lower than that in the drift 

region. This is due to presence of the gate oxide. The electron is not solely a particle. It has some 

properties of both a particle and an electromagnetic wave. These particle-wave properties of the 

electron are referred to as a wave function. Boundary condition continuity laws require that the 
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electrons at the boundary between the oxide and the channel must have the same mobility in both 

regions. High electric field at the channel surface will push the electron wave function more into 

the oxide, thus reducing the mobility of the charge carriers in the inversion layer near the oxide. 

This is modeled as electric field dependent mobility in the MOSFET channel region.  

 

 

Fig. 3.2. Conductivity modulated resistance    code fragment. 
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This phenomenon is very important at submicron channel lengths. In power 

semiconductor devices this is important due to the roughness of the oxide-semiconductor 

interface and is referred to as surface roughness scattering. In the case of strong inversion, the 

high electric field caused by the oxide fixed charges and the ionized fixed charges in the 

semiconductor acts normal to the oxide-semiconductor interface and increases the effect of the 

surface roughness scattering. It raises the need for this effect to be modeled. The effect of this 

mobility reduction translates into transconductance reduction due to the transverse electric field 

in the channel region. Theta is an empirical parameter which models the transconductance 

reduction due to the transverse electric field in the MOSFET channel. It is modeled as a function 

of    . The transconductance reduction due to the transverse electric field was also investigated 

in [26]. 

      is the mobility reduction factor implemented in the model.       is dependent on 

theta and the gate voltage. 

(3.17)                 (       ) 

This mobility reduction factor is realized in the model by directly reducing the MOSFET 

current component using the following equation in the appropriate conditions. 

(3.18)      
    

      
 

3.3. Breakdown 

Every semiconductor device has a limit on the maximum voltage that can be applied 

across the device. This voltage is known as the maximum blocking voltage or the breakdown 

voltage. The name breakdown voltage comes from the breakdown behavior of the device after 
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that voltage is exceeded. Breakdown is best described as a fast increase in current with respect to 

voltage. The breakdown voltage is a key parameter for power semiconductor devices. 

Breakdown is caused by the impact ionization mechanism and avalanche multiplication. 

Even though avalanche multiplication is not destructive for IGBTs, if the current passing through 

the device due to avalanche multiplication exceeds the current rating of the device, it will destroy 

the device. 

As the drain-source voltage is increased, the electric field in the channel is increased 

leading to an avalanche breakdown in the channel at the drain. This breakdown causes the device 

to behave like a p-n diode. The avalanche breakdown generates holes that move from the drain to 

the source right under the inversion layer. These holes bias the body diode which causes 

electrons to be injected as minority carriers in the drift region. These electrons cause more holes 

to be generated in the inversion layer. This phenomenon creates a positive feedback that reduces 

the drain-source breakdown voltage. The second order effect of avalanche multiplication within 

the base collector depletion region is implemented by introducing the avalanche multiplication 

factor  .  

(3.19)   
 

  (
   

      
)
    

 

The avalanche multiplication factor is then linearized in the region described in Equation 

(3.20). 

(3.20)                     

 Piecewise linearization is implemented as follows: 
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(3.21)  (
 

(              )
 )  ((

    

      
)         

(      )               
     (      )) 

    is the temperature dependent avalanche multiplication exponent.     is the 

avalanche multiplication parameter. 

(3.22)          (
 

    
)
       

 

    is the temperature dependent avalanche uniformity factor.     is the avalanche 

uniformity factor parameter. 

(3.23)          (
 

    
)
       

 

      is the collector base breakdown voltage, and is described in Equation (3.24). 

(3.24)        
            

  

  
     

The avalanche multiplication breakdown effect is introduced by the current 

component      .       is described by Equations (3.25) and (3.26) below. 

(3.25)      
       √       (

   
    

)

       
 

(3.26)       (   )     (        )         

3.4. Tail Current 

IGBTs exhibit a current tail due to charge storage in the base region of the bipolar 

component of the device. The presence of the tail current causes slower switching speed 

compared to MOSFETs. During this longer switching period the device sees high voltage and 
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high current simultaneously causing high switching losses, leading to a limitation on the 

frequency at which the device could be switched. 

When the gate voltage of the IGBT is switched to a value below the MOSFET 

component threshold, the channel disappears, the channel current of the MOSFET is removed, 

and the base current supply to the bipolar transistor is interrupted. The base current of the bipolar 

transistor decays rapidly as the MOSFET channel disappears, but the bipolar collector current 

cannot decay as fast due to the presence of excess carriers in the epitaxial layer (the base region). 

These excess carriers or stored charges decay by recombination in the base region and carrier 

injection into the emitter region, resulting in the slower second phase of the turn-off switching. 

This turn-off switching can be divided into two phases; Phase one is the rapid decrease in current 

due to the fast interruption of the base current, and phase two is the slow decrease in current due 

to the stored excess carriers in the epitaxial layer. This slowly decreasing current component is 

referred to as the tail current because it tails off after the rapid decrease phase. 

The tail current is modeled through the parameter      , the high level injection life 

time. The rate of decrease of the tail current is related to the high level injection life time as 

described by Equation (3.27) below.  

(3.27) 
     

  
 
      ⁄

  
  

 

   
(  

  

  
 ) 

   
 is the current above which the current tail time constant is decreased due to the 

injection of charge carriers into the emitter. Equation (3.28) describes the relationship between 

  
 and the high level injection life time, and the emitter saturation current. 

(3.28)   
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Equation (3.29) describes the relationship between the high level injection life time 

      and the emitter to base current. 

(3.29)     
    

       
 (

    

  
)
 

   (
  

  
)
 

         

In this equation      is the emitter electron saturation current, or hole saturation current 

in case of a p-channel device.      is the emitter to base charge, and    is the background base 

charge.  

3.5. Capacitances and Charges 

The gate source capacitance     and the oxide capacitance      are implemented in this 

model as constant parameters. This is a reasonable assumption as these capacitances are a 

function of the device structure, and the operation point of the device does not affect them. The 

gate drain capacitance is composed only of the oxide capacitance. The charge on the gate source 

capacitor      is calculated by simply multiplying the capacitance by the voltage across the 

capacitance as in Equation (3.30). 

(3.30)              

(3.31)          

The zero bias junction capacitance    is the capacitance of a pn junction under zero bias. 

It is important to calculate the actual junction capacitances under different biasing conditions. It 

is given by Equation (3.32) below. 

(3.32)     (
      

    
)
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The base collector capacitor is     . It is calculated as follows in Equation (3.33). It is a 

function of the zero bias junction capacitance since it is a biased junction capacitance. This 

capacitance is responsible for charge storage in the base region and the tail current in the device. 

(3.33)      

{
 
 

 
                                   (      

  

      
)
  

                            (      
(  (    )       

   

  
)

(    )    
)
}
 
 

 
 

 

The drain source capacitance      is the junction capacitance between the drain and the 

source. It is similar to the base collector capacitor with different dimensions; hence it is 

calculated as a function of the base collector capacitance. The emitter to collector redistribution 

capacitance       is necessary for the calculation of the redistribution current, which is 

responsible for supplying the accumulation of charge. This is due to the base width changing 

with different bias conditions. The emitter to collector capacitance is also calculated as function 

of the base collector capacitor     . 

(3.34)      
        

 
 

(3.35)           
    

    
 

   is the background base charge. 

(3.36)              

The charge on the drain source capacitor and the zero bias base charge are calculated 

from doping, area, permittivity, and voltage as in Equations (3.37) and (3.38), respectively.   

(3.37)           √(    (      )      ) 
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(3.38)         √            

     is the emitter to base charge. It is the charge responsible for the tail current in the 

turn off switching of the device. It is found iteratively as per Equation (3.39) below. The 

meaning of this equation is “find      such that        ”.      is the calculated value of the 

emitter base voltage.    is the terminal value of the emitter base voltage. 

(3.39)                

The calculated emitter base voltage    is a nonlinear function of     . It is calculated in 

the values section of the model as in Equation (3.40) below. 

(3.40)      {

                                                           
           

     
                                       

                                                       

} 

The different conditions in (3.40) represent the reverse mode, forward blocking, and 

forward conduction respectively. The calculated emitter base voltage represents the voltage 

across the emitter base junction under those different modes. 

      is the emitter to base diffusion voltage, and        is the emitter to base depletion 

voltage. Equations (3.41) and (3.42) describe how to calculate       , and       respectively. 

(3.41)          
    

 
   ((

  

(  )
 
 

 

  
)  (     ))  

  

   
   (

     

  
) 

(3.42)            
(          ) 
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3.6. Model Current Components 

After the conductivity modulation has been accounted for, and the conductivity 

modulated resistance has been calculated, Equation (3.43) is used to calculate the total emitter 

current. 

(3.43)     
   

  
 

The emitter to collector current     is the emitter current component that does not depend 

on the time derivative of the emitter collector voltage. It is calculated in Equation (3.45). The 

term   is the ambipolar mobility ratio; it is the ratio of the mobility of electrons to that of holes. 

   is the hole diffusivity, or the diffusion coefficient.It is governed by the Einstein relation. 

(3.44)              

(3.45)     (
 

   
)      (

 

   
) (

         

  
) 

The emitter collector redistribution current      represents the component of the collector 

current that is dependent on the derivative of the base collector voltage as it varies with the 

variation of the base boundary while changing the applied voltage. It is responsible for the 

accumulation of charge that is due to the varying base width. It is calculated in Equation (3.46). 

(3.46)                         

Finally, the total collector current is calculated by adding the dc current and the 

redistribution current as described below in Equation (3.47). 

(3.47)               
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The drain gate capacitor current,      is calculated in the same fashion as the emitter 

collector redistribution current. Equation (3.48) is used to calculate the drain gate capacitor 

current. 

(3.48)                      

    represents the component of the base current that does not depend on the time 

derivative of the base charge     .    is described in Equation (3.29).  

The MOSFET channel drain source current,     is described in the code fragment in 

Figure3.3 below. After the MOSFET drain source current is calculated, it is reduced to account 

for the transverse electric field mobility reduction discussed earlier. Then, a minimum slope of 

    is implemented to ensure that the model converges. 
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Fig. 3.3.  MOSFET current    code fragment. 
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3.7. Temperature Effects 

Power semiconductor devices conduct a relatively high current when in conduction 

mode. This high current will cause the device to heat up. For SiC devices in particular, power 

devices are operated at high temperature; thus, any power semiconductor devices should take 

into account the complete temperature range of operation. This is done by considering 

temperature dependence of the material properties, and physical effects as well as temperature 

scaling of the parameters.  

3.7.1. Temperature Dependence 

Material properties, such as the intrinsic carrier concentration, change with temperature. 

Besides material properties changing with temperature, some effects that do not exist at lower 

temperatures, can exist in the device at higher temperatures. Mobility reduction due to lattice 

vibration that occurs at high temperatures is an example of these effects. 

Table 3.2 gives a list of the temperature dependent material properties. It is worth noting 

that the temperature dependence of some of these properties varies from silicon to silicon 

carbide, and from n-type to p-type materials. The equations governing those properties are 

presented in the relevant sections. 

Table 3.2.Temperature Dependent Properties. 

Property Description 

Mun electron mobility 

Mup hole mobility 

Ni intrinsic carrier concentration 

Vth thermal voltage 
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Below are the temperature dependent Equations of the properties in Table 3.2 above. 

(3.49)       
    

 
 

Where   is the Boltzmann constant in     .  

For Si: 

(3.50)           
   

       

 
    
    

 

For 4H-SiC 

(3.51)            
   

       

 
    
    

 

3.7.2. Temperature Scaling 

Besides temperature dependence, temperature scaling is also needed in the model. 

Temperature scaling is different than temperature dependence as it is  deals with fitting 

parameters rather than physical properties or physical effects. Temperature scaling is done by 

extracting the model parameters at room temperature, then scaling those parameters as they are 

expected to vary with temperature inside the model. The model user should not need to change 

the parameters to simulate the device at different temperatures. Changing the simulation 

temperature should inherently scale the parameters inside the model. This is normally done by 

first extracting the model parameters at a couple of different temperatures. Then, a relationship 

of the parameter variance with temperature is extracted. The relationship between each 

temperature dependent parameter and temperature is extracted by plotting the parameter against 

temperature and then fitting the resulting curve to an empirical equation that performs the 
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temperature scaling for the parameter. In Table 3.3, the temperature scaled parameters are listed 

with their temperature scaling coefficients. 

Even though the parameters that are temperature scaled represent first or second order 

effects that can be explained physically, the equations that are used to scale them over 

temperature are completely empirical. The parameter temperature scaling can be either linear or 

nonlinear. The linear temperature scaling is expressed by adding a component to the parameter 

that is a function of the difference between the operation temperature and the nominal 

temperature. The nonlinear temperature scaling is expressed by multiplying the parameter by the 

ratio of the operation temperature to the nominal temperature raised to the power of temperature 

coefficient of that specific parameter. The equations that are used for temperature scaling are 

presented below, divided into linear and nonlinear. 

Table 3.3. Temperature Scaled Parameters. 

Parameter Description 
Temperature  

Scaled Parameter 

Temperature 

Coefficient 

   
MOSFET channel Transconductance 

in saturation region 
            

   
Ratio of    in triode region to that in 

the saturation region 
            

      Transconductance reduction factor due to transverse 

electric field in the MOSFET 
                  

      High level excess carrier lifetime                   

     Emitter electron saturation current                 

   MOSFET channel threshold voltage            

    gate drain depletion threshold              

    Avalanche multiplication exponent               

    Avalanche uniformity factor               
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Nonlinear temperature scaling: 

(3.52)        (    
      ) 

(3.53)        (    
      ) 

(3.54)              (
 

    
)
         

 

(3.55)          (
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(3.56)          (
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(3.57)              (
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(3.58)            (
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(3.59)      
    

       
 

     is the ratio of the operating temperature to the nominal temperature used for the 

nonlinear temperature scaling.  The nominal temperature is set at room temperature. 

Linear temperature scaling: 

(3.60)              (         ) 

(3.61)                  (         ) 

The specific steps to perform temperature scaling are listed as follows: 
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 Turn off temperature scaling by setting the temperature scaled parameter equal to the 

original parameter 

 Set      to room temperature 

 Perform parameter extraction for the temperature measurements at each temperature 

 Plot each parameter with respect to temperature 

 Fit the parameter over temperature curves to the equations presented above 

It is worth noting that the temperature dependence has been done using either 

temperature ratio, or temperature difference. If absolute temperature was used for temperature 

scaling it would have been harder to turn off temperature scaling without affecting the 

temperature dependent properties. 

3.8.The Equations Section 

The equations governing branch currents and the independent variables go in the last 

section of the model, the equations section. In the equations section the current components are 

added together to form the respective branch currents. Also the equations governing the variables 

that are solved for iteratively are in the equations section. The variables are calculated iteratively 

until a certain condition is met. The equations section is divided into two parts, one for p-channel 

devices and the other for n-channel devices. The equations section of this model is shown below 

in Figure 3.4. 

The equations section is the only section of the MAST model template where a 

differential term is allowed. Therefore some of the current components that are in Figure 3.4 

appear in the equations section for the first time in the model.  
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Fig. 3.4. The equations section. 
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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. 
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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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