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Abstract 

4H-SiC-based bipolar junction transistors (BJTs) are attractive devices for high-voltage 

and high-temperature operations due to their high current capability, low specific on-

resistance, and process simplicity. To extend the potential of SiC BJTs to power 

electronic industrial applications, it is essential to realize high-efficient devices with 

high-current and low-loss by a reliable and wafer-scale fabrication process. In this 

thesis, we focus on the improvement of the 4H-SiC BJT performance, including the 

device optimization and process development.  

To optimize the 4H-SiC BJT design, a comprehensive study in terms of cell 

geometries, device scaling, and device layout is performed. The hexagon-cell geometry 

shows 42% higher current density and 21% lower specific on-resistance at a given 

maximum current gain compared to the interdigitated finger design. Also, a layout 

design, called intertwined, is used for 100% usage of the conducting area. A higher 

current is achieved by saving the inactive portion of the conducting area. Different 

multi-step etched edge termination techniques with an efficiency of >92% are realized.  

Regarding the process development, an improved surface passivation is used to 

reduce the surface recombination and improve the maximum current gain of 4H-SiC 

BJTs. Moreover, wafer-scale lift-off-free processes for the n- and p-Ohmic contact 

technologies to 4H-SiC are successfully developed. Both Ohmic metal technologies 

are based on a self-aligned Ni-silicide (Ni-SALICIDE) process.  

Regarding the device characterization, a maximum current gain of 40, a specific on-

resistance of 20 mΩ·cm2, and a maximum breakdown voltage of 5.85 kV for the 4H-

SiC BJTs are measured. By employing the enhanced surface passivation, a maximum 

current gain of 139 and a specific on-resistance of 579 mΩ·cm2 at the current density 

of 89 A/cm2 for the 15-kV class BJTs are obtained. Moreover, low-voltage 4H-SiC 

lateral BJTs and Darlington pair with output current of 1−15 A for high-temperature 

operations up to 500 °C were fabricated. 

This thesis focuses on the improvement of the 4H-SiC BJT performance in terms 

of the device optimization and process development for high-voltage and high-

temperature applications. The epilayer design and the device structure and topology 

are optimized to realize high-efficient BJTs. Also, wafer-scale fabrication process steps 

are developed to enable realization of high-current devices for the real applications.  

 Keywords: 4H-SiC, BJT, high-voltage and ultra-high-voltage, high-temperature, 

self-aligned Ni-silicide (Ni-SALICIDE), lift-off-free, wafer-scale, current gain, 

Darlington. 
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Sammanfattning 

Bipolärtransistorer (BJT) baserade på 4H-SiC är lovande komponenter för 

högspännings- och högtemperatur-tillämpningar tack vare hög strömdrivningförmåga, 

låg specifik resistans i framspänning och enkel tillverkningsprocess. För att utnyttja 

potentialen hos 4H-SiC bipolärtransistorer i kraftelektroniktillämpningar är det viktigt 

att demonstrera mycket effektiva komponenter med låga förluster med en pålitlig 

tillverkningsprocess som kan användas på hela skivor. I den här avhandlingen 

fokuserar vi på hur man kan förbättra prestandan hos bipolärtransistorer genom att 

optimera komponenten och dess tillverkningsprocess. 

För att optimera komponentdesignen gjordes en omfattande undersökning av cell- 

geometri, komponentskalning och komponentlayout. En hexagonal geometri 

resulterade i 42 % högre strömtäthet och 21 % lägre specifik resistans i framspänning 

för en given strömförstärkning jämfört med ett fall där cellgeometrin var uppdelad i 

fingrar. Layouten var gjord på ett sammanflätat vis så att 100 % av den ledande ytan 

kunde utnyttjas. Därför kunde högre ström uppnås genom att undvika inaktiva delar 

av ytan. Olika etsade termineringstekniker med en effektivitet upp till 92 % visades. 

När det gäller processutveckling så togs en förbättrad ytpassivering fram vilket 

minskade ytrekombinationen och därigenom gav högre strömförstärkning. Dessutom 

kunde processer för ohmska n- och p-kontakter realiseras. Båda 

tillverkningsprocesserna är baserade på Ni-silicidering med hjälp av självlinjering. 

Komponentprestanda som uppnåddes var en maximal strömförstärkning på 40 

gånger, specific resistans i framspänning på 20 mΩ·cm2 och en maximal genombrotts-

spänning på 5.85 kV. Med den förbättrade ytpassiveringen blev förstärkningen 139 

gånger, och den specifika resistansen 579 mΩ·cm2 vid en strömtäthet på 89 A/cm2 för 

bipolärtransistorer i 15 kV klass. Dessutom kunde lågspänning laterala BJT:er och 

Darlington par demonstreras med en ström mellan 1 och 15 A för högtemperatur-

tillämpningar upp till 500 °C.  

Sammanfattningsvis så fokuserar denna avhandling på att förbättra 

kompentprestanda för bipolartransistorer i SiC genom att optimera kompenterna och 

att utveckla tillverkningsprocessen för högspännings- och högtemperatur-

tillämpningar. Epitaxiella lager och komponentstruktur och topologi har optimerats 

för att demonstrera mycket effektiva bipolärtransistorer. En tillverkningsprocess på 

skivnivå har utvecklats för att uppnå högströmskomponenter som svarar mot behoven 

i verkliga tillämpningar. 
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can widely be used for large-area high voltage BJTs as well as for integrated devices.  

The author performed 100% of the layout design, 80% of the fabrication process, 

100% of the characterization and data analysis, and 90% of the manuscript writing. 

Paper VIII. A Wafer-Scale Self-Aligned Ni-Silicide (SALICIDE) Low-Ohmic 

Contact Technology on n-type 4H-SiC  

A self-aligned nickel (Ni) silicide process for n-type Ohmic contacts on 4H-SiC is 

demonstrated and electrically verified in a wafer-scale device process. The key point is 

to anneal the contacts in two steps. The process is successfully employed on wafer-

level and a contact resistivity below 5×10-6 Ω·cm2 is achieved. The influence of the 

proposed process on the oxide quality is investigated and no significant effect is 

observed. The proposed self-aligned technology eliminates the undesirable effects of 

the lift-off process. Moreover, it is simple, fast, and manufacturable at wafer-scale, 

which saves time and cost.  

The author performed 90% of the process development and experimental design, 70% 

of the characterization and data analysis, and 75% of the manuscript writing. 

Paper IX. 500 °C High Current 4H-SiC Lateral BJTs for High-Temperature 

Integrated Circuits 

High-current 4H-SiC lateral BJTs for high-temperature monolithic integrated circuits 

are fabricated. The BJTs have three different sizes and the designs are optimized in 

terms of emitter finger width, emitter finger length, and the device layout in order to 

reach higher current density, lower on-resistance, and more uniform current 

distribution. A maximum current gain of >53 at significantly higher current densities is 
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achieved for both large- and small-area BJTs compared to the conventional design. 

The BJTs are measured from room temperature to 500 °C. A breakdown voltage of 

>50 V is measured for the devices.  

The author performed 100% of the layout design, 100% of the fabrication process, 

100% of the characterization and data analysis, and 90% of the manuscript writing. 
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Chapter 1. Introduction 

Perhaps electrical energy is the most important phenomenon that the modern society 

is affected by. Today’s information-oriented world is connected through the networks, 

which are all based and supplied by electrical power. Nowadays, by the enormous 

growth of the information technology, the electrical energy consumption is vastly 

increasing. Supplying, transferring, and using this huge amount of energy consequently 

raises the power loss, which is mostly in form of heat dissipation and causes carbon 

dioxide (CO2) emission. This becomes more and more critical for the global warming 

and climate changes [1].  

To use the electrical energy more efficiently with lower power loss, it is inevitable to 

generate, store, transport, and convert it to higher or lower voltages and currents in 

different AC and DC forms. This forces us to replace the current technology with a 

new generation of reliable technology with more efficient energy utilization and lower 

loss. The power electronic systems employ power semiconductor devices like power 

rectifiers and switches to convert DC and AC electrical energies. Fig. 1.1 schematically 

presents the main applications of such high-power devices. Most of available power 

semiconductors are fabricated on silicon (Si) technology. Thanks to the maturity of the 

Si process, which is mostly due to the development of the nanoscale Si integrated 

circuits (ICs), advanced Si-based power devices are developed in large-area wafer-size, 

extending the performance of the power devices beyond the Si unipolar limits.  

 

Figure 1.1. Different examples of the electric power conversion. 
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However, a further development of the high-voltage Si devices is limited by the Si 

material properties. Therefore, there is a demand to replace the Si with an alternative 

semiconductor for power electronics. 

1.1 Silicon Carbide 

Nowadays, very high-current (> 1 kA) and high-voltage (~6 kV) wafer-size Si 

power devices and modules are commercially available [2]–[7]. The high-power 

modules are made of these packaged devices in series, which can handle thousands of 

kilowatts of power on a system level. Even though the power efficiency of these 

systems are relatively high (> 90 %), their power loss leads to an enormous amount of 

dissipated heat in a massive system with such output power. Therefore, it is inevitable 

to use cooling components to increase the system durability and maintain the 

efficiency and functionality. Moreover, such structures are large in volume and weight. 

High-voltage devices fabricated by wide bandgap (WBG) semiconductors have been 

proposed and investigated to overcome these problems. These materials can sustain 

higher blocking voltage with a lower leakage current, and offers lower on-resistance 

(RON). Wide-bandgap semiconductors like silicon carbide (SiC) and gallium nitride  

 

 

Figure 1.2. (a) Schematic atomic structure of SiC (b) 4-inch and 6-inch 4H-SiC wafers that are 
currently available on the market [8]. 

 

TABLE 1.1. PROPERTIES OF THE 4H-SIC AND GAN MATERIAL COMPARED WITH SI [9]. 

Material Property Symbol Si 4H-SiC GaN 
Bandgap (eV at 300 K) Eg 1.12 3.2 3.4 

Critical electric field (MV/cm) EC 0.25 2.2 3 
Electron mobility (cm2/V·cm) µn 1350 1020 400 

Hole mobility (cm2/V·cm) µp 480 120 30 
Saturation electric velocity (cm/s) Vsat 1 2 2.5 

Thermal conductivity at 300 K (W/cm·K) λ 1.5 4.5 1.3 
Relative permittivity εr 11.9 10 9.5 
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(GaN) are of great interest as potential alternatives for Si in high-power and high-

temperature applications. Table 1.1 compares the material properties of SiC and GaN 

with Si. Currently, SiC is more desirable for high-voltage (>1200 V) devices compared 

to GaN. This is mainly due to the lower cost and better quality of the material, which 

gives the possibility of making vertical devices with a high yield. In addition, it has a 

higher thermal conductivity that is beneficial for higher power densities. Fig. 1.2.a 

presents the atomic structure of a SiC crystal. Thanks to the recent development of 

SiC growth technology, 6-in SiC wafers are currently available in the market (see Fig. 

1.2.b). Among different SiC polytypes, 4H-SiC is more attractive due to the higher 

career mobility, wider bandgap, and high quality of the bulk and epitaxial grown 

material [9]. Currently, high-voltage SiC devices up to 1.7 kV are commercially 

available [7], [8], [10]–[13]. There is a high demand for higher voltage and current rates 

for the next generation power electronics [14]. For instance, if a high power module 

including 3.3-kV Si devices is replaced by a high-current 15-kV (or 30-kV) SiC device, 

one can significantly reduce the voltage drop (VF) and power loss on the chip level. 

On a larger scale, changing a high-power (> 1 MW) system with a SiC-based package 

or modules the weight, volume, power loss and the total cost of the system can be 

reduced. The isolation of such high-voltage devices, testing and measurement, and 

finally the packaging are some of the current challenges, which appear after the device 

design and fabrication. Fig. 1.3 represents the roadmap for SiC devices for targeted 

applications in power electronics. 

Other than high-power applications, semiconductor devices are employed for high-

temperature electronics and harsh environment applications (see Fig. 1.4). Beside the 

interesting high-voltage properties originating from the wide bandgap of the SiC, this 

 

Figure 1.3. The targeted application of SiC and GaN power devices in power electric systems [14]. 
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Figure 1.4. The application of semiconductor devices for high-temperature electronics. SiC-based 
devices and integrated circuits paved the way for > 300 °C operations.  

material is also capable of operating at much higher temperature than Si, which is 

mainly due to the wide bandgap and low intrinsic carrier concentration of the SiC. 

This along with its high thermal conductivity provides a superb capability for SiC for 

extreme-temperature electronics. These SiC devices can be used for direct sensing and 

operation in reactors, engines, turbines, traction, aviation etc. in which the temperature 

can rise up to 600 °C. The current silicon on insulator (SOI) technology is barely 

operational up to 300 °C. It is worth noting that the device packaging for such extreme 

temperatures is a challenging issue. Nowadays, most of the high-temperature SiC 

devices and ICs are in use on a bare die or implemented on ceramic or aluminium 

nitride (AlN) substrate without package. 

Among various power semiconductor devices, 4H-SiC bipolar junction transistors 

(BJTs) are attractive candidates for high-voltage applications due to their high current 

capability, low specific on-resistance, and simple fabrication process. Moreover, the 

absence of a gate oxide and their negative bias temperature dependency behavior make 

them suitable for high-temperature operations. In order to industrialize the developed 

4H-SiC BJTs, it is necessary to reduce the die size and total cost. Therefore, one has to 

improve the device design and the fabrication process of 4H-SiC BJTs. This becomes 

more important for higher voltage rates, which have a higher ratio of the edge 

termination area to the total die size. Therefore, the device design and performance 

should be optimized to minimize the area usage for each die. It is exactly the device 

optimization and process development of 4H-SiC BJTs that this thesis focuses on. 

1.2 Thesis Objective 

The objective of this thesis is to improve the 4H-SiC BJT performance, including 

the device optimization and process development in order to realize high-current 4H-

SiC BJTs for different applications. To achieve this, different device parameters, 
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including the epilayers design, device dimension, area-usage, the layout design, and the 

fabrication process are optimized and enhanced. An established 4H-SiC BJT 

technology reported in [15]–[17] show the attractive potential of these devices for 

high-voltage and high-temperature applications. Large-area vertical ultra-high-voltage 

and lateral high-temperature SiC BJTs with sophisticated performance can be designed 

and realized by a comprehensive investigation on design consideration and an 

enhanced fabrication process of 4H-SiC BJTs.  

In order to reach this objective, a device modeling is required as the starting point. 

To implement an accurate model, we employed the properties of SiC material and the 

details of our simulation and modeling parameters for high-voltage and high-

temperature applications from [17] and [18]. The same SiC parameters are used in this 

thesis to implement the designs in the TCAD simulation [19]. The device simulation is 

a powerful tool to design new devices, track the device behavior, virtually observe the 

changes inside the device, and study the trends. The feedback from the measurements 

of previous batches can be used as an input to calibrate the TCAD simulation and 

modeling.  

The methodology of this thesis, defined as device development loop, including the 

design, fabrication, measurement, and optimization is shown in Fig. 1.5. Accurate SiC 

parameters are required for a meaningful simulation study, particularly for high-

temperature modeling. We upgraded the simulation parameters over the years with the 

new extracted parameters from experimental studies to find a good agreement 

between simulation and experimental results. We performed a great deal of device 

simulation to provide an optimum design for the 4H-SiC BJTs in terms of the epilayer 

design, maximum current gain (β), on-resistance, current density (JC), breakdown 

voltage (VBR) etc. Afterward, we drew the layout designs with different cell geometries, 

area-efficient designs, various sizes etc. Once the device and layout design were 

accomplished, the first batch including the high-voltage (4.5-kV class) 4H-SiC BJTs is 

fabricated with the established process [16]. The characterization of BJTs in the first 

batch demonstrated a blocking behavior as expected from the simulation results. 

However, the current gain is lower than the simulated value and dramatically lower 

than the ideal value. This showed that a higher current gain is achievable by 

improvement of the fabrication process. As presented in the device development flow, 

it is very important to have feedback from post-process measurements, or even during 

the processing in order to optimize the device design and development. Therefore, we 

investigated the effect of fabrication process on the performance of the previous 

fabricated batches, iterated the characterization and simulation loop, and extracted the 

investigated parameters. The surface recombination is the main factor, which degrades  
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Figure 1.5. The SiC device development loop including the device simulation, fabrication, and 
characterization. 

the current gain. In the next batch for ultra-high-voltage (15-kV) BJTs, a significantly 

higher current gain was achieved by using an enhanced surface passivation. 

At the same time in another development batch, we tried to eliminate the lift-off 

process from our fabrication process steps. Even though this might not directly affect 

the device performance, however it is inevitable to remove the lift-off process for 

industrialization of a developed device. The self-aligned silicide process is very well-

known from Si technology. However, a much higher temperature (950 °C) is required 

in SiC to form an Ohmic contact. The high temperature annealing of the metal/oxide 

layer can affect the quality of oxide and degrade the device performance. We 

developed a wafer-scale nickel (Ni) self-aligned nickel silicide (Ni-SALICIDE) process 

for the n-Ohmic contact by performing separate low-temperature and high-

temperature annealing steps. Also, a lift-off-free process for the p-Ohmic contact 

technology to 4H-SiC is developed. The process consists of a low-temperature (600 
°C) Ni-SALICIDE and removal of unreacted Ni as of for the n-contact, deposition 

and patterning of a Ti/Al stack, and a final high temperature annealing (>900 °C) to 

transform the Ni-silicide/Ti/Al for the p-Ohmic contact. 
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1.3 Thesis Structure 

In this thesis, the main goal is to design and realize 4H-SiC devices for high-voltage 

and high-temperature applications with the focus on the npn BJT technology. 

Efficient termination techniques are designed and implemented to realize high-voltage 

(4.5-kV) and ultra-high-voltage (15-kV) devices. The effect of device geometry and 

scaling are investigated and optimized to achieve a high current gain and current 

density. Furthermore, high current BJTs and Darlington pairs are designed and 

fabricated for the high-temperature low-voltage operations as well as the high-voltage 

application. Additionally, the device topology is optimized to have more efficient 

usage of the area. The main purpose is to find an optimum design for the devices to 

minimize the area and total cost as well as to improve the device performance. Process 

dependent parameters are also studied and enhanced to minimize the effect of 

fabrication related parameters. Besides, some process steps are improved for a wafer-

scale fabrication, which is important for industrialization of the devices. 

In Chapter 2, the current SiC technology and the advanced power SiC devices are 

explained. The performance of the state-of-the-art SiC power rectifiers and power 

switches is summarized. Also, a brief overview on the best reported GaN power 

devices is given and the performance of the SiC and GaN power devices is compared.  

A comprehensive investigation on the device design, including the epilayer design, 

scaling and geometries, edge termination techniques, and efficient layout designs is 

performed and described in Chapter 3. Compared to the interdigitated finger design, 

the hexagon- and square-cell geometries show 42% higher current density and 21% 

lower specific on-resistance at a given maximum current gain. Moreover, a layout 

design called intertwined design is used to save the inactive portion of the conducting 

area. More than 14% higher current is achieved by 100% usage of the conducting area. 

To achieve a high breakdown voltage, various edge termination designs based on 

multi-step etched junction termination extension (JTE) are implemented. A 

termination efficiency of 92% and 93% is achieved for the area-optimized-JTE (O-

JTE) and multiple-shallow-trench-JTE (ST-JTE), respectively, compared to the 75% 

for the conventional double-JTE. 

Chapter 4 summarizes the fabrication process technology used for different batches 

described in this thesis. The overall process steps for the high-voltage and high-

temperature batches are presented and briefly explained. An enhanced surface 

passivation technique to diminish the effect of surface recombination and improve the 

maximum current gain of the 4H-SiC BJTs is developed. Furthermore, special 

attention is dedicated to eliminate the lift-off process from the n- and p-Ohmic 

contact technology to 4H-SiC. A wafer-scale Ni-SALICIDE process for n-Ohmic 
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contact technology to 4H-SiC is successfully developed. The process is based on a 

low-temperature annealing (600 °C), removal of unreacted Ni, and a final high-

temperature annealing (950 °C) to form a low-resistive n-Ohmic contact. Besides, a 

lift-off-free p-Ohmic contact technology to 4H-SiC by assist of Ni-SALICIDE is 

developed. A low-temperature (600 °C) Ni-SALICIDE is formed both on the n- and 

p-epilayers. Afterward, a Ti/Al stack is deposited and exclusively patterned on the p-

type opening. A final high temperature annealing (>900 °C) transforms both the Ni-

silicide and Ni-silicide/Ti/Al to the n- and p-Ohmic contacts. A contact resistivity of 

5×10-6 Ω·cm2 and 7×10-4 Ω·cm2 for the n- and p-Ohmic contacts are achieved, 

respectively. 

In Chapter 5, the characterization results of the 4H-SiC BJTs are presented and 

discussed. A maximum current gain and a specific on-resistance of 40 and 20 mΩ·cm2 

at the current density of 330 A/cm2 for the high-voltage (4.5-kV class) is achieved, 

respectively. Also, a breakdown voltage of 5.65 kV and 5.85 kV for the 4H-SiC BJTs 

with O-JTE and ST-JTE edge terminations is measured. By employing the improved 

surface passivation, a β and RON of 139 and 579 mΩ·cm2 at the current density of 89 

A/cm2 for the 15-kV class BJT is obtained, respectively. Moreover, 4H-SiC lateral 

BJTs with different sizes and output current of 1−11 A for high-temperature 

operations up to 500 °C are fabricated. Although the output current of the 4H-SiC 

BJTs decreases to 30% of the maximum value by increasing the temperature from 27 

to 500 °C, the BJTs are fully operational. Additionally, Darlington pairs are designed 

and fabricated for high-current drive applications. A maximum current gain of 3300 at 

15 A is measured. 

Finally, Chapter 6 summarizes the achievements and main results of this thesis. The 

results pave the way to develop more efficient 4H-SiC BJT devices which are 

manufacturable in large- and wafer-scale process. Finally, the design considerations for 

the further development of the presented technology in future research is proposed. 
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Chapter 2. Current Technology and 

Prospective of SiC Power Devices 

Chapter 1 briefly introduced SiC devices and their applications in power electronics 

and high-temperature electronics. In this chapter, we give an overview on the state-of-

the-art SiC power devices, the challenges, and the prospective developments of such 

devices. Also, the most recent reports on GaN power devices are summarized and 

briefly discussed. 

Semiconductor devices can be split into two different groups, based on the 

operation and functionality of different devices: (1) rectifiers and (2) switches. The 

former controls the current in one direction and blocks the current in the opposite 

way, whereas the latter is a triggerable switch, which can control the duration of the 

current flow. Each device has an input and output power. The ideal device should 

have identical input and output power with no power dissipation. The actual devices 

require a certain voltage or current to function. This introduces a power loss on the 

device apart from the type of device. This power loss appears as heat, which cause 

issues to save the energy and to cool down the circuits and systems. There has always 

been great challenges and progress to reduce the voltage drop, on-resistance, and the 

leakage current in the devices in order to reduce the total power loss. Fig. 2.1 presents 

the characteristics of ideal and actual rectifiers and switches. As is apparent from the 

figures, the performance of the actual devices is limited by: 

 Non-zero voltage drop in conduction (on-resistance) 

 Non-zero leakage current (ILeakage) 

 Limited blocking capability (breakdown voltage) 

 Non-zero switching time between on- and off-states  

 Limited variation of voltage and current in a short time 

As a result, a real device exhibits power loss in the conduction, blocking, and 

switching modes. The improvement of these factors is the main directions for device 

designers and manufacturer to approach the ideal characteristics. 
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Figure 2.1. The I-V characteristics of an (a) ideal power rectifier, (b) actual power rectifier, (c) ideal 
power switch, and (d) actual power switch. 

All SiC devices can be devided into unipolar and bipolar devices depending on the 

flow of the majority and minority carriers [9]. For unipolar devices, such as Schottky 

barrier diode (SBD), junction barrier Schottky diodes (JBS), and field effect devices 

(JFET, MESFET, and MOSFETs), the current flow is due to majority carriers. Unlike 

the unipolar devices, the current flow consists of both majority and minority carriers 

in bipolar and hybrid devices e.g. the PiN diode and merged PiN Schottky diode 

(MPS), bipolar junction transistor (BJT), thyristor and gate turn-off thyristor (GTO), 

and insulated-gate bipolar transistor (IGBT). Solely unipolar and bipolar devices have 

their advantages and disadvantages in operation which will be discussed in the Chapter 

3. Among these devices, nowadays, those with capability of working in both modes are 

of great interest for the next generation of power electronics [9]. The unipolar SiC 

devices are suitable for the mid-range voltage class (up to 3.3 kV) where the on-

resistance of the drift layer is reasonable in forward conduction. A thicker and lower-

doped drift layer for high-voltage and ultra-high-voltage ranges is required, which 

makes the drift layer very resistive. Therefore, one has to use bipolar SiC devices for 

the high-voltage range, particularly for ultra-high-voltage classes (> 10 kV) in which 

both p- and n-layers inject carriers into the drift layer. The amount of injection 

increases at higher current density and the holes and electrons flood the drift region. 

Hence, the carrier concentration in the drift region exceeds the doping concentration 

in this layer leading in dramatic reduction of the drift resistance, which is called as 

conductivity modulation. This is the main advantage of bipolar devices that enables them 

to handle high current density with surge current capability. A high carrier lifetime in 
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the drift layer can improve the conductivity modulation and significantly reduce the 

on-resistance [9]. To obtain a low on-resistance and benefit from the conductivity 

modulation of the bipolar devices, the minimum carrier lifetime of ~2, 5, and 10 µs 

for the 10-, 15-, and 20-kV devices are required, respectively [20]. There have been 

progress to improve the carrier lifetime by introduction of carbon atoms to occupy the 

carbon vacancies at certain levels [21]–[27]. Currently, three different methods are 

known to improve the SiC carrier lifetime: (1) carbon implantation following by high-

temperature annealing [25]; (2) thermal sacrificial oxidation to introduce atomic layers 

of carbon at SiC surface [26]; (3) filling up the vacancies by re-crystallizing the SiC 

with controlled annealing and cooling down the SiC in thermodynamic equilibrium 

[27]. The SiC bipolar technology mainly suffers from the bipolar degradation effect 

originating from basal plane dislocations [28], high enough carrier lifetime, and the 

robustness of edge termination to achieve avalanche capability. The two former are 

related to the epitaxial and fabrication process whereas the latter one is more design 

dependent. It should be noted that the drift layer of the high-voltage devices mainly 

sustains the blocking voltage. Therefore, the drift epilayer is thicker than the other 

layers. Therefore, n-type epilayer is typical for the drift layer of the high-voltage 

devices due to higher mobility of the n-type and the limitations of the growth process 

of lowly-doped p-epilayers. In the following sections, an overview of the state-of-the 

art SiC power devices together with a brief report on the recent reported GaN devices 

is given.  

2.1 SiC Power Rectifiers 

SiC rectifiers are of great interest for high power electronic applications, mostly 

used as freewheeling diodes. A favorable device should exhibit high blocking voltage, 

low leakage current, and low forward voltage drop. Also, a low switching loss is 

needed for high power circuits in which the device continuously switches between on- 

and off-states. In this section, the structure and properties of the main SiC rectifiers 

are shortly described. In addition, the advantages, drawbacks, and challenges of each 

technology are discussed and some most advanced devices are highlighted.  

2.1.1 SiC PiN Diodes 

The PiN rectifier is one of the fundamental structures that is developed for power 

electronics (see Fig. 2.2). The device is basically made of a p-epilayer to inject holes 

and a thick n--drift layer to sustain the blocking voltage. The drift layer consists of a 

lowly-doped n-layer, which is close to intrinsic level (i), and a highly-doped n-layer 

underneath to inject electrons. The lowly-doped layer is sandwitched between the 

highly-doped p- and n-layers. Both highly-doped p- and n-layers inject carriers into the 

intrinsic layer until the conductivity modulation occurs. The knee voltage of the PiN  
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Figure 2.2. Cross-sectional view of a SiC PiN rectifier. 

rectifiers is ~2.5 V due to the wide bandgap of SiC. A low on-resistance in the 

conduction mode can compensate this issue to obtain a reasonably low forward 

voltage drop at required current density.  

PiN rectifiers have some drawbacks in switching applications. During the on-state, 

a high overshoot occurs which is harmful for the power circuits. This is mainly due to 

the high resistance of the drift layer. On the other hand, once the device is switched 

off, the stored charges must be discharged from the drift layer. This requires longer 

time for the higher concentration of the charges leading to higher power loss, which is 

not desirable for the power system. Therefore, there is a trade-off between on- and 

off-states, switching frequency, and the forward voltage drop and conduction 

performance of the PiN rectifier. This should be considered during the design of the 

devices and circuits for specific applications. Besides, compared to Si, SiC PiN 

rectifiers show better high-temperature performance. However, it is worth noting that 

the current drive of the PiN rectifiers dramatically increases by rising the temperature, 

which makes them unstable at high temperature operations.  

2.1.2 SiC Schottky Barrier Diodes (SBDs) 

Schottky rectifiers are known as the principal semiconductor device in which the 

semiconductor-metal introduces the rectifying behavior (Fig. 2.3). SBDs are unipolar 

devices in which the current flow is due solely to majority carriers. Hence, the 

switching speed of SBDs is very fast and the reverse recovery time and loss is almost 

equal to zero. The difference between SiC bandgap and Schottky metal work function 

determines the SiC SBD forward voltage drop which is approximately 1 V. Finding a 

metal to make a proper Schottky without barrier inhomogeneity and a good 

uniformity, achieving low leakage current, and fabrication process to treat the SiC-

metal interface are the main challenges for SiC SBD devices. Although a low-voltage 

drop is in favor of forward characteristic, the low Schottky barrier height results in a 

leaky device, which is not desirable in blocking mode. Therefore, one has to increase  
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Figure 2.3. Cross-sectional view of a SiC SBD rectifier. 

 

Figure 2.4. Cross-sectional view of the SiC (a) JBS and (b) MPS rectifiers. 

the barrier and decrease the doping concentration of the drift layer to compensate the 

poor blocking behavior of these devices that sacrifices the on-resistance. It should be 

noted that raising the temperature lowers the current in forward mode whereas it 

dramatically increases the leakage current in reverse mode. This is due to the behavior 

of the Schottky metal-semiconductor junction [9]. 

2.1.3 SiC JBS and MPS rectifiers 

As mentioned above, the PiN and SBD rectifiers have advantages and drawbacks in 

switching and DC operations. To benefit from both advantages and diminish the 

disadvantages, JBS and MPS designs with different technologies have been realized. As 

presented in Fig. 2.4, JBS and MPS structures are quite similar in which the p+ grids 

are introduced under the Schottky contacts to protect the Schottky contact from the 

high electric field of the drift layer. This slightly decreases the forward current while it 

significantly reduces the leakage current level. The main difference between the MPS 

and JBS rectifiers is the additional Ohmic contact to the p+ grids for the MPS 

rectifiers. This improves the surge current capability in high-current densities for the 

MPS rectifiers. The ratio of the Schottky contact area to the PiN area determines the 

conducting behavior of the device. Nowadays, these devices are of great interest for 

power electronic applications due to their low-voltage drop, fast switching speed, 
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surge current capability, low leakage current, and low reverse recovery loss. There is an 

increasing demand on JBS and MPS diodes for applications like automotive and 

traction due to the hybrid unipolar and bipolar operation of these devices [29]. This 

encourages providers to aim for higher voltage classes and improved on-state 

performance of their latest device generations. Different techniques have been 

developed and realized to optimize the JBS and MPS device characteristics. Currently, 

high-voltage JBS and MPS devices are commercially available [7], [8], [10]–[13]. Table 

2.1 summarizes the most advanced SiC JBS and MPS diodes. 

2.2 SiC Power Switch Devices 

In this section, the main features of SiC FETs including the JFETs and MOSFETs 

as unipolar power switches are briefly described. In the continuation, the SiC-based 

bipolar switch devices e.g. bipolar junction transistors (BJTs), gate turn-off thyristors 

(GTOs), and insulated-gate bipolar gate transistors (IGBTs) are shortly discussed. 

 

TABLE 2.1. SUMMARY OF THE STATE-OF-THE-ART SIC RECTIFIERS INCLUDING THE PIN, SBD, JBS, 
AND MPS DEVICES. 

Device VBR (kV) VF (V) RON (mΩ·cm2) Ref. 
SBD 1.2 1.35 @ 200 A/cm2 --- [30] 
SBD 1.7 2 @ 126 A/cm2 8.7 [31] 
SBD 5 2.4 @ 25 A/cm2 17 [32] 
SBD 6.7 4 @ 60 A/cm2 43 [33] 
SBD 10 11.75 @ 20 A/cm2 97.5 [34] 
PiN 0.6 3.1 @ 100 A/cm2 --- [35] 
PiN 4.3 3.25 @ 100 A/cm2 --- [36] 
PiN 10-13 3.75 @ 100 A/cm2 3.3 [37] 
PiN 10 3.87 @ 100 A/cm2 38 [38] 
PiN 10 3.44 @ 100 A/cm2 2.1 [39] 
PiN > 10 3.3 @ 100 A/cm2 3.4 [40] 
PiN 13 4.9 @ 100 A/cm2 12 [41] 
PiN 13 3.22 @ 100 A/cm2 1.87 [42] 
PiN 15 9.68 @ 100 A/cm2 62 [43] 
PiN 15 4.1 @ 100 A/cm2 25.5 [44] 
PiN 27 4.72 @ 100 A/cm2 9.72 [42] 
PiN 15 9.1 @ 100 A/cm2 41.4 [45] 

JBS & MPS 1.2 1.2 @ 100 A/cm2 3.1 [46] 
JBS & MPS 1.6 1.4 @ 100 A/cm2 7.5 [47] 
JBS & MPS 1.7 1.6 @ 100 A/cm2 2.9 [48] 
JBS & MPS 5 3.5 @ 100 A/cm2 25.2 [49] 
JBS & MPS 6.5 4 @ 100 A/cm2 --- [50] 
JBS & MPS 10 3.37 @ 100 A/cm2 100 [41] 
JBS & MPS >10 4.5 @ 100 A/cm2 ~150 [51] 
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Figure 2.5. Cross-sectional view of a 4H-SiC (a) JFET, (b) DMOSFET, and (c) UMOSFET. 

2.2.1 SiC FETs (JFETs and MOSFETs) 

The schematic of a SiC JFET structure is shown in Fig. 2.5.a. The current passes 

through the channel, which can be pinched by applying the voltage to the gate to turn 

off the device. No gate oxide layer is required for JFETs and the process is rather 

simple compared to other SiC power switch devices. Normally-on JFETs provide 

lower on-resistance but have higher leakage current, which is not desirable for power 

applications. SiC JFETs are popular devices for mid-range voltage applications due to 

their high frequency switching, low switching loss, and simpler driver circuitry with 

voltage-controlled drivers. The advent of SiC enabled thinner drift layer for the desired 

breakdown voltage compared to silicon.  

Currently, 4H-SiC power metal-oxide-semiconductor field effect transistors 

(MOSFETs) are the most attractive power switches on the market [14]. The 

MOSFETs are unipolar devices with high switching frequency. The SiC MOSFET on-

resistance consists of the channel and drift layer. The main challenges in SiC 

MOSFETs are the gate oxide breakdown and the channel mobility. The oxide process 

is a key factor to minimize the SiC/SiO2 interface charges, which degrades the channel 

mobility [52], [53]. Fig. 2.5.b and Fig. 2.5.c illustrate the schematic cross-sectional view 

of two different SiC MOSFET technologies known as DMOSFET and UMOSFET. 

Currently, 1200-V MOSFETs are commercially available from different companies [7], 

[8], [10]. There is an increasing demand for higher blocking capability of the SiC 

devices for the next generation of power electronics. Some progress have been made 

to extend the potential of SiC unipolar devices to high-voltage and ultra-high-voltage 

classes [54]–[56]. However, the high resistance of the lowly-doped drift region limits 

the performance of the unipolar devices, particularly for >15 kV devices. Hence, 

bipolar devices are going to play the main role in such voltage range due to the 

conductivity modulation of the drift region. This can significantly reduce the RON of  
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TABLE 2.2. SOME OF THE ADVANCED POWER SIC FETS INCLUDING THE JFETS AND MOSFETS. 

Device VBR (kV) RON (mΩ·cm2) Ref. 
JFET 0.6 2.6 [57] 
JFET 1.2 5 [58] 
JFET 1.68 5.5 [59] 
JFET 1.73 3.6 [60] 
JFET 1.9 2.8 [61] 
JFET 2.05 5.7 [62] 
JFET 3.5 390 [63] 
JFET 4.2 454 [64] 
JFET 9 96 [65] 
JFET 9.4 127 [66] 
JFET 11 130 [67] 

DMOSFET 0.95 8.4 [68] 
DMOSFET 1.6 40 [69] 
DMOSFET 2.6 200 [70] 
DMOSFET 6.5 40 [54] 
DMOSFET 10 123 [71] 
DMOSFET 13.1 169 [56] 
DMOSFET 15 250 [54] 
UMOSFET 1.4 74 [72] 
UMOSFET 3.3 9.4 [73] 
VMOSFET 1.2 2 [74] 

the device in forward conduction mode and take the SiC performance beyond the 

unipolar limits. Table. 2.2 summarizes the properties of the state-of-the-art SiC FETs. 

2.2.2 SiC BJTs 

The schematic of the 4H-SiC vertical and lateral BJT structures is shown in Fig. 2.6. 

The BJT consists of two back-to-back pn diodes invented in 1947. The first SiC-based 

BJT was reported in 1977 [75] in which the pn junctions were epitaxially grown and 

etched by means of dry etching to form the emitter and base regions. In 2001, the first 

high-voltage SiC BJT with blocking voltage of 200 V and current gain of 4 was 

reported [76]. Two different approaches were used to form the emitter and base 

regions: (1) using ion implantation to form either the emitter or base or both regions; 

(2) using epitaxial emitter and base that were then isolated by dry etching. Since then, 

several studies to improve the performance of SiC BJTs have been done [76]–[137]. In 

spite of their excellent performance in high-voltage and high-temperature applications, 

the SiC BJTs have not received much attention. One of the main reasons is that the 

BJT is a current-controlled device while the market development is mostly focused on 

voltage-based drivers. However, as mentioned earlier, eventually power electronics 

have to switch to ultra-high-voltage bipolar devices, particularly with the recent 

development of the lifetime enhancement process, which will improve the 

conductivity modulation in the device drift layer. The properties of the most advanced 

SiC BJTs are summarized in Table. 2.3. 
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Figure 2.6. Cross-sectional view of a 4H-SiC BJT with (a) vertical structure (b) lateral structure. 

TABLE 2.3. SOME OF THE STATE-OF-THE-ART POWER SIC BJTS. 

Device VBR (kV) β RON (mΩ·cm2) Ref. 
BJT 3.2 28 28 [87] 
BJT 2.8 55 4 [100] 
BJT 2.8 52 6.8 [100] 
BJT 1.8 40 4.4 [111] 
BJT 2.3 35 4.5 [77] 
BJT 6 --- 28 [86] 
BJT 23.5 7 321 [130] 
BJT 10.5 75 110 [91] 
BJT 2.7 132 4 [78] 
BJT 15 139 579 PAPER I 
BJT 5 40 33 PAPER II 
BJT 5.65 44 18.8 PAPER III 
BJT 5.85 40 28 PAPER IV 

2.2.3 SiC Thyristors and GTOs 

Power thyristors rapidly gained much interest for power applications and became 

commercially available in the 50s. The capability to function in both forward and 

reverse modes in the same range makes them a favorable device for high power 

switching operations. These devices can be triggered by a voltage, current, light, 

induction etc. to switch between on- and off states. Among several types of SiC 

thyristors, GTOs are the most attractive devices for SiC technology since the device 

can be switched from on-state to off-state under gate bias control, which is desirable 

for AC applications. The structure of a GTO is presented in Fig. 2.7.a. The 4H-SiC 

GTO benefits from high breakdown capability and high thermal conductivity. Also, it 

shows excellent turn-off behavior and high current capability. Moreover, it offers low 

forward voltage drop at high current densities, which results in low power dissipation 

in the on-state mode. However, the bipolar degradation originating from the material 

quality and the large turn-off gate drive are the main challenges for SiC GTOs in high 

power applications. Besides, the switching speed of the thyristors is limited due to the 

high amount of stored charges in the layers. 
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Figure 2.7. Cross-sectional view of a high-voltage SiC (a) GTO, (b) n-IGBT, and (c) p-IGBT. 

2.2.4 SiC IGBTs 

The insulated-gate bipolar transistors (IGBTs) were firstly presented in 80s to marry a 

BJT with a MOSFET to benefit from the advantages of both technologies. Different 

types of MOSFET structures e.g. DMOSFET, UMOSFET, trench MOSFET etc. can 

be implied to realize the IGBTs. The structure of SiC n- and p-IGBTs based on a  

TABLE 2.4. SOME OF THE STATE-OF-THE-ART POWER SIC GTOS AND IGBTS. 

Device VBR (kV) RON (mΩ·cm2) Ref. 
GTO 0.4 --- [138] 
GTO 3.1 --- [139] 
GTO 7.8 5.3 [140] 
GTO 8.1 6 [141] 
GTO 9 --- [142] 
GTO 12.7 --- [141] 
GTO 20 11 [143] 
GTO 22.1 7.7 [71] 

n-IGBT 2 500 [144] 
n-IGBT 12.5 5.3 [145] 
n-IGBT 13 22 [146] 
n-IGBT 15 --- [147] 
n-IGBT 16 11.3 [148] 
n-IGBT 17 25.6 [149] 
n-IGBT 20 177 [150] 
n-IGBT 27 --- [151] 
p-IGBT 2.7 161 [152] 
p-IGBT 5.8 580 [153] 
p-IGBT 7.5 26 [154] 
p-IGBT 10.2 24 [155] 
p-IGBT 12 18.6 [156] 
p-IGBT 15 24 [145] 
p-IGBT 15 41 [149] 
p-IGBT 15 33 [151] 
p-IGBT 15 148 [157] 



 2.2. SiC Power Switch Devices 

37 
 

DMOSFET structure are presented in Fig. 2.8.b and 2.8.c, respectively. As discussed 

earlier, the BJTs offer a low forward voltage drop and on-state characteristics. A high 

current gain is required to avoid a complicated drive circuit. Back in the years, BJTs 

were suffering from relatively low current gain leading to lose the attention from the 

markets. Hence, the IGBTs were proposed to monolithically integrate a BJT with a 

MOSFET to make a voltage-controlled device with low on-resistance. In recent years, 

progress have been made to develop ultra-high-voltage SiC IGBTs. Thanks to the 

maturity of the epitaxial growth process to grow thick n- and p-epitaxial layers [157] 

and also some novel fabrication technologies [144], [148], [150], [158], both SiC n-

IGBTs and p-IGBTs have been realized. Although the VBR-RON figure-of-merit for  

TABLE 2.5. SOME OF THE MOST RECENT REPORTED GAN-BASED POWER DEVICES. 

Device VBR (kV) RON (mΩ·cm2) Ref. 
AlGaN/GaN HEMT 1050 3.4 [159] 
AlGaN/GaN HEMT 900 --- [160] 
AlGaN/GaN HFET 8300 200 [161] 

AlGaN/GaN 1100 15 [162] 
AlGaN/GaN 1900 2.2 [163] 
AlGaN/GaN 1600 3.4 [164] 
AlGaN/GaN 10400 200 [165] 

InAlN/GaN MOSHEMTs 3000 4.3 [166] 
GaN on Si 700 4.5 [167] 

GaN on Diamond 1100 3.4 [168] 
AlGaN/GaN HEMT 1500 5.3 [169] 

GaN polarization super HFET 1100 6.1 [170] 
InAlN/AlN/GaN MISHEMT 460 2.3 [171] 

AlGaN/GaN HEMT 1100 1.8 [172] 
AlGaN/GaN on Si HEMT 1410 2.3 [173] 

AlGaN/GaN SBD 1500 3.37 [174] 
Vertical GaN PN Diode 3700 2.95 [175] 

Vertical AlGaN/GaN 2DEG 1500 2.2 [176] 
Al2O3/AlGaN/GaN-on-Si MISFET 860 1.2 [177] 

AlGaN/GaN lateral SBD on Si 1900 5.1 [178] 
Vertical GaN pn 2600 1 [179] 
Vertical GaN pn 3900 0.9 [180] 

Vertical GaN-on-Si pn 500 0.8-1 [181] 
GaN-on-GaN pn 1000 3 [182] 
GaN-on-GaN pn 3480 0.95 [183] 
GaN MOSFET 1200 1.8 [184] 

GaN polarization super FET 4000 7 [185] 
GaN polarization super FET 1500 2 [185] 

Vertical GaN Schottky 1100 0.71 [186] 
Vertical GaN MPS 2000 3.1 [187] 

Normally-off Vertical GaN FET 1700 1 [188] 
InAlN/GaN HEMT 2300 4.6 [189] 

Vertical GaN pn 4700 1.7 [190] 
Vertical GaN pn 4000 2.8 [191] 
GaN-on-GaN pn 1400 0.12 [192] 
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the SiC IGBTs takes them beyond the SiC unipolar limits, it seems that the wafer-scale 

development of SiC IGBTs for industrial applications takes longer. The properties of 

the most advanced SiC GTOs and IGBTs are summarized in Table. 2.4. 

As mentioned earlier, in recent years GaN-based devices gained much interest as 

the main competitor for SiC devices, particularly in the low-voltage and mid-voltage 

class [193]. Table 2.5 summarizes the properties of the state-of-the-art GaN-based 

devices. In spite of the significant progress in development of GaN devices and their 

superior performance, GaN technology is still suffering from the material quality, 

process cost, immature fabrication process, and low thermal conductivity of GaN for 

power applications. 

Fig. 2.8 compares the VBR-RON characteristic of the most advanced SiC power 

devices. As can be seen, SiC bipolar performance is extended beyond the SiC limits 

due to the conductivity modulation in the drift region. This is mainly owing to the 

recent progress in SiC epitaxial process to grow high-quality thick a- and p-epilayers 

and lifetime enhancement process. It is worth noting that the minimum on-resistance 

of the device is limited to the resistivity of the Ohmic contacts, which is about 0.1 

mΩ·cm2. A higher contact resistivity of 0.1 mΩ·cm2 can result in a low injection and 

high on-resistance for high power devices. Therefore, there is a demand to improve 

the Ohmic contact technology to SiC, particularly for the p-Ohmic contact.  

 

Figure 2.8. Comparison of the VBR-RON characteristic of the most advanced SiC and GaN power 
devices. 
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2.3 Development of SiC BJTs 

Ultra-high-voltage SiC bipolar devices seem to be the game-changers in the future 

of power electronics. The SiC BJT technology has been improved and developed over 

the years. As mentioned above, high-voltage and ultra-high-voltage SiC BJTs with 

superb blocking and conducting electrical characteristics have been reported. The 

simplicity of the fabrication process, absence of gate oxide, low on-resistance, and the 

temperature stability of the device are the main advantages of 4H-SiC BJTs. As a result 

of the continuous development of the implantation-free process at KTH, 4H-SiC 

BJTs have been developed for many years and their excellent electrical characteristics 

are improved and verified for high-voltage and ultra-high-voltage [15], [16]. To benefit 

from the bipolar advantages, it is essential to use lifetime enhancement process to 

achieve a better VBR-RON trade-off.  

2.4 BJT Principle 

Fig. 2.9.a and 2.9.b schematically illustrate BJTs with npn and pnp configurations. 

BJTs are three-terminal switches consisting of two np and pn junctions. The npn type 

is more common due to higher mobility of the n-type. In this thesis, what is simply 

referred as BJT is meant to be an npn BJT. The p-base region is surrounded by the n-

emitter and n-collector regions on the sides. As mentioned earlier, the BJT is a bipolar 

device in which both minority and majority carriers are involved in the current flow. 

As shown in Fig. 2.10 the highly doped n-emitter injects the electrons in the base 

region. In the forward mode, the electrons partially recombine in the base and the 

reverse-biased n-collector collects in most of the injected electrons.  

Depending on the bias of the emitter-base and collector-base layers, the BJT 

function changes. Table 2.6 shows the biasing condition and the corresponding 

operation modes. Among these modes, the forward, reverse, and the saturation modes 

are of great interest for analog electronics, whereas the forward and reverse modes are 

attractive for power electronics. In the forward mode, the ratio of the IC to IB is known 

as current gain and the ratio of the IC to IE is known as common-base current gain (α).  

 

Figure 2.9. Electrical schematic symbol of a (a) npn and (b) pnp BJT. 
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TABLE 2.6. THE BIASING CONDITIONS AND CORRESPONDING OPERATING MODES OF A BJT. 

Operating Mode Emitter-base Collector-base 
Forward (Active) Forward Reverse 

Saturation Forward Forward 
Reverse (Cut-off) Reverse Reverse 
Reverse Active Reverse Forward 

 

Figure 2.10. Current components of a npn BJT in the forward conduction mode. 

The total currents between the emitter, base, and collector can be related as below: 

IC = βIB (2.1) 

IE = IC + IB = (β+1)IB (2.2) 

α = 
��

��
 (2.3) 

α = 
��

�����
=

�

���
 (2.4) 

where the IE, IC, and IB are the emitter, collector, and the base currents, where the IB 

and IC are usually considered as the input and output currents, respectively. 

The current components inside a SiC BJT in the forward mode is shown in Fig. 

2.10. The highly-doped emitter layer injects the electrons into the p-base layer, and the 

base injects the holes into emitter region. Most of the injected electrons from the 

emitter pass through the base and diffuse into the collector region whereas small 

portion of electrons recombine with holes in the base region. The emitter, base, and 

collector current can be calculated as follows:  

IE = InE + IpE + IR (2.5) 

IB = IpE + IRB + IRS + IR + IC0 (2.6) 

IC = InE – IRB – IRS + IC0 (2.7) 

where the currents are as follows: 
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InE : Injection of minority carrier electrons to the base. 

IpE : Injection of minority carrier holes to the emitter. 

IR : Recombination current in the space charge region (SCR) of the emitter-base 

junction. 

IRB : Bulk recombination current in the base region. 

IRS : Surface recombination current at the SiC interface. 

IC0 : The generation of carriers in the reverse-biased base-collector junction. It is 

negligible below avalanche breakdown. 

The Equation 2.3 can be rewritten as below: 

α = 
��

��
 = 

��

���
 × 

���

���
 × 

���

��
 = γC × αT × γE (2.8) 

where γC, αT, and γE are known as the collector efficiency, base transport factor, and emitter 

injection efficiency, respectively. The emitter efficiency depends upon the design of 

emitter and base regions and can be calculated as follow: 

γE = 
���

��
 = ( 1+

������

������
 )-1 (2.9) 

 where N, W, and D are the doping concentration, width, and minority carrier 

diffusion constant of the regions. Therefore, it is desirable to design the BJT with 

highly doped emitter layer and lowly doped thin base layer to approach the emitter 

injection efficiency of 1 and consequently achieve a high current gain. However, a too 

lowly-doped base layer can result in base punch-through and premature breakdown 

voltage, which will be described in Chapter 3. As was already mentioned above, small 

portion of injected electrons from the emitter recombine in the base region, which 

decreases the collector current. The ability of injected electrons to diffuse to the base 

without recombining is defined by αT. The recombination rate in the base region can 

be calculated from the following equation: 

αT = 
�

����	(��/��)
 (2.10) 

where Ln is the electron diffusion length in the base. For a lowly-doped base layer, the 

Ln is much larger than WB, and the base transport can be estimated as: 

αT = 1 −	
��

�

���
�  

(2.11) 

In the forward mode, the collector-base is biased in reverse. Hence, the collector 

collects almost the electrons transported through the base region, which makes the γC 

value close to 1. 
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Chapter 3. SiC BJT Design Consideration 

At KTH, we have developed 4H-SiC BJTs from low-voltage to ultra-high voltage 

ranges in different sizes and current rates [15]–[17], [194]. To fully gain from the 

potential of 4H-SiC material and approach the material limits, it is necessary to 

enhance the material quality and properties, improve the fabrication process, and 

optimize the device design. In this chapter, we focus on the design consideration of 

4H-SiC BJTs whereas the fabrication process will be discussed in details in Chapter 4. 

A comprehensive design optimization and investigation for 4H-SiC BJTs is 

performed. The measurement results from each batch are used to optimize and find 

the optimum design for the next batch by means of TCAD simulation. The final 

design is implemented on large-area BJTs to tailor the high-voltage and high-current 

characteristics.  

3.1 Application and Device Specification 

The first step in device design is to know the device specification, particularly the 

desired current-rating and blocking capability. The current-rating mainly determines 

the device active area. The edge termination is surrounding the conduction area to 

terminate the electric field and ensure the blocking capability. The total device size is 

the active area plus the termination area. A higher ratio of the active area to the total 

die size is an important factor for a more efficient design leading to a lower cost per 

chip. This is more important for higher voltage classes in which a much wider 

termination is required. Therefore, to industrialize the high-voltage and ultra-high-

voltage devices, it is essential to fabricate larger devices. Currently, the quality of the 

SiC bulk material and epitaxial process as well as the fabrication yield is still one of the 

main limiting factors to realize large-size (> 1 cm2) high-voltage devices. In addition, 

there are always some variations in the epitaxial growth and uncertainties in the 

fabrication process like the etching step. Hence, the characterization and measurement 

results from the epilayer growth and the fabrication process specifications like the 

etching profiles, surface passivation properties, and metal contacts behavior are the 

feedbacks to calibrate the simulation and modeling and optimize the device design.  
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Figure 3.1. Emitter current crowding effect in a power BJT. The current takes the path of the least 
resistance with shortest distance. 

These variations and uncertainties are critical considerations for the device design 

procedure to tailor the targeted specifications with a high yield.  

The current naturally flows in the least resistive and shortest distances. In a SiC 

power BJT, the emitter current flow is close to the edge of the emitter resulting in 

emitter current crowding (see Fig. 3.1). The fabrication process, the cell scaling and 

geometry, and the device layout influence the current distribution and can improve the 

emitter crowding effect. 

To realize a SiC power BJT, the base and emitter regions can be formed either by 

etching epitaxial layers or by implanting ions in the epilayers, which each has 

advantages and drawbacks [195]. In the fully epitaxial process, the emitter and base 

regions are formed by dry etching of SiC epilayers. The fabrication process is rather 

simple and cheap. The ion implantation makes defects in the epilayers, which causes 

degradation. Also, a high-temperature annealing (~1600 °C) is required to activate the 

implanted ions for the full activation of the implanted ions. This affects the carrier 

lifetime in the epilayers leading to reduction of the maximum current gain. On the 

other hand, the dry etching of the epilayers damages the SiC surface. This introduces 

defects and results in severe increase of the interface charges, particularly at the etched 

mesa sidewalls, which significantly degrades the forward performance as well as the 

blocking behavior. It is known that the emitter-base spacing changes the amount of 

surface charge density. Therefore, the cell pitch is limited, either by the etching profile 

and fabrication process limits or the mesa sidewall charge density. Therefore, a high-

quality etching and surface passivation are required for high-performance 4H-SiC 

BJTs. The fabrication process and the enhanced surface treatment is described in 

Chapter 4. 

Another approach is to perform a shallow high-dose p+ implanted layer 

underneath the p-type metal contact to improve the contact resistance. This introduces 

defects around the p+ implanted regions that increases the recombination rate and 

degrades the current gain. In this thesis, we selected the fully epitaxial approach. All 
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design consideration in conduction and blocking modes from epilayers, fabrication 

steps, and device layout are modified to be fully free of ion implantation process. For a 

SiC high-voltage BJT, the collector sustains the high-voltage. For the lateral low-

voltage BJT, a highly-doped n-layer is epitaxially grown as the buried collector. The 

emitter and base layers mostly play role in the forward performance like the current 

gain. The BJT characteristics, including the maximum current gain, specific on-

resistance, and current density depend on the doping concentration and thickness of 

these epilayers. Moreover, the device cell geometry and scaling affect the device 

behavior. Finally, the device layout design should be optimized to use the area 

efficiently. Hereby, the design consideration is described in detail and the 

characterization results of the realized devices will be presented in Chapter 5. 

3.2 Design of Epitaxial SiC BJT 

It is known that the epitaxial pn junctions offer much higher charge injection than 

the implanted pn junctions [9], [195]. Therefore, a full epitaxial process is more 

suitable to form the emitter-base pn junction. In this thesis, we will exclusively focus 

on the design consideration of the full epitaxial 4H-SiC BJTs due to their superior 

performance and a mature in-house fabrication process technology. 

3.2.1 Collector Region 

As already mentioned, the collector, also known as the drift region, sustains the 

blocking voltage in 4H-SiC vertical BJTs. Fig. 3.2.a shows a basic pn junction and the 

electric field profile in the layers in reverse condition, assuming that the depletion 

occurs on the n−side. The reverse voltage can be increased until the avalanche 

breakdown occurs at the critical electric field of SiC. The integral of the electric field 

with triangular profile at this point determines the breakdown voltage (Equation 3.1). 

This is a so-called non-punch-through (NPT) design. 

��� = 	
�� · �

2
 (3.1) 

In another approach called punch-through (PT) design, the electric field is terminated by 

an n+ region underneath the drift as shown in Fig. 3.2.b. In the PT design, the 

depletion region reaches the n+ layer before the breakdown occurs in the drift region. 

This results in a different electric field distribution in the drift region, and thus the 

NPT triangular electric field profile becomes trapezoidal for the PT design. The 

trapezoidal electric field profile transforms to a rectangular-shape for a higher doping 

concentration of the drift layer. Equation 3.2 represents the breakdown voltage for the 

PT design when the p-region is biased at zero. 
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Figure 3.2. The simplified electric field distribution in a pn- junction for a (a) non-punch-through 
(NPT) design and (b) punch-through (PT) design.  
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where ND is the doping concentration of the drift layer and εSiC is the permittivity of 

the silicon carbide. The specific on-resistance of the drift layer can be calculated by: 

��� = 	
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where µn is the electron mobility in the collector layer. By elimination of ND from 

Equation 3.2 and 3.3, the optimum thickness of the collector to reach minimum RON 

and the minimum RON can be achieved from Equation 3.4 and 3.5, respectively.  
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3.2.2 Base Region 

The base is the intermediate layer between the emitter and collector. The design of 

the base layer is very important for the performance of a SiC BJT. In conduction 

mode, the base directly affects the current gain. To obtain a high current gain, the 

thickness of the base layer should be lower than the minority carrier diffusion length 

(Ln). Ln depends upon the minority carrier lifetime in the base layer (τn) which can be 

reduced for higher doping concentration. Therefore, a thinner base with lower doping 

concentration is favorable to obtain higher current gain. On the other hand, a high 

enough dose of the base layer is required to support high electric field in the blocking 

mode and avoid the emitter-collector punch-through. Moreover, additional condition 
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is considered in our implantation-free design since the edge termination is formed by 

multi-step etching of the base layer. Hence, a thicker base layer for the controlled 

multi-step etched process is needed. This results in better control of the etching to 

obtain higher uniformity and eliminates the risk of the over-etching through a thin 

base layer. Finally, a lower-resistive base layer to obtain higher switching performance 

is desirable. One has to consider the trade-off between a lower-dose for the 

conducting mode and a higher-dose base layer for the blocking mode to meet the 

conditions. A dose of ~1013 cm-2 is the optimum value for the base layer.  

3.2.3 Emitter Region 

The emitter layer injects the current to the collector and base. Even though a 

highly-doped layer is favorable to have a low-resistive n-Ohmic contact, however a too 

highly-doped emitter layer results in bandgap narrowing. Therefore, the emitter layer 

with doping concentration of 1018-1019 cm-3 is chosen, which is capped by a thin n++ 

(~3×1019 cm-3) layer to obtain low-resistive n-Ohmic contact. On the other hand, a 

too thick emitter layer causes complexity in the fabrication process. Also, a higher 

emitter mesa side-wall results in more defects after the emitter dry etching. This leads 

to higher recombination of the electron and hole carriers that degrades the current 

gain. As mentioned earlier, an epitaxial grown emitter layer is preferred due to much 

higher injection efficiency and lower defects. Considering these points, the optimum 

thickness of 1 μm – 2 μm for the emitter layer is selected. The schematic cross-

sectional view of a 4H-SiC BJT cell is illustrated in Fig. 3.3. 

3.3 Scaling and Dimension Effects 

It is known that the dimension of the emitter and base influences the forward 

characteristics of 4H-SiC BJTs [112], [196]. Hereby, the effect of emitter and base 

dimensions and the cell pitch is investigated and optimized to find the best trade-off 

between current density, maximum current gain, and specific on-resistance.  

3.3.1 Emitter Width 

We comprehensively investigated the scaling effect of the emitter cells on the forward 

performance of the 4H-SiC BJTs [PAPER II,V,VI]. It is presented that a wider emitter 

results in a higher maximum current gain, though leading to higher on- resistance and 

lower current density. The emitter cell dimensions, cell geometries, and cell pitch are 

dependent. Therefore, we analyzed the effect of emitter cell scaling for different 

geometries in order to find the optimum layout design for the 4H-SiC BJTs. The 

influence of the emitter width on the maximum current gain of the SiC BJTs with 

different emitter finger designs is shown in Fig. 3.4. Although, wider emitter fingers  
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Figure 3.3. Schematic cross-sectional view of a npn 4H-SiC BJT cell. 

 

 

Figure 3.4. Dependency of the maximum current gain on the emitter finger width. 

increase the maximum current gain, an emitter width more than 50 μm has no further 

influence due to the voltage drop in the finger [196]. 

On the other hand, two different layout designs are possible to scale an 

interdigitated BJT to achieve higher current capability: (1) parallelization of small 

finger BJTs [197] (2) comb-shape large BJT with long-fingers [124]. In continuation, 

the effect of the emitter finger length and the emitter finger width is investigated to 

compromise the trade-off between the on-resistance and maximum current gain.  

3.3.2 Emitter Length 

The influence of the emitter length and emitter finger width on the maximum current 

gain of the interdigitated 4H-SiC BJTs is shown in Fig. 3.5. As can be seen, a longer 

emitter finger increases the maximum current gain. though it saturates for too long 

emitter fingers due to the voltage drop along the finger [100]. This might be due to the 

periphery to area ratio, which changes the density of sidewalls and consequently the 

recombination rate in the device. A higher current gain is obtained for the BJTs with 

wider emitter fingers whereas a higher maximum current gain and current density is 

achieved for longer emitter fingers. This behavior saturates for too wide and too long  
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Figure 3.5. Dependency of the maximum current gain and current density on the length and width of 
the emitter fingers normalized to the small finger design with width and length of 30 μm and 70 μm, 

respectively. 

 

emitter fingers. It should be noted that a metal contact and overlayer metallization is 

formed along the long fingers to diminish the voltage drop in the fingers. Depending 

on the application, one can choose a specific finger design to save the area and obtain 

a reasonable current capability. Considering the cell pitch and the maximum current 

density, the emitter length and width of 500 μm and 40 μm are selected for the high 

current BJTs with the interdigitated finger design. 

3.3.3 Emitter-Base Spacing 

As described earlier, the emitter mesa is formed by dry etching process. The etching 

process damages the emitter mesa sidewalls and the p-layer base surface, which 

influences the maximum current gain in the 4H-SiC BJTs. The sacrificial oxidation is 

performed to improve the surface roughness. The passivation oxide covers the 

distance between the emitter n-Ohmic and base p-Ohmic contacts (Wn-Wp). The 

major part of carrier recombination occurs in this area, particularly at the oxide/SiC 

surface. The sidewall profile, etching process, surface profile, and the area between the 

base and emitter covered by the passivation oxide determine the surface defect density 

in the device. This consequently degrades the maximum current gain. For a 

comprehensive investigation, various BJTs with different cell geometries and emitter-

base spacing were designed and fabricated. Fig. 3.6 represents the influence of the 

emitter-base spacing on the maximum current gain of 4H-SiC BJTs with different cell 

geometries. As expected, the lowest maximum current gain is achieved for the tightest 

cell pitch. This is mainly due to the density of defects and the total recombination in  
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Figure 3.6. The influence of the emitter-base spacing on the maximum current gain of 4H-SiC BJTs 
with (a) interdigitated fingers, (b) hexagon-cell, and (c) square-cell geometries. 

 

the device. The best result is measured for the emitter-base distance of 6 μm. It should 

be noted that the optimum emitter-base spacing changes for different geometries. The 

main reason is that the periphery to area ratio varies for different geometries. This 

leads to variation of the surface defect density, which directly affects the maximum 

current gain. 

3.4 Unit Cell Design 

To perform a comprehensive study to find an optimum design for the 4H-SiC 

BJTs, we designed and fabricated different cell geometries including hexagon, square, 

circle, and triangle shapes. The main goal is to have the highest possible cell pitch at a 

reasonable current gain. This leads to higher current density due to the more efficient 

usage of the area. Fig. 3.7 illustrates the realized 4H-SiC BJTs with different emitter 

cell geometries. Several BJTs with the area of 300×300 μm2 and different widths of 10 

μm to 50 μm are realized. Fig 3.8 depicts the measured on-resistance and current 
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density versus the maximum current gain of devices. It is apparent that the hexagon-

cell geometry show 42% higher current density and 21% lower specific on-resistance 

at a given maximum current gain compared to the interdigitated finger. On the other 

hand, the maximum current gain is slightly higher for the interdigitated fingers. This 

might be due to the different geometry and higher density of sidewalls for the new 

designs. One could expect to reach higher maximum current gain by further widening 

of hexagon and square cells. 

Moreover, square- and circle-cell geometries with diagonally-aligned cells were 

designed and fabricated (see Fig. 3.9). No significant difference is observed for 

different cell alignments. Since the cell width, cell pith, and number of cells are 

identical, the cell alignment does not affect the density of surface charges resulting in 

comparable performance. One could expect to observe different current distribution 

along the device that needs further investigation.  

 

Figure 3.7. The optical microscopic images of the 4H-SiC BJTs with different emitter cell geometries. 
All devices have identical forward area size of 300×300 μm2. 

 

Figure 3.8. (a) The current density and (b) the on-resistance versus the maximum current gain for 4H-
SiC BJTs with different geometries compared to the interdigitated design. 
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Figure 3.9. The microscopic image of 4H-SiC BJTs with diagonally-aligned circle- and square-cell 
geometries. 

3.5 Edge Termination 

As described earlier, a desirable high voltage SiC device should withstand a large 

reverse voltage at minimal leakage current. The so-called blocking voltage is the 

maximum reverse voltage that the device can sustain, which is determined by the 

material properties and the device design. The breakdown behavior of power devices 

is mainly attributed in the following mechanisms:  

 Punch-through of the base region in a BJT, MOSFET, IGBT, or thyristor 

 Avalanche breakdown in a reverse-biased pn or Schottky junction, either as 

a discrete rectifier or as a part of a switching transistor or thyristor 

 Excessive leakage current in a reverse-biased pn or Schottky junction 

 Excessive electric field in the oxide of an MOS-based power device such as a 

MOSFET or IGBT 

Although, the SiC critical electric field determines the theoretical breakdown voltage, 

the electric field crowding can occur inside the device in operational blocking 

conditions. The electric field stress results in early breakdown at sensitive regions of 

the device and deteriorates the device performance. This declines the efficiency of the 

device without using the full potential of the SiC material. The electric field crowding 

usually happens at the corner of a mesa or the asymmetric points like etched or 

implanted regions inside the drift region. To avoid this, designs so-called edge 

termination techniques have been proposed to share the electric field stress along the 

device and modulate the high field peaks. The edge termination expands the depletion 

region along the device, and hence a larger die size is required. This becomes an 

important factor for high- and ultra-high-voltage devices in which the termination can 

occupy a major portion of the die. Few main factors are known to evaluate the edge 

termination design as following:  
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1. The termination efficiency that is the ratio of estimated breakdown to the 

theoretical breakdown voltage for a specific doping concentration and 

thickness of the drift 

2. The achieved blocking voltage capability per each μm of the drift epilayer 

3. The total termination length, which determines the ratio of the inactive area 

of the device to the total die size 

4. A wide process window to increase the fabrication yield 

5. The process complexity in terms of fabrication process and number of 

lithographic steps 

The total cost to realize a device highly depends upon the total die size, fabrication 

process, the epitaxial material, and the process yield. Some edge termination designs 

show a high efficiency at a certain dose, but a slight process variation can significantly 

affect their performance. It is worth noting that a wide process window along with a 

process simplicity is rather important factor for the termination design.  

Edge termination techniques like floating guard rings [198]–[203], multi-zone JTEs 

[204]–[209], bevel edge termination [210], space modulated [211], and hybrid or 

combined rings+JTE [212]–[215] are using ion implantation with certain doses to 

change the electric field distribution in the drift region. In another approach, ion 

implantation-free termination techniques are designed in which the remaining dose of 

the p-layer is gradually decreasing from the innermost toward the outermost of the 

device [140], [216]–[218]. At KTH, a double-step etched JTE has been designed and 

successfully implemented on 4.3 kV 4H-SiC PiN diodes [36] and 2.8 kV 4H-SiC BJTs 

[100]. To realize 4.5-kV and 15-kV class BJTs, the same design concept is employed. 

By using the TCAD simulation, different multi-step etched termination techniques are 

implemented in order to improve the termination efficiency and increase the 

breakdown voltage [PAPER I-IV]. Table 3.1 compares some of the recent reported 

termination techniques in high-voltage and ultra-high-voltage devices. Moreover, it 

should be noted that the edge termination together with a field stopper terminates the 

high electric field inside the device to protect the neighbor circuits or elements from 

the high-voltage device. A high electric field close to the outermost edge of the device 

can destroy the polyimide or oxide passivation layer or the molding material in the 

package. This can result in an early breakdown, and thus shorten lifetime of the device. 

3.6 Current Distribution 

The current distribution in power devices is an important factor to increase the 

device lifetime and improve the switching performance. Current crowding at some 

corners of the device generates hot spots inside the device that leads to reliability 

issues and performance degradation. In a power SiC BJT, the base is the input that 
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TABLE 3.1. SUMMARY OF COMPARISON BETWEEN RECENT REPORTED EDGE TERMINATION 

TECHNIQUES IN MOST ADVANCED HIGH-VOLTAGE AND ULTRA-HIGH-VOLTAGE SIC DEVICES.  

Termination [Ref.] # of Lithographic 
Step / Ion 

Implantation 

VBR 
(kV) 

V/μm Efficiency Termination Length / 
Drift Thickness 

Double-JTE [36] 2 / No 4.3 148 80 % 100 μm / 29 μm 
Double-JTE [100] 2 / No 2.8 112 75 % 100 μm / 25 μm 

Graded-Etched [140] 4 / No 7.8 130 96 % 350 μm / 60 μm 
Etched rings JTE [217] 1 / No 6.3 105 78 % 200 μm / 60 μm 

3-step JTE [218] 3 / No 7.6 127 90 % 300 μm / 60 μm 
MD-JTE [80] 2 / No 5 113 80 % 210 μm / 44 μm 
ST-JTE [88] 2 / No 5.85 133 93 % 185 μm / 44 μm 
O-JTE [194] 4 / No 15 120 ---  900 μm / 125 μm 
O-JTE [94] 3 / No 5.65 128 92 % 200 μm / 44 μm 

SM-JTE [130] 2 / Yes 23.5 126 78 % 500 μm / 186 μm 
Rings [151] 2 / Yes 27.5 120 --- 1500 μm / 230 μm 

JTE+Rings [203] 2 / Yes >14 140 > 90 % 500 μm / 100 μm 
MFZ-JTE [208] 1 / Yes > 10 84 88 % 500 μm / 120 μm 

Multi-Zone [209] 1 / Yes 6.4 152.4 93 % 250 μm / 42 μm 
Bevel-JTE [210] 1 / Yes 1.6 155 95 % 65 μm / 10 μm 
SM-JTE [211] 2 / Yes 16.4 137 94 % 600 μm / 120 μm 
Hybrid [212] 2 / Yes 5.45 136 ~99 % 200 μm /40 μm 

Combined [215] 2 / Yes 1.8 120 > 90 % 100 μm / 15 μm 

 

Figure 3.10. The layout designs of the small-area 4H-SiC BJTs with different topologies. 

 

feeds the emitter. As described in Chapter 2, the base and emitter Ohmic metal 

contacts are covered by a thick metal layer to improve the current spreading inside the 

device. However, in large-area high-current BJTs, it is desirable to design a symmetric 

layout to have uniformly-distributed current path and consequently a low voltage drop. 

Different layout designs have been modelled and studied and it has been found that 

the center-base layout design provides significantly more uniform current distribution 

in 4H-SiC high current BJTs [219]. Hereby, 4H-SiC BJTs with conventional corner-

base, edge-base, and center-base layout designs are fabricated on square-cell 
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geometries (Fig. 3.10). Identical forward performance is observed for different layouts 

whereas the center-base design is expected to be cooler in the stress condition. 

3.7 Area Efficiency 

As mentioned above, it has been shown that a center-base design provides much 

more uniform current distribution along the device. In large-area high-current SiC 

high power BJTs, the base metal pad can occupy part of the forward area. This part is 

inactive in current conduction mode due to elimination of the emitter cells 

underneath. In the interdigitated design, long emitter fingers connected from one end 

to the emitter metal contacts were used to solve the issue [100][129], but they are not 

fully active due to the high voltage drop along the long emitter fingers. Hence, it is 

desirable to find a method that solves this issue without adding cost of extra 

lithography and fabrication process complexity. In this thesis, we designed a novel 

structure called intertwined design, which can be implemented on different cell 

geometries or even on the other type of devices [PAPER VII]. This novel method 

combines the center-base structure with the square and hexagon cells with no extra 

lithographic step, and converts the region underneath the base contact to active 

transistor area. The key point of this design is its ability to connect two layers (e.g. 

metal contacts, interconnections, epilayers etc.) at different levels with no intersection. 

This relies on different features in the mask layout design of the intertwined structure.  

3.7.1 Mask Layout and Realization of Intertwined Design 

Fig. 3.11 presents the mask layout design of center-base 4H-SiC BJTs with 

intertwined design with the hexagon- and square-cell geometries. As can be seen from 

the figure, 100% of the area is used to form the emitter and base regions. This efficient 

design can decrease the total cost of the device by saving the device area. The 

fabrication process steps remain the same as in the conventional one. The design is 

successfully implied on center-base 4H-SiC BJTs to connect the inner and outer base-

emitter networks. To realize the center-base intertwined design, inverted masks inside 

the inactive area was used (see Fig. 3.11). Instead of emitter cells surrounded by the 

base networks, the base holes in the center area are surrounded by the emitter 

networks. Dumbbell-shape structures at the edge of this area are used as the piers of 

the metal bridge connections (see Fig. 3.12). To form the intertwined design, the top 

metal contact is used as a bridge to connect the inactive area to the main base and 

emitter networks. As shown in Fig. 3.12, the top metal layer covers the Ohmic 

contacts on the dumbbell-shape structures (see Fig. 3.12.a and 3.12.b) at the edge of 

the inner area. The outer emitter cells (inner base cells) are connected to the inner 

emitter networks (outer base contacts) with top metal contacts (see Fig. 3.12.a and 

3.12.b). These structures play a key role to connect two different metal levels of the  
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Figure 3.11. The layout designs of the small-area hexagon- and square-cell 4H-SiC BJTs with center-
base intertwined design. The Blue, Orange, Black, and Magenta layouts are the p-Ohmic, n-Ohmic, 

oxide openings, and top metal layers, respectively. 

 

Figure 3.12. (a) 3D-schematic view of the emitter and base contact layers in the center part of the 
intertwined design with square cell geometry. (b) magnified optical microscopic images of the center 

area (dashed square) of an intertwined BJT design with hexagon-cell in the center area (left) after 
forming the n- and p-Ohmic contacts and (right) after top metallization. Dumbbell-shape structures 
(dashed ovals) at the edge of inner area were used as the piers of the metal bridges connected by the 

top metal contact. The outer emitter cells (inner base cells) are connected to the inner emitter 
networks (outer base contacts) with top metal contacts. (c) microscopical images of the top view of 

the fabricated intertwined design BJTs with hexagon (left) and square (right) cell geometries. (d) 
microscopical image of the top view of the fabricated Darlington with intertwined design BJTs with 

square-cells. 
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Figure 3.13. (a) IC-VC characteristic of a BJT with center-base intertwined design. Higher current with 
comparable current gain is achieved for the intertwined design compared to the conventional design. 
(b) the β-IC plot of the fabricated BJTs with different emitter cell geometries. The maximum current 

gain is measured at 10% higher collector current for the intertwined design with equal die size. 

intertwined design. For larger devices, more of these cells are required around the 

inner area to carry the current between the inner and outer parts. Fig. 3.12.c presents 

the fabricated hexagon- and square-cell 4H-SiC BJTs with center-base intertwined 

designs. Moreover, the top metal thickness and area should be taken into account for 

larger devices, since higher current is carried through the metal wire bonds. We 

measured 112 devices to prove the fabrication possibility of the suggested design in 

which more than 75% of the devices are showing similar behavior. 

To prove the concept and the fabrication process feasibility, a Darlington pair is 

also realized by using the intertwined design. The same concept is successfully 

employed to form the Darlington pairs (see Fig. 3.12.d), in which the top metal is used 

as a bridge between the driver (center) and output (surrounding) BJTs as well as 

activating the inside center area as intertwined design. The interconnection metals 

were used as bridges between the driver and output BJTs in intertwined Darlington 

design. These metal connections carry the output current of the driver BJT. Too 

narrow or thin metal interconnection may result in high resistance or too high current 

density. Both lead to overheating in the metal connections and kill the device 

performance. Therefore, the thickness and width of this layer as well as the electro-

migration of the metal should be taken into consideration. The measurement results of 

the intertwined design is shown in the next section and the characterization of the 

Darlington pair will be shown in Chapter 5. 

3.7.2 Characteristics of the Intertwined Design 

The IC-VC characteristic of the fabricated intertwined BJTs is shown in Fig. 3.13.a. 

A comparable maximum current gain of 22 and 20 is obtained for the conventional 

and intertwined BJTs with the hexagon and square cells, but at a higher collector 



Chapter 3. SiC BJT Design Consideration   

 

58 
 

current for the intertwined designs. Results follow the same trend as in [84], [92] since 

the devices are fabricated in the same wafer. Fig. 3.13.b presents the Gummel plot of 

the fabricated BJTs with different layout designs and emitter cell geometries. The 

maximum current gain is found at about 10% higher collector current for the 

intertwined designs whereas the device sizes are equal. This proves the former 

explanation for the measured IC-VC. To have a reasonable comparison between 

different designs, an accurate value of the actual active area is required. The current 

flow in the thick collector drift layer is simulated and the current spreading effect is 

considered in order to find the accurate equivalent active area. To evaluate this 

method, we compared our simulation and calculation with experimental small- and 

large-area results [100] and a good agreement was achieved. 

 

Figure 3.14. Current gain as a function of emitter width for different cell geometries. Comparable gain 
is measured for the intertwined designs with equal cell size. 

 

Figure 3.15. The (a) current density and (b) specific on-resistance as a function of emitter width for 
hexagon- and square-cell with different layout designs and cell sizes. A higher current density and 
lower on-resistance are achieved for the intertwined designs with equal size. The current density is 

measured at the maximum current gain at VCB = 5 V whereas the corresponding specific on-resistance 
is obtained at IC = 0.1 A. 
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Figure 3.16. Comparison of the (a) current density at VCB = 5 V and (b) specific on-resistance at IC = 
0.1 A versus the maximum current gain for intertwined layout designs and conventional hexagon- and 
square-cell geometries with different emitter widths. A higher current density and lower on-resistance 

at a given current gain are measured for the intertwined designs. 

 

Fig. 3.14 shows the emitter size effect on the maximum current gain for the 

different cell designs compared with as of the intertwined designs. A comparable 

maximum current gain is achieved for the conventional and intertwined layout designs 

for the equal emitter width. The gain is decreasing as the WE reduces below 40 μm for 

all emitter cell geometries. As expected, the wider emitter (> 40 μm) does not result in 

higher current gain due to the saturation behavior discussed in [196]. 

Fig. 3.15.a and 3.15.b present the dependency of the current density (at the 

maximum current gain) and specific on-resistance (at IC = 0.1 A) to the emitter width 

for different cell geometries and the intertwined designs, respectively. The maximum 

current gain is measured at VCB = 5 V whereas the corresponding on-resistance is 

obtained at IC = 0.1 A. A higher current density and a lower on-resistance are 

measured for the intertwined designs, which are mainly due to the efficient usage of 

the forward area. It is worth noting that the difference between the hexagon- and 

square-cell designs is mainly due to the area to periphery ratio [PAPER VI]. 

Fig. 3.16.a and 3.16.b illustrate the current density and specific on-resistance as a 

function of the maximum current gain for hexagon- and square-cell geometries 

compared to the intertwined designs with different emitter widths. About 15% higher 

JC and lower RON are achieved for the intertwined designs compared to the 

conventional layout design. This is obtained by efficiently employing 100% of the 

forward area. Therefore, at a given maximum current gain, the intertwined layout 

designs are more suited for high-power SiC devices. 
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Figure 3.17. (a) The schematic and (b) the cross-sectional view of a 4H-SiC isolated Darlington pair. 

3.8 High-Current Darlington Pairs  

In most of the industrial applications and high power operations, a high current is 

required to drive a load. For a single BJT, the output current is a multiplication of 

input current multiplied by the factor of current gain that is achievable at a certain 

voltage drop. Therefore, driver circuit is required to provide a sufficient IB to achieve 

the maximum IC. This results in a higher input power dissipation and more complexity 

of the driver circuit design. Darlington pairs are well-known double stage BJTs in 

series in which the output of the first stage is the input of the second stage. 

A Darlington pair with isolated input and output BJTs as shown in Fig. 3.17. If 

both the driver and output BJTs are biased in their maximum current gain, the output 

current can be calculated as below: 

IC1 = β1IB1 (3.6) 

IC2 = β2IB2 = β2IE1 = β2(IC1 + IB1) = β2(( β1+1)IB1) (3.7) 

IC = IC1 + IC2 = β1IB1 + (β1 β2 + β2)IB1 = (β1 β2 + β1 + β2)IB1 ≈ (β2 + 2β )IB1 (3.8) 

IC ≈ β2 IB (3.9) 

where the IC and IB are the output and input current of the Darlington pairs, 

respectively. 

To achieve the optimum performance of a Darlington pair, it is important to 

consider different points as follow:  

 Since the output current density is much higher than a BJT, a thick enough 

metallization to handle the high current is required. 

 The current of the output BJT is almost β times higher than the driver BJT. 

Hence, the same area factor should be considered between the output and driver 

BJTs. This is important to achieve the highest current density and to bias the 

driver and output BJTs close to their maximum current operating points. To 
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achieve this, the maximum current gain of the BJTs should be achieved at a high 

current density. It is worth noting that a too small driver results in low current 

injection into the output BJT. This is due to the late biasing of the output BJT 

leading to a lower maximum current gain at low output current. On the other 

hand, a too large input BJT injects to high current in the output BJT leading to 

early bias of the output BJT. As a result, the early saturation occurs in the output 

BJT, which decreases the total maximum current gain.  

 The input resistance of the output BJT is an important factor. It is desirable to 

have the lowest input resistance to drive the Darlington at its maximum 

performance. 

3.9 Layout Design 

As mentioned earlier, a stepper lithography with a frame size of 7×7 mm2 is used. 

In this thesis, three different batches including several devices are fabricated. Since a 

minimum 1-μm feature size in some structures is used, resolution marks and rotational 

alignment structures so-called Vernier marks are added for each lithographic steps. We 

checked and verified the alignment and resolution marks during the fabrication 

process steps to minimize the misalignment and realize the structures with the 

minimum feature sizes. 

Fig. 3.18.a and 3.18.b show the layout design and the microscopic image of the 

fabricated die of the 4.5-kV high-voltage batch. In this work, different termination 

designs are implemented to find the optimum termination design. Moreover, several 

test structures are added to optimize the forward performance including the current 

gain, current density, and on-resistance. Small-area 0.5 A BJTs (~0.1 mm2), medium-

size 3-A BJT (1 mm2), large-area 10-A BJT (4 mm2), and small-area 1,5-A Darlington 

pairs (0.5 mm2) are drawn. Fig. 3.18.c and 3.18.d represent the layout design and the 

microscopic image of the fabricated die of the 15-kV high-voltage batch. Several 

optimized parameters extracted from the previous batch are used in this work. Other 

than some test structures, a large-area 5-A PiN diode, a large-area 4-A BJT, and 

different Darlington pairs (0.1 A – 4 A) are realized. Fig. 3.18.e and 3.18.f depict the 

layout design and the microscopic image of the fabricated die of the high-temperature 

lateral 4H-SiC BJTs. Different high-current lateral BJTs and a Darlington pair are 

implemented. 
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Figure 3.18. The (a) layout design and (b) microscopical image of the fabricated die of the 4H-SiC 4.5-
kV devices; the (c) layout design and (d) microscopical image of the fabricated die of the 4H-SiC 15-
kV devices; (e) the layout design and (f) the microscopical image of the fabricated die of the 4H-SiC 

high-temperature lateral BJTs. 
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Chapter 4. SiC Fabrication Technology and 

Process Development 

In this chapter, the process technology of the fabricated SiC devices is discussed and 

the process flow of the high-voltage and high-temperature BJTs is briefly explained. 

All processes are designed to be fully implantation-free and the devices are formed by 

etching, deposition, and metallization processes. Although most of the process steps 

including the lithography, etching process, and metallization are similar for different 

devices, essential modifications are considered due to their difference for high-voltage, 

high-current, and high-temperature applications. Afterward, special attention is 

dedicated to the surface passivation oxidation and Ohmic-contact technology with a 

wafer-scale process. This simplifies the fabrication, improves the BJT performance, 

and enables the scalability of our integrated devices and circuits. 

A similar fabrication process is used for the high-voltage devices and high-

temperature devices and integrated circuits unless otherwise stated. The main 

differences are the number of etching steps, thickness of oxide layers and the 

interconnection metal layers, interconnection metal stack, and the number of 

metallization layers. An already established etching, sacrificial oxidation, surface 

passivation, and Ohmic metal contact is used in the first two batches. Later on, a 

further investigation and improvement in the SiC surface engineering and SiC contact 

process technology will be discussed.  

4.1 Ion Implantation-Free Technology 

As mentioned earlier, it is know that SiC BJTs with epitaxial emitter and base 

regions offer excellent performance due to better emitter injection efficiency, lower 

degradation, and lower base resistance. The crystalline damages caused by ion 

implantation process degrade the current gain. Also, a high-temperature annealing to 

activate the implanted ions is required, which lowers the carrier lifetime during the 

fabrication process. The estimated carrier lifetime between 1 µs to 3 µs for the drift 

layer was reported by the supplier. So it is preferred to avoid any high temperature 
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annealing. On the other hand, no ion implanter is available in-house and the process is 

time-consuming and costly. Therefore, we decided to use epitaxial emitter and base 

layers and we fully eliminated the ion implantation process, even to implement the 

edge termination to avoid high temperature annealing. As a result, an ion implantation-

free process flow is designed in which the emitter mesa, base region, the multi-step 

etched junction termination extension, and the channel stopper are formed by SiC dry 

etching. Hence, to achieve high yield and reasonable uniformity, a controlled etching 

process is developed that will be discussed in the coming sections.  

4.2 Lithography and Fabrication Process Flow 

Lithography is the fundamental process of the fabrication technology to pattern and 

realize a design. The more number of lithographic steps increases the complexity and 

total cost of the fabrication process. It is highly recommended to add no extra 

lithographic step or even desired to reduce them by applying novel designs or 

fabrication technologies. The established lithographic process is based on the ALS 

2035 G-line stepper tool, which limits the design and process to ~1 μm. To obtain the 

minimum feature size, one has to consider the thickness of photoresist, exposure time, 

topology and the coverage of the wafer surface, and the corresponding process step. 

Regarding these points, lithographic process is developed and established for the 

typical 700-1.2 positive photoresist with different thickness and exposure time. A well-

known developer CD-26 with different development time (mostly 60 sec) is used to 

develop the photoresist. Some treatments like soft-, post-, and hard-baking at different 

temperatures (100 to 115 °C) and durations (1 to 2 minutes) are necessary to achieve 

the best possible resolution as well as a clean and smooth pattern that exactly follows 

the mask layout design. 

Considering the lithographic limit, all devices and integrated circuits are designed 

with minimum feature size of 1 μm. Though it is simpler and safer to have more 

relaxed designs and keep safe margin from the lithographic limit, however reaching 1-

μm is inevitable since finer structures is useful in the termination design [PAPER IV], 

which will be discussed later. Also, there is a demand to have more aggressive designs 

to further approach the scaling of the high-temperature integrated circuits to enable 

the realization of more advanced SiC integrated circuits. 10, 11, and 9 lithographic 

steps are used for high-voltage BJTs, high-temperature integrated devices, and 

recessed-gate MOSFETs. Additional lithographic steps in the high-temperature 

integrated circuit BJTs and recessed-gate MOSFETs are due to presence of extra 

metallization layer and gate poly-silicon layer.  

As mentioned earlier, the SiC BJT technology and fabrication process has been 

developed in our group at KTH for several years. We had an established technology 
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for medium-voltage range 4H-SiC BJTs as the starting point [100]. The overall process 

step of the high-voltage BJTs is schematically presented in Fig. 4.1. As represented in 

Fig. 4.1, it includes 10 different lithographic masks and two metal layers, acting as 

over-layer metallization as current spreading layer for device contacts and the final 

metal layer. It should be noted that an additional metal layer on the oxide close to the 

termination zones can affect the device blocking behavior that results in early 

breakdown. Therefore, the total thickness of oxide layer and the metal paths are 

carefully designed to avoid this. Later on, the high temperature BJT technology is also 

developed to realize the SiC BJTs and integrated circuits for harsh environment [17]. 

This process originated from the high-voltage BJT process in which a few process 

steps were added and modified. Fig. 4.2 illustrates the process flow of the high-

temperature integrated circuits. This process includes 10 different lithographic masks 

and two metal layers, acting as over-layer metallization as current spreading layer for 

device contacts and the final metal layer. As mentioned earlier, basic fabrication steps 

of high-voltage BJTs and high-temperature devices are similar except for the thickness 

of oxide layers and the final metallization, that will be explained later. The process 

details of the established procedures as well as the new developed processes for the 

SiC etching, surface passivation, and Ohmic metal contact technology both for the n- 

and p-type SiC will be discussed in the next sections. Special attention is dedicated to 

develop wafer-scale fabrication processes in order to make the whole procedure 

simpler and more reliable. 

4.3 Dry Etching of SiC 

Wet etching of a chemically inert material like SiC is very difficult and results in a 

rough surface, which is not suitable for devices and integrated circuits. Hence, dry 

etching processes like inductively coupled plasma (ICP) and reactive ion etching (RIE) 

become popular alternatives to pattern SiC. The RIE is mostly used for etching below 

1 μm whereas the ICP is more suitable for deep etching of SiC. It should be noted that 

the sidewall profile of the etching and the surface roughness and damages are different 

for the ICP and RIE process. One can control these parameters with the power, gases 

pressure and flux, mask patterning etc. with specific recipes for each tools. In our 

established process, the etch rate of 4H-SiC in RIE is about 125 nm/min and the 

selectivity is about 0.9. The RIE process allows us to use photoresist as the mask. This 

saves time and simplifies the process. However, it should be noted that it can produce 

polymer particles during the etching. These polymer particles can be locally 

redeposited and work as microscale masks leading to tiny pillar shape or islands in the 

open areas. To solve the problem, a modified RIE process with higher O2 pressure 

was used, which on the other hand increases the etching of photoresist. The RIE is 

used, which on the other hand increases the etching of photoresist. The etch rate of  
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Figure 4.1. The schematic of the process flow for the high-voltage and ultra-high voltage SiC BJT 
technology. (*) The batch of 4.5-kV-class devices was fabricated with 3-zone JTE and has one less 

lithographic and dry etching step compared to the 15-kV BJT with 4-zone JTE. 
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Figure 4.2. The schematic of the process flow for the high-temperature 4H-SiC lateral BJT technology. 

SiC in the modified RIE is about 145 nm/min with the selectivity of about 1.2. The 

RIE is using DC power in which a higher etch rate could be obtained by higher power, 

but it can result in more surface damage. Unlike RIE, metal or SiO2 should be used as 

a hard mask for ICP etching. Using a metal mask leading to steeper angle and better 

selectivity but can result in trenching effect on the bottom of the etched mesa [15]. 



Chapter 4. SiC Fabrication Technology and Process Development   

 

68 
 

Therefore, SiO2 is used as a hard mask for ICP etching. The etch rate of SiC in the 

ICP is about 125 nm/min with the selectivity of about 1. The ICP coil is supplied by 

RF power, that produces high plasma density with lower ion energies. As a result, it 

introduces less surface damage compared to the RIE etching [15]. The rough surface 

can significantly hamper the BJT current gain and produce early breakdown in the 

termination area [17][15]. The sidewall angle of 50° and 75° are measured for the RIE 

an ICP etching, respectively. The ICP etching is used for high-voltage BJTs in which 

the etching of the emitter and termination mesa steps are deeper than 1.5 μm. Other 

etching steps in high-voltage and high-temperature integrated circuits are done by 

mean of the improved RIE dry etching. Since the emitter, base, collector, and gate are 

formed by etching through the epilayers, the uniformity and controllability of the 

etching process is critical in this thesis, particularly for the thin base layer. Beside, an 

over-etching is needed to compensate the epilayer variations to ensure reaching the 

next epilayer. Moreover, the etching controls the remaining dose of the junction 

termination extension area. This affects the termination efficiency and the breakdown 

voltage of the device. Taking the sensitivity of the device performance to the etching 

process into consideration, the etchings are divided in few steps and the etch depth 

and the rate is traced to approach the targeted value with minimum variation. The 

uniformity of ±7 % is achieved with this process.  

4.4 4H-SiC Surface Engineering and Treatments 

As mentioned earlier, the SiC surface quality affects the device performance both in 

forward and reverse characteristics. Several studies have been reported to improve the 

quality of SiC/SiO2 interface. Presence of interface traps significantly influences the 

channel mobility and consequently the performance of the SiC [52], [220]–[222]. In 

SiC BJTs, the surface between the emitter and base, that is directly exposed by the first 

etching process plays the key role in the current gain due to the presence of the 

surface recombination [223]. In the reverse, the introduction of large variation in the 

junction termination areas can change the efficiency of the termination technique 

[224], [225]. Also, the presence of charges at the SiC interface changes the electric field 

distribution in the termination, which should be considered in the device design and 

process variability study. The sacrificial oxidation reduces the surface damages, and 

hence decreases the surface recombination current [223]. The advantage of SiC is the 

presence of Si atom that allows a thermally grown oxidation process. The sacrificial 

oxidation process is performed to smoothen the damaged surface of the SiC after the 

dry etching steps. The thermal oxidation rate of SiC is much lower than Si and requires 

relatively high temperature. The thermal oxidation of SiC leaves carbon clusters at the 

surface of SiC due to out-diffusion of C atoms. A portion of these carbon atoms react 

with O2 [226], whereas some C clusters remain and introduce as interface traps 
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[227][228]. The growth rate of the dry and wet oxidation is about 10 nm per min. This 

is much lower than Si even at higher temperatures about 1250 °C. After removal of the 

sacrificial oxidation, employing a passivation oxide is known to be a fine method to 

improve the surface charges to resolve the problems. The annealing ambient, the time, 

and the temperature have great influences on the surface treatment both in the 

sacrificial oxidation and surface passivation [83], [222], [224]. 

In this thesis, we firstly used the established process in high-voltage BJTs [16]. To 

prepare the SiC surface after the etching process, the wafers are cleaned in RCA to 

remove the organic contaminations and in Piranha and HF:H2O2 baths to remove the 

non-organic contaminations and possible native oxide. Then, a dry sacrificial oxidation 

at 1100 °C for 1 hour [PAPER II-VII] is performed, that forms the thermally grown 

oxide with the thicknesses of ~10 nm. The oxide is removed by hydrofluoric acid 

(HF). Afterward, a PECVD oxide with a thickness of 50 nm is deposited as the 

surface passivation. The post-deposition annealing in N2O ambient at 1100 °C for 3 

hours is performed. The established passivation process results in relatively high 

interface density of states, which degrades the current gain. 

In the past decade, several works have been performed to improve the quality the 

SiC/SiO2 interface either by introduction of external atoms to occupy the dangling 

bonds or by reduction of the surface roughness by surface treatments. In the first 

approach, it has been shown that introduction of nitrogen (N) atoms at the SiC/SiO2 

interface can passivate the dangling Si bonds and eliminate the interstitial C and C 

clusters during nitridation. The high-temperature annealing cracks the NO or N2O 

molecules and release the nitrogen atoms that can penetrate into the PECVD 

deposited oxide and reach the SiC interface and passivate the Si dangling bonds. 

Therefore, it results in a lower density of interface traps and a higher channel mobility 

[227]. To generate N atoms at the SiC/SiO2 interface, other methods have been used 

such as thermal oxidation in nitric oxide (NO) or nitrous oxide (N2O) [224], nitrogen 

implantation [229][230], high-temperature annealing in NO or N2O [222] and 

thermally grown SiO2 followed by annealing in Argon (Ar) and NO ambient [93]. 

Moreover, high-temperature annealing in POCl3 [220], [231] and hydrogen (H) [232] 

ambient can reduce the interface trap density. The effect of etching process on the 

surface roughness is studied and an improved sacrificial oxidation is performed to 

smoothen the SiC surface, which improves the deposition quality of the PECVD SiO2. 

In the next step, improved dry etching, sacrificial oxidation technique, and surface 

passivation are developed. The enhanced surface treatments [17], [194] are developed 

and used in 15-kV-class 4H-SiC BJTs [PAPER I].  

A dry sacrificial oxidation at 1100 °C for 3 hours [PAPER II-VII] is performed. 

This forms ~20 nm of thermally grown oxide. The oxide is removed by hydrofluoric 
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acid (HF). Afterward, a PECVD oxide with a thickness of 100 nm is deposited as the 

surface passivation. The post-deposition annealing in N2O ambient at 1250 °C for 3 

hours is performed. The enhanced passivation oxidation significantly improved the 

current gain. It is worth noting that a low-temperature (300 °C) PECVD oxidation is 

used to deposit the SiO2. The low-temperature oxide deposition make it porous that 

later helps the diffusion of nitrogen atoms to reach the SiC interface. 

4.5 Ohmic Metal Contact Technology 

4.5.1 Established Lift-off Process  

Forming low-resistive and uniform Ohmic contact to 4H-SiC is an important part 

of the process for all kind of devices including the BJTs and MOSFETs. To achieve a 

proper device performance, contact resistivity below 0.1 mΩ.cm2 is required. A high 

contact resistance increases the forward voltage drop and the device total power loss. 

Several metals with different temperatures and thicknesses have been studied to form 

a low-resistive and uniform Ohmic contact to SiC. Reasonable Ohmic contact 

technologies are currently available for n-type SiC, however the p-type is still suffering 

from high contact resistance. On the other hand, depending on the metal type and the 

available process technology, different processes such as metal lift-off, reactive ion 

etching, and ion milling etching have been used to pattern the metal layer. However, 

the SiC Ohmic metal technology is still not as mature as of Si. 

In the first and second batches in this thesis, an established metal contact 

technology for n- and p-type SiC by means of the lift-off process to pattern the metal 

layers was used. In the following, an effort is made to eliminate the lift-off and 

exchange it with etching process. As will be discussed, a wafer-scale self-aligned 

Ohmic metal contact process was developed and investigated. The lift-off free process 

was tested and verified for the n- and p-Ohmic contacts. 

To form a desirable Ohmic contact, it is essential to do a surface preparation and 

cleaning to remove any contamination, photoresist residues, native oxide etc. In the 

lift-off process, metal evaporation is used to deposit the metal layers. The metal 

evaporation is done in an ultra vaccuum clean chamber. The deposition rate is usually 

low (1-2 nm per sec) with a poor step coverage. A thick photoresist (more than 1.5 

μm) is chosen to make the lift-off easier and finer. The lift-off process leaves jagged 

metal edges and metal residues on the wafer, which is the main disadvantage of this 

process. Finishing the process in a fine lift-off ultra-sonic bath can improve the 

process. Using metal sputtering is not fine for the lift-off process since it can create 

photoresist particles and harden or even burn the photoresist. On the other hand, 
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using a sample with photoresist is not very welcome in the sputtering tools due to the 

possibility of contaminating the chamber. 

In the lift-off process, the oxide is opened and nickel (Ni) with thickness of 100 nm 

is deposited for n-type 4H-SiC. After the lift-off process, a high temperature RTA 

annealing at 950 °C in nitrogen ambient for 60 sec is performed to form the n-Ohmic 

contact. A metal stack of Ni-Ti-Al with the thickness ratio of 10-15-85 nm is 

deposited for p-type 4H-SiC. A p-contact is formed by high temperature RTA 

annealing at 825 °C in argon ambient for 120 sec. The contact resistivity is measured 

by TLM structures. It should be noted that no vacuum chamber was currently 

available in our facilities for RTA annealing. The contact resistivity of 5×10-6 and 

5×10-4 Ω.cm2 for the n- and p-type 4H-SiC are achieved, respectively. A reason for the 

slightly high p-contact resistance is the lowly-doped p-layer that is designed to increase 

the current gain and make the JTE etching more controllable. It should be noted that 

a local high dose ion implantation in the p-contact area has been reported to improve 

the contact resistivity, however in this process we avoid using ion implantation to 

protect the devices from the damages and defects caused by ion implantation. To 

avoid oxidation of the metal contact top surface, the chamber is purged with nitrogen 

to cool down the sample before unloading. An oxidized rough metal surface can cause 

bad adhesion of the overlayer metallization and metal interconnections. This is critical 

for uniform current distribution in the device. 

4.5.2 Wafer-Scale Ni-SALICIDE n-Ohmic Contact Technology 

For further improvement of the process technology as well as simplifying the 

fabrication, a wafer-scale self-aligned Ni SALICIDE for 4H-SiC contact technology is 

developed [PAPER VIII]. The self-aligned silicide process (SALICIDE) has been 

developed in Si technology for many years. The Ti- and Co-based SALICIDE process 

with two-step annealing process was developed in silicon CMOS technology, 

specifically to reduce the resistivity of the contacts. As mentioned earlier, unlike the Si 

technology, forming a good Ohmic contact to SiC requires high temperature 

annealing. SiC contact technology suffers from the lack of a simple and clean self-

aligned Ni process particularly on wafer-scale. Moreover, downscaling of SiC-based 

devices and circuits is hampered by a lack of reliable self-aligned process to form the 

metal contacts and short channels. High temperature annealing of metal/SiO2 

increases the risk of diffusion-reaction of metal and oxide layer. This could affect the 

functionality of large area devices and circuits. Furthermore, the quality of silicide 

surface and coverage significantly affects the device behavior. The two-step annealing 

has been previously used for SiC technology to form Co-based contacts to n-type and 

for Ni-Al contacts to p-type. Nickel (Ni) silicide is shown to be a good choice for the 
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n-type Ohmic contacts. For SiC, Ni2Si is rectifying until annealed at 950 °C, without 

any obvious phase-change. 

In Paper IV, a wafer-scale self-aligned n-contact with a two-step rapid thermal 

annealing (RTA) is demonstrated. The electrical and physical properties of the 

contacts are studied. The key point is to perform a first step annealing (FSA) of Ni 

layer at low-temperature (550-700 °C) to form one phase of NiYSiX and removing the 

unreacted Ni by a selective wet etch in Piranha (H2SO4+H2O2 (3:1)). Afterward, the 

second step annealing (SSA) at high temperature (950 °C) produces a low contact 

resistance. This eliminates the effect of high temperature annealing of Ni/SiO2 layer, 

which could affect the quality of oxide at higher temperatures. This method is 

successfully employed on a 4-inch SiC wafer process and the surface quality and the 

coverage of silicide in the oxide openings is significantly improved in comparison with 

the lift-off process. This method improves the yield and reduces the process 

complexity. Unlike the lift-off process, the thin oxide opening could simply be shrunk, 

filled in by the sputtered metal and annealed to form the contact. Also, no underlap in 

the contact openings to improve the silicide coverage is required. The proposed self-

aligned technology could widely be used for all kind of SiC devices and integrated 

circuits to form the n-type Ohmic contacts. 

The wafer surface is cleaned in Piranha, HF:H2O, and the RCA baths to remove 

the organic contaminant and the native oxide. A 100-nm layer of SiO2 is conformally 

formed at 350 °C on the surface of the SiC samples and the contact windows are 

opened by dry etching process. An O2 cleaning for 10 minutes and conditioning 

process for 10 minutes is consequently done in the oxide deposition chamber, which 

significantly improves the oxide quality and uniformity. A 100-nm Ni layer is sputtered 

using a pre-sputtering process. The pre-sputtering is done for 20 sec on the wafer to 

remove the possible formed oxide at the SiC surface and on the Ni target to remove 

any contamination from the target. Fig. 4.3 presents the process step flow and 

annealing profile of the self-aligned n-contact. The FSA is performed to form one 

phase of Ni silicide in the contact openings. Temperature steps from 450 to 1000 °C in 

N2 ambient to find the optimum temperature of the FSA are performed. To protect 

the formed silicide and the Ni layer from oxidation after the annealing steps, a 

continuous purging with N2 for 3 minutes is done in the chamber to cool down the 

wafer to below 200 °C before unloading the wafer. Then, the sample is dipped into the 

Piranha to remove the unreacted Ni. The SSA at 950 °C for 1 min in N2 ambient to 

form the low-resistivity Ohmic contacts is performed. The contact characteristics as a 

function of the annealing temperature profiles are evaluated in terms of electrical and 

structural properties. In order to measure the contact resistivity (ρC), linear 

transmission line model (TLM) structures with rectangular pads with spacing from 5  
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Figure 4.3. (Left) the schematic annealing profile and (right) the process step flow of the self-aligned 
process on n-type 4H-SiC. 

to 25 μm are fabricated. Finally, 1-μm Al/TiW was sputtered and patterned to form 

the final metal pads. For further investigation, the structural analyses at the interface of 

Ni/4H-SiC and the formation of NixSiy silicide phases by X-ray diffraction (XRD) are 

done. The morphology of the contacts by atomic-force microscopy (AFM) is studied. 

The proposed self-aligned process is based on two annealing steps. The formation 

of Ni-silicide (NiXSiY) compounds is an important factor to form a low-resistive 

electrical contact between Ni and 4H-SiC. The silicide phase at the Ni/4H-SiC 

interface changes at different annealing temperature. To find the optimum 

temperature range of the FSA, the formation of NiXSiY silicide at different 

temperatures is investigated by X-ray diffraction (XRD). Fig. 4.4 presents the XRD 

spectra of the Ni silicide contacts after the FSA at different temperatures. A 4H-SiC 

reference and an as-deposited Ni sample are added as references in which a peak of 

single-crystalline 4H-SiC and poly-crystalline Ni are visible. A phase transformation of 

Ni-silicide is obvious for different annealing temperatures. This interaction between 

Ni and Si is the key point in this self-aligned process that allows the following wet 

removal of the unreacted Ni and the consequent SSA. Ni31Si12 at below 600 °C and 

Ni2Si for higher temperatures are the main phases while no trace of Ni is observed 

after the FSA and removal of unreacted Ni. The SSA at 950 °C is essential to produce 

low-resistive Ohmic contacts. The silicide formation starts at 550 °C and its phase 

transformation continues at higher temperatures. The intensity of the Ni2Si peak is 

dramatically increased at above 700 °C. The contact surface became rougher at higher 

annealing temperatures. Due to presence of Ni atoms, different phases of NiXSiY 

could be formed due to diffusion and reaction of these atoms. The silicide starts to 

agglomerate when the temperature increases and the silicide islands become visible. 

The AFM images of the samples after FSA and wet removal step and after the SSA at 

950 °C compared with the as-deposited Ni are shown in Fig. 4.5. The annealing  
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Figure 4.4. The XRD spectra of the Ni contact layer after the first step annealing (FSA) at different 
temperatures and removal of unreacted Ni. 

process influences the surface morphology of the samples. This is attributed to the 

reaction of Ni and Si and the phase transformation of Ni-silicide. The short annealing 

time in RTA and the thickness of Ni film could affect the formation of the silicide and 

its morphology. The formation of silicide in larger areas is much more uniform than in 

the smaller openings. This might be attributed to the immediate expansion of the Ni 

layer surrounded by oxide sidewalls during the RTA process. The annealing process 

affects the quality of oxide, which could be a passivation layer of BJTs, gate oxide of 

MOSFETs, side-wall oxide of JFETs and trench devices, etc. Fig. 4.6 illustrates the 

scanning electron microscopy (SEM) image of the Ni-contacts formed by the lift-off 

process and the double-step annealing SALICIDE process. The contact with lift-off 

has metal residues and jagged edges whereas the one with the silicide process has 

smoothed metal edges and clean oxide surface. 

In the Ni-SALICIDE process, after opening the oxide by dry etching, Ni sputtering 

with pre-sputtering process is used to deposit 100 nm of Ni. The pre-sputtering on the 

sample removes the contaminations and possible formed oxide at the 4H-SiC surface. 

The FSA is performed to form one phase of Ni silicide in the contact openings. 

Temperature steps from 450 to 1000 °C in nitrogen ambient to find the optimum 

temperature of the FSA are performed. Then, the sample is dipped into the Piranha to 

remove the unreacted Ni. The SSA at 950 °C for 1 min in N2 ambient to form the low-

resistivity Ohmic contacts is performed. The contact characteristics as a function of 

the annealing temperature profiles are evaluated in terms of electrical and structural 

properties. In order to measure the contact resistivity (ρC), linear transmission line 

model (TLM) structures with rectangular pads with spacing from 5 to 25 μm are 

fabricated. Finally, 1-μm Al/TiW was sputtered and patterned to form the final metal 

pads. For further investigation, the structural analyses at the interface of Ni/4H-SiC 

and the formation of NiXSiY silicide phases by X-ray diffraction (XRD) are done. 
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Figure 4.5. The AFM images of the silicide contact surface after removal of the unreacted nickel at 
different temperatures of the FSA. The AFM scanning size is 20×20 μm2. 

 

Figure 4.6. The SEM images of Ni n-contacts on 4H-SiC formed by (bottom) lift-off and (top) 
SALICIDE process. The proposed Ni- SALICIDE technology results in a smoother metal edge and 

cleaner oxide surface. 

Fig. 4.7.a presents the I-V electrical characteristic of the Ni contacts after the FSA 

from 450 to 950 °C. The typical Schottky behavior of the contacts at lower annealing 

temperatures gradually changes to Ohmic behavior at higher annealing temperatures. 

All samples with FSA > 500 °C become Ohmic after the SSA at 950 °C (see Fig. 4.7.b). 

However, the lower annealing temperature of Ni/SiO2 saves the oxide quality. The 

FSA range between 550 to 700 °C results in low-resistive Ohmic behavior after the 

SSA at 950 °C. Moreover, it is found that the annealing time between 45-90 seconds is 

sufficient for the FSA and SSA steps. Hence, the proposed two-step self-aligned 

process benefits from a wide process window for the annealing temperature and time 

that makes it a reliable contact technology. The influence of the proposed process on 

the oxide quality is investigated and no significant effect is observed. 
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Figure 4.7. The I-V characteristic of the Ni contacts (a) after the FSA at different temperatures and 
removal of unreacted Ni and (b) after the SSA at 950 °C. All samples with FSA > 500 °C become 

Ohmic after the SSA at 950 °C. 

The TLM plots with different FSA temperatures and SSA at 950 °C are shown in 

Fig. 4.8.a. To fairly measure the contact characteristics, the total resistance of different 

samples is calculated by differentiation of the I-V curves for distances of TLM pads. 

All samples with FSA > 500 °C shows ρC below 1×10-5 Ω·cm2 whereas the samples 

with the FSA in the range of 550 to 700 °C shows ρC below 5×10-6 Ω·cm2, which is 

comparable to that of the conventional single-step annealing at 950 °C. It should be 

noted that the difference between contact resistances is mainly attributed to the 

doping variation of the samples. As mentioned earlier, the ρC decreases for higher 

annealing temperatures of FSA. The wafer mapping of the measured contact resistivity 

is shown in Fig. 4.8.b. Among the 112 measured dies with TLM structures, above 50 

has a contact resistivity below 5×10-6 Ω.cm2 and more than 80 has a contact resistivity 

below 6×10-6 Ω·cm2. A high uniformity for the contact resistivity is achieved.  

4.5.3 Wafer-Scale Lift-Off-Free p-Ohmic Contact Technology 

After successful development of the wafer-scale Ni- SALICIDE process for n-type 

SiC, we started to develop an Ohmic contact technology for the p-type. In the next 

step, by employing a similar concept, we demonstrated a wafer-scale lift-off-free 

process for both n- and p-Ohmic contacts on 4H-SiC with no additional lithographic 

or fabrication process step. The fabrication process step of the proposed p-Ohmic 

contact technology is presented in Fig. 4.9. The key step to make the p-Ohmic contact 

is to deposit a Ti/Al stack on the Ni-silicide and transform it to a low-resistive Ohmic 

contact with a final annealing. The low-temperature (FSA) Ni-SALICIDE process as 

such described above is used to form a silicide on the n- and p-type 4H-SiC layers. 

Since the initial low-temperature silicide phase is used for the p-contact, the oxide via 

are opened for the n- and p-Ohmic contacts in the same lithographic step. A 50-nm 

Ni layer is deposited and annealed at >700 °C. Afterward, the unreacted Ni is removed 
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by wet-etching in Piranha. The stable silicide phases (NixSiy) remain in the openings 

after the wet-etching process. A Ti/Al stack with thickness of 30/120 nm is deposited 

and patterned on the p-Ohmic contact openings by dry etching process. The final 

annealing is performed at >900 °C, which transforms the silicide to Ohmic contact 

both on the n- and p-type 4H-SiC layers. Thanks to the Ni-SALICIDE process, no 

wet etching or ion milling of Ni is required.  

 

Figure 4.8. (a) The total resistance measured for the TLM structures with different pad distances at 
various FSA temperatures 500 to 900 °C followed by the SSA temperature at 950 °C. The transfer 

length (LT) is extracted for each sample. (b) The wafer mapping of the measured n-contact resistivity 
on the wafer with 112 dies. 

 

Figure 4.9. Schematic fabrication process flow of the wafer-scale lift-off-free process to form the n- 
and p-Ohmic contact to 4H-SiC. 

 



Chapter 4. SiC Fabrication Technology and Process Development   

 

78 
 

 

Figure 4.10. The wafer mapping of the measured p-contact resistivity on the wafer with 112 dies. 

A 4-in 4H-SiC n+-substrate with n- and p-type epilayers is used. Reactive ion 

etching (RIE) process is used to etch the top n-layer and form the mesa to reach the p-

layer. It has been shown that the surface roughness can degrade the Ohmic contact 

quality [15]. Therefore, a sacrificial oxidation in O2 for 3 h is performed to improve 

the surface damages caused by the ion etching process. The n-contacts are formed on 

highly-doped (> 1×1019 cm-3) epilayers whereas the p-Ohmic contacts are made on an 

epilayer with doping concentration of ~1×1018 cm-3. This lower doping concentration 

can degrade the quality of Ohmic contact. To improve the measurements and 

eliminate the current debiasing effect on the metal contacts, a 1-μm TiW/Al stack was 

sputtered and patterned on the Ohmic contacts. A specific contact resistivity of 6×10-4 

Ω.cm2 for the p-type 4H-SiC is obtained. The wafer mapping of the measured p-

contact resistivity is shown in Fig. 4.10. Among the 112 measured dies with TLM 

structures, more than 70 have a contact resistivity below 7×10-4 Ω.cm2. Although the 

contact resistivity is slightly high, the advantage of eliminating the lift-off, 

simultaneous annealing process, and no need for extra lithography makes it a 

reasonable process for many devices. It is worth noting that a compatible process with 

other metal stacks like Ni/Al may improve the contact resistivity [233]–[237].
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Chapter 5. Characterization 

As discussed earlier, the BJT performance in conduction and blocking modes are 

influenced by various terms including the epilayer properties, fabrication process 

parameters, layout design and device geometry, and device dimensions and scaling. In 

Chapter 3, epilayer thickness and doping concentrations are chosen by considering the 

targeted specifications. Then, the device layout and dimensions are optimized to reach 

the specified properties. Moreover, the termination design is optimized to decrease the 

total area of the device with minimum lithographic steps. The BJT on-state 

characteristics such as the maximum current gain, current density, on-resistance, and 

current distribution are improved. The optimized results are implemented in high- and 

low-voltage devices with small- and large-area. 

In this chapter, the characteristics of the fabricated BJTs in 4.5 kV-class and 15 kV-

class BJTs in conducting and blocking modes are presented. In the following, the 

measurement results of the high-current BJTs for high-temperature integrated circuits 

are presented. As described in Chapter 3, the effect of emitter geometry and scaling on 

the maximum current gain, current density, and on-resistance are studied and the 

optimum design is implemented for the large-area high-voltage and ultra-high-voltage 

devices. Different junction termination extensions, including the double-JTE, 

modified double-JTE, area-optimized multi-step etched-JTE, and multiple-shallow-

trench junction termination extension (ST-JTE) are fabricated for different voltage 

ratings. The maximum termination efficiency of 93 % with a wide process window is 

achieved. The effect of etching process and fabrication uncertainties is considered in 

the design and investigated by measuring the etching steps and the corresponding 

breakdown voltages. By optimizing the termination technique in multiple shallow 

trenches, a higher blocking voltage with smaller termination length without any 

additional lithographic step is achieved. Finally, the characteristics of the high-

temperature lateral BJTs will be presented. 
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Figure 5.1. The measured (a) IC-VC forward characteristics and (b) β-IC of the 4.5-kV class BJT. 

5.1 High-Voltage and Ultra-High-Voltage 4H-SiC BJTs 

In this section, we explain the measurement results of the fabricated 4.5-kV class 

and 15-kV class BJTs. The conducting and blocking IC-VC characteristics as well as the 

Gummel plot of the BJTs provided a complete set of data required for the evaluation 

of the structures. In addition, the temperature dependency of the BJTs is investigated. 

5.1.1 Conducting Characteristics 

As explained in Chapter 3, several parameters affect the BJT conduction 

performance. In the first batch for high-voltage 4H-SiC BJTs, we used the established 

process as explained in Chapter 4. Therefore, by implementing the TCAD simulation 

and comparing the results with old batches [100], we expected to obtain relatively low 

current gain due to the surface recombination particularly in the emitter-base region. 

Fig. 5.1.a shows the IC-VC forward characteristics of the 4.5-kV class 4H-SiC BJT with 

interdigitated finger design. The collector current versus maximum current gain 

plotted for the corresponding BJT is presented in Fig. 5.1.b. The maximum current 

gain of 40 at 250 mA (310 A/cm2) is achieved. 

In the next batch for ultra-high-voltage 4H-SiC BJTs, we optimized several 

parameters in the device design by the feedbacks of the measurement results of the 

first batch into the simulation and device design. Also, we performed the enhanced 

passivation process [17] to improve the BJT characteristics. Therefore, it was expected 

to achieve a higher maximum current gain due to significantly lower surface 

recombination in the emitter-base region. Fig. 5.2.a represents the IC-VC forward 

characteristics of the 15-kV class BJTs with interdigitated finger design and hexagon-

cell design with identical device size. The Gummel plot of the 15-kV class BJTs with 

interdigitated finger is presented in Fig. 5.2.b. The maximum current gain of 139 at 

VBE = 3.15 V is achieved.  
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Figure 5.2. (a) The IC-VC forward characteristics and (b) the Gummel plot of the 15-kV class 4H-SiC 
BJTs. 

 

Figure 5.3. The β-IC forward characteristics of the 15 kV-class 4H-SiC BJTs in (a) linear and (b) 
logarithmic scales. 

This is in agreement with Fig. 5.2.a. Fig. 5.3 represents the β-IC of the devices at 

different collector-base voltages both in linear and logarithmic scales. As expected, the 

maximum current gain increases by raising the VCB from 0 V to 20 V. This is due to 

the base width modulation effect in the base region. The maximum current gain is 

measured at 50 mA which corresponds to a current density of 50 A/cm2. 

5.1.2 Blocking Voltage and Edge Termination Techniques 

The junction termination extension is an important part of a high-voltage device 

that terminates the electric field at the edges of the device. The termination design and 

efficiency ensures the functionality of the termination in blocking behavior. The 

process variation dependency of the termination is another key factor in the design. It 

is desirable to have less sensitivity to the process uncertainties like etching and ion 

implantation variations. This will result in wider process window and higher wafer 

yield. 
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At KTH, an established edge termination technique based on double-step etching 

has been reported [36]. It is known that a higher number of etching steps could result 

in better electric field distribution. However, it requires more lithographic steps, which 

increases the total process cost and complexity. By employing TCAD simulation, we 

designed and optimized different termination techniques. Then different terminations 

were fabricated and measured and the results are compared in terms of termination 

efficiency, breakdown voltage, and total length of termination. More details on the 

properties and comparison of different termination techniques is described for better 

understanding of the value of the termination design in Chapter 3. 

The influence of charges at the SiC/oxide interface on the breakdown voltage of 

SiC devices has been reported [224]. The presence of charges can change the electric 

field distribution and shift the electric field peaks toward the innermost edge for 

positive charges and outermost edge for negative charges [225]. The amount of 

charges in a certain area is affected by the etching process. This effect is considered in 

the simulation to optimize the JTE zones and their corresponding remaining doses. 

The electric field peak shifts occurs at the mesa edge and base edge for too high dose 

and too low dose, respectively. This effect is clearly investigated in TCAD simulation 

and has been experimentally observed with electroluminescence imaging of the device 

in reverse biased mode [36]. This type of measurement is useful to investigate the 

reliability of the device and to find the actual location in the device that the breakdown 

happens. It is worth noting that a controlled etching process is used for the etching 

steps of the termination area. The RIE etching is used to form ~50° tilted angle with 

no trenching effect. The JTEs are formed from the innermost mesa toward the 

outermost mesa. This is found easier and more controllable to etch each JTE step 

separately. 

As initial design for the edge termination, the same established concept is employed 

and modified for the 4.5 kV class. The total termination length of 210 μm with the 

equal length of the first and second JTEs and the remaining dose of 1×1013 cm-2 and 

2×1013 cm-2 are the optimal values. The maximum breakdown voltage of 4.25 kV is 

measured for the conventional double-JTE. The breakdown voltage variation of 1900 

V is measured when the JTE1 remaining dose varies from 0.9 to 1.4×1013 cm-2. 

Although the double-JTE termination offers a wider dose range for the targeted 

breakdown voltage and hence wider process window compared with the single-JTE, it 

is desirable to have higher efficiency and less process sensitivity. 

As mentioned earlier, it has been a common study to optimize the depths of the 

JTEs to find the optimum remaining dose for the JTEs whereas the JTEs mostly have 

equal lengths [36], [100], [132], [140], [238]. We investigated the effect of the length of 

the JTEs and it is found that the first JTE is the most effective one in the distribution 
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of the electric field. We found that for a given total termination length (∑LJTE-i), a 

decremental JTE length (LJTE-i) from the innermost edge to the outermost mesa edge 

of the device will result in better modification of the electric field. Therefore, we 

demonstrated the JTE termination technique with descending length of the JTEs. In 

the next step, this concept is studied and implemented on the double-JTE, 3-zone, and 

4-zone JTE terminations. 

The schematic cross-sectional view and the microscopic image of the fabricated 

4H-SiC with double-JTE is shown in Fig. 5.4. As explained in Chapter 4, the deep 

emitter and field stopper mesas are formed by ICP dry etching whereas the JTEs are 

realized by RIE etching. The fabrication process steps Fig. 5.5 compares the simulated 

electric field for the asymmetric double-JTE with different length of the JTE1 and 

JTE2 compared with the conventional double-JTE structure at their optimum dose for 

the applied reverse voltage of 6 kV. The electric field distribution is more uniform for 

the double-JTE with the descending length of the JTEs, which modulates the field 

crowding at the JTE and mesa corners. Consequently, it results in higher efficiency of 

the termination technique and higher breakdown voltage. 

 

Figure 5.4. (a) the schematic cross-sectional view and (b) the microscopic image of the 4H-SiC BJT 
with modified double-JTE.  

 

Figure 5.5. Simulated electric field of the 4H-SiC BJT with double-JTE at the cutline of AA’.  
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Figure 5.6. The dependency of the breakdown voltage of a 4H-SiC BJT to the dose and length of the 
(a) first JTE and (b) second JTE. 

The dependency of the breakdown voltage to the length and dose of the JTEs is 

studied by TCAD simulations and the results are presented in Fig. 5.6. For the total 

termination length of 210 μm, the optimum length for the JTE1 and JTE2 are found to 

be 140 μm and 70 μm, respectively. 

4H-SiC BJTs with different JTE length and remaining dose were fabricated. The 

actual depth and length of the JTE1 and JTE2 and the measured breakdown voltages 

are summarized in Table 5.1. At a remaining dose of 1.15×1013 cm-2 and 0.75×1013 

cm-2 for the JTE1 and JTE2, a maximum open-base breakdown voltage of 4975 V is 

achieved for the SiC BJT with the modified JTE length compared to a 4270 V for the 

equal length. By this modification, we obtained the VBR of 4.95 kV by improving the 

termination efficiency from 68 to 85 for no extra cost or fabrication process step. This 

technique can be employed for multi-step etched-JTE to minimize the total 

termination length and total device area. Moreover, it can be combined with other 

termination techniques such as etched rings, implanted field rings, bevel-JTE etc. (see 

Chapter 3) to further improve the termination efficiency. 

We implemented the same descending length concept on the 3-zone and 4-zone 

junction termination extensions to realize 5.6 kV and 15 kV BJTs, respectively. A 3-

zone JTE is designed to reach higher breakdown voltage by improving the termination 

efficiency. The microscopic image of the area optimized 3-zone JTE (O-JTE) is shown 

in Fig. 5.7. The 3-zone JTE with three different remaining doses of JTEs improves the 

electric field distribution inside the device. Then the concept of descending JTE length 

is applied to minimize the total area of the termination. Several designs with different 

length and remaining dose of the JTEs are simulated to find the optimum values. It is 

found that the descending length of 100 μm, 75 μm, and 25 μm with the remaining 

dose of 1.3×1013 cm-2, 1.2×1013 cm-2, and 1.1×1013 cm-2 are the optimized value for 

the JTE1, JTE2, and JTE3, respectively. The electric field distribution of the O-JTE  
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TABLE 5.1. SUMMARY OF THE TERMINATION DESIGNS IMPLEMENTED ON 4H-SIC BJTS. 

LJTE1 (μm) DJTE1 (×1013 cm-2) LJTE2 (μm) DJTE2 (×1013 cm-2) VBR (V) 
105 1.15 105 0.75 4270 
140 1.15 70 0.75 4975 
105 1.025 105 0.65 3850 
140 1.025 70 0.65 4350 
105 1.4 105 0.9 4125 
140 1.4 70 0.9 4685 

 

Figure 5.7. (a) the schematic cross-sectional view and (b) the microscopic image of the 4H-SiC BJT 
with modified 3-zone JTE. 

compared with the asymmetric double-JTE and conventional double-JTE is shown in 

Fig. 5.8. A more uniform electric field distribution with lower field crowding is 

obtained for the O-JTE. The maximum breakdown voltage of 5.65 kV with the 

termination efficiency of 92 % for the O-JTE is measured. Thanks to the O-JTE 

design, a higher termination efficiency and higher breakdown voltage with 10 μm 

smaller total termination length is achieved at the expense of one additional 

lithographic step and etching process.  

 

Figure 5.8. Simulated electric field along the BJT with O-JTE termination at the cutline of AA’. 
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Figure 5.9. The dependency of the breakdown voltage of a 4H-SiC O-JTE BJT to the dose of the 
JTEs. 

The dependency of the breakdown voltage to the remaining dose of the JTEs for 

the O-JTE is shown in Fig. 5.9. As can be seen, the O-JTE design with three-step 

etchings provides wider process window and less sensitivity to the etching process. A 

4-zone JTE is simulated and designed for this voltage class. Though a slightly more 

uniform electric field is obtained for the cost of additional lithographic and etching 

steps, however we skipped to implement it on 4.5-kV class and employed it for 15-kV 

ultra-high voltage class, which will be discussed later. 

As mentioned earlier, it is well-known to implement structures such as floating 

guard rings in the termination to share the electric field peaks and alleviate the electric 

field crowding. In this section, by employing the same concept, a 4H-SiC BJT with 

multiple-shallow-trench JTE (ST-JTE) termination is demonstrated. Compared with 

multi-implanted or graded-etched JTEs, the trench structures are simultaneously 

formed by the first JTE with no extra mask. This makes the fabrication simpler and 

cheaper; while avoiding any further misalignment. The maximum VBR of 5.85 kV is 

obtained that corresponds to 93 % of the theoretical value [239][240]. Even higher 

termination efficiency is yet achievable by increasing the number of trenches and 

squeezing the trenches, which requires lithography with higher resolution. 

Furthermore, the total termination length is shrunk to 180 um compared to 200 um 

and 210 um for the O-JTE and double-JTE designs. 

The cross-sectional schematic and the microscopic image of the ST-JTE are shown 

in Fig. 5.10. Trench structures, gradually decreasing in dimensions, have been formed 

on the first JTE. Depending on the design, the depth of the trenches can be controlled 

by the etching of the other layers with no additional mask. Considering the lithography 

limit to 1 μm, the number, width, and spacing of the trenches are optimized to reach 

the optimized electric field spreading. The optimized result is obtained for the ST-JTE  
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Figure 5.10. (a) the schematic cross-sectional view and (b) the microscopic image of the 4H-SiC BJT 
with modified ST-JTE. 

 

Figure 5.11. The charge distribution in the ST-JTE design at the cutline of AA’. 

with seven trenches as deep as 300 nm; whereas the spacing gradually increases from 1 

μm to 7 μm and the width is gradually decreasing from 9 μm to 3 μm. 

As already mentioned, the presence of charges at the oxide/SiC interface affacts the 

electric field distribution in the termination area. The amount of charges in a certain 

area varies by forming the trenches. The optimum effective dose of 1.15×1013 cm-2 is 

found for the first JTE by simulation. Fig. 5.11 shows the space charge distribution at 

the oxide/SiC interface. Fig. 5.12 compares the simulated electric field for the ST-

JTEs with different number of trenches with conventional double-JTE structure at 

their optimum dose for the applied reverse voltage of 6 kV. It is apparent that the 

electric field is shared and alleviated by the multiple trenches. Therefore, these 

trenches prevent the field crowding and shield the high field at the JTE and mesa 

corners. Hence, the electric field in the ST-JTE is more uniform. This results in higher 

efficiency of the edge termination.  
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Figure 5.12. Simulated electric field along the 4H-SiC BJT with ST-JTE termination at the cutline of 
AA’. 

It is apparent that higher number of trenches with smaller widths results in better 

electric field distribution. Considering the lithography limit to 1 μm, the optimized 

result is obtained for the ST-JTE with seven trenches. The smallest dimension 

required for realizing the ST-JTE with 14 trenches is 0.5 μm compared with 1 μm for 

the device with seven trenches. Although a finer photolithography improves the 

termination efficiency and sensitivity to the etching and doping variation (remaining 

dose) of the p-layer, it is recommended not to design too narrow trenches with dense 

spacing. 

The remaining dose of the dopants in the JTEs is controlled by the dry etching 

process. Fig. 5.13 illustrates the VBR versus the p-layer dose for ST-JTE compared 

with conventional double-JTE. It is apparent that the ST-JTE BJTs have much less  

 

Figure 5.13. The dependency of the breakdown voltage of a 4H-SiC BJT to the dose of the JTE. 
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Figure 5.14. The blocking I-V characteristics of the fabricated 4.5-kV-class 4H-SiC BJTs with different 
termination designs. 

TABLE 5.2. SUMMARY OF THE TERMINATION DESIGNS IMPLEMENTED ON 4H-SIC BJTS. 

Termination Design VBR Efficiency Length 
Double-JTE [PAPER II] 4200 75 210 

Modified Double-JTE [PAPER II] 4650 80 210 
3-Zone O-JTE [PAPER III] 5600 92 200 

Multiple-Shallow-Trench [PAPER IV] 5850 93 180 

sensitivity to the etching variation. Moreover, simulation results show that higher 

number of trenches results in wider stable dose range, which will result in higher yield 

of the wafer. The maximum breakdown voltage variation (ΔVBR) of 700 V and 1700 V 

is measured for the ST-JTE and conventional double-JTE for 20 % variation in the 

remaining dose of the p-layer, respectively. Among the 26 measured ST-JTE devices, 

80 % blocks more than 4.5 kV and the yield of high blocking ST-JTE BJTs (higher 

than 5 kV) is about 55 %. Fig. 5.14 illustrates the measured breakdown voltages for all 

fabricated BJTs with different termination structures. Table 5.2 summarizes the 

properties of the realized termination techniques. The ST-JTE design has the highest 

termination efficiency and shortest termination length. 

As mentioned earlier, the four-step O-JTE design is designed and implemented to 

realize ultra-high-voltage 4H-SiC BJTs. The cross-sectional view and the layout design 

of the area optimized 4-zone O-JTE is shown in Fig. 5.15. By implementing the same 

concept of JTEs with descending length, the optimum length and dose of the JTEs are 

found by TCAD simulation, which are summarized in Table 5.3. The electric field 

distribution of the four-step O-JTE is shown in Fig. 5.16.a. The dependency of the 

breakdown voltage to the remaining dose of the JTEs is presented in Fig. 5.16.b. Due 

to the wide process window of the termination design, reasonable safe margin in the 

device design, and the controlled etching process [194], it is expected to achieve a high 

yield for the blocking voltage. It should be noted that the termination is slightly 

oversized to ensure the blocking capability of the BJTs. Therefore, optimization and  
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Figure 5.15. (a) the schematic cross-sectional view and (b) the layout design of the 15-kV 4H-SiC BJT 
with modified four-step O-JTE termination. 

TABLE 5.3. THE PROPERTIES OF THE JTES FOR THE 15-KV 4H-SIC BJTS WITH 4-STEP O-JTE 

TERMINATION DESIGN. 

Step Length (μm) Etching Depth (nm) Dose (×1013 cm-2) 

JTE1 350 260 1.1 
JTE2 263 80 0.9 
JTE3 175 80 0.7 
JTE4 87 120 0.45 
Mesa 80 1500 --- 

 

Figure 5.16. (a) The simulated electric field along the 15-kV 4H-SiC BJT with 4-zone etched 
termination at the cutline of AA’ and (b) the dependency of the breakdown voltage of the 15-kV 4H-

SiC BJT to the dose and length of the first JTE. 

reduction of the total termination length is necessary to do in the next batches in order 

to reduce the total device size or increase the forward area to total area ratio. As 

mentioned in the previous section, a high yield for the conducting characteristics of 

the 15-kV 4H-SiC BJTs is achieved thanks to the uniformity of the controlled etching 

process. Since the same process is used for the JTEs, it is expected to have less 

sensitivity and uncertainties in the etching depth. Fig. 5.17 illustrates the simulated and 

measured breakdown voltage for the fabricated BJTs. At the moment, our 

measurement setup is limited to 13 kV. 
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Figure 5.17. The simulated and blocking characteristic of the 15-kV 4H-SiC BJTs. The measurement 
setup is currently limited to 13 kV. 

5.2 High-Temperature Lateral SiC BJTs 

As mentioned earlier, SiC is an attractive material for high-temperature applications 

owing to its unique electrical and physical properties. In recent years, SiC lateral BJTs 

are shown to be a good candidate for high-temperature integrated circuits [17], [84]. 

Also, SiC integrated circuits based on field effect transistors (FETs) including 

MOSFETs, MESFETs, and JFETs operating at high temperatures have been 

demonstrated [241]–[249]. The advantages and disadvantages of each type is 

comprehensively discussed in [17], [250]. In recent years, monolithic integration of SiC 

high temperature lateral devices and circuits for high temperature applications has 

gained much interest and led to implementation of power integrated circuits such as 

linear voltage regulators and drivers [246], [249], [251]–[255]. This could result in 

smaller chip size, less power dissipation, and consequently lower total cost of the 

devices and modules. Moreover, monolithic integration decreases the total cost of 

process steps to design a process to accommodate both low- and high-voltage 

electronics or to eliminate the need of wire-bonding between the two chips. In this 

thesis, 4H-SiC lateral BJTs with different areas are designed and optimized for high 

temperature monolithic integrated circuits. 

Although power devices are usually designed to high current and high voltage 

switches, there are plenty of uses for a power device that is not designed to be a switch 

or do not have a high blocking voltage. Such devices, in SiC bipolar, have extensive 

potentialities to be integrated together with other integrated circuits in this technology. 

Monolithic integration is an important concern for high-temperature systems. In 

design of a controlled switched-mode power supplies, for example, the controller can 

be fully built as an integrated circuit in a low-power process. However, the switching 

devices have to be built on a high-power process, maintaining a thick isolation layer 
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above the substrate. This is where the high blocking voltage requirement comes as a 

limiting factor. An ultimate solution is to design a single fabrication process for both 

low-power and high-power circuits, considering the power isolation between the two. 

However, many process steps will be added that substantially contribute to the overall 

cost of the system. Moreover, having two different processes for low-power and high-

power, implies that the connection between the low-power and high-power should be 

made externally. A usual way for connection is to use wire bonding. Bonding wires, 

however, introduce stray parasitics to the switching loop and add to the losses. 

Integration of lateral high-current SiC BJT can be made on the same process as of the 

low-power SiC bipolar circuits, and therefore provides a low cost and high-efficiency 

solution for some power management solutions. A circuit that can benefit a lot from a 

lateral high-current BJT is a linear voltage regulator in bipolar SiC [252]–[254]. The 

lateral high-current BJT can be used as the pass device of the linear voltage regulator. 

The pass device is never used in switching mode and therefore there is no need for 

high reverse blocking voltage and neither a thick isolation layer. Development of a 

high current lateral device is a cornerstone in achieving higher current ratings for the 

linear voltage regulator in bipolar SiC. Also, lateral high-current BJTs are genuine 

candidates to realize the output stage of the drivers driving power switches [246], 

[249], [255]. Such drivers normally need output currents in the range of 0.2-3 A 

depending on the power switch, however they do not require high blocking voltages 

(< 100 V). Therefore, high-current lateral BJTs can perfectly be fit for this application. 

The lateral BJT technology for SiC-based integrated circuits has been developed 

[17]. Hereby, the established technology is used to realize the lateral 4H-SiC BJTs for 

high-temperature and high-current operations [PAPER IX]. Fig. 5.18 represents the 

schematic cross-sectional view of the lateral 4H-SiC BJT specifically developed for 

high-temperature electronics. To design a high-current BJT for this application, the 

optimization of cell geometry and device dimensions are taken into consideration. The 

influence of emitter width and geometry in SiC BJTs has been described in [80], [84], 

[92]. It has been shown that a wider emitter width results in a higher current gain 

though leads to higher on-resistance and lower current density. Depending on the 

application, a finger width of 30 μm to 50 μm is a good choice to save the area and to 

obtain a reasonable current gain and current density. On the other hand, two different 

layout designs are possible to scale an interdigitated BJT to achieve higher current 

capability: (1) parallelization of BJTs array with small emitter fingers connected with 

metal interconnections (2) comb-shape large BJT with long-fingers. The first approach 

was implemented in [197]. As described in Chapter 3, there is a trade-off between the 

on-resistance and maximum current gain of the BJTs with different width and length 

of the emitter fingers. On the other hand, it has been shown that a triple-sided lateral 

4H-SiC BJTs provide significantly lower collector resistance than the single-sided  
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Figure 5.18. (a) The schematic cross-sectional view of the 4H-SiC lateral BJT. (Inset left) 3D-
schematic view of the layout design and (inset right) the fabricated 4H-SiC BJT. 

lateral 4H-SiC BJTs [17]. To combine the advantage of triple-sided design with the 

comb-shape layout design, a winding base region was designed. The base is 

surrounded by the comb-shape emitter fingers and the surrounding complementary 

comb-shape collector regions. The layout is such designed that each of the emitter, 

base, and collector regions are formed as single monolithic regions, which are 

individually covered by a metal layer for uniform current distribution to avoid voltage 

drop along its edges. The optimized layout design is implemented as low-voltage high 

current BJTs (see Fig. 5.18). A higher maximum current gain and higher current 

density are obtained for the BJTs with wider and longer emitter fingers. It should be 

noted that the metal contact is formed along the long fingers to diminish the voltage 

drop in the fingers. Considering the cell pitch and the maximum current density, the 

emitter length and width of 500 μm and 40 μm is selected for the high current BJTs. 

Based on the optimized finger design, BJTs with three different sizes are fabricated 

and compared with the small-size (0.1 mm2) current driver (Chapter 3). Fig. 5.19 

presents the forward characteristic of the fabricated 4H-SiC lateral BJTs. A 

comparable maximum current gain of >60 is measured for the BJTs. A breakdown 

voltage of >50 V is measured for the BJTs. Compared to the conventional BJT array 

design, significantly higher current density for the new BJT designs with optimized 

finger design is achieved. The on-resistances of 19 and 34 mΩ.cm2 for the medium- 

and large-area BJTs compared to the 39 mΩ·cm2 of the conventional BJT array design 

are measured.  

To measure the current capability of the devices, the current gain of the fabricated 

BJTs is measured at different collector currents, as shown in Fig. 5.20.a. The β for the 

large-, medium-, and small-area BJTs is achieved at 11, 4 , and 1.3 A compared to 0.25 

A for the conventional BJT array design. The lower β of the large-area device is 

attributed to the self-heating effect caused by the high current drive of the BJT.  
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Figure 5.19. The measured IC-VC characteristic of the fabricated (a) small-, (b) medium-, and (c) large-
area 4H-SiC BJTs compared with (d) the BJT array fabricated as in [197]. Compared to the 

conventional design, a much higher current density and lower on-resistance is achieved for the new 
BJTs, which is due to the triple-sided layout design and optimized scaling. 

 

Figure 5.20. The collector current versus maximum current gain plot of (a) the fabricated lateral 4H-
SiC BJTs with different sizes at room temperature and (b) the medium- and large-size BJTs from 

room temperature to 500 °C. 
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TABLE 5.4. COMPARISON OF THE DIFFERENT LATERAL BJTS AND MOSFETS COMPARED TO THE 

BJT-ARRAY DESIGN. 

BJT design Active Area (mm2) β JC at β (A/cm2) I (A) RON (mΩ·cm2) 
Array 0.11 62 242 0.25 38.8 
Small 0.26 62 504 1.3 14.2 

Medium 0.98 62 409 4 19.2 
Large 3.04 53 378 11 34.3 

MOSFET [252] 0.76 -- 263 2 -- 
MOSFET [255] 4 -- 300 12 -- 

 

The high temperature performance of the medium- and large-size BJTs measured 

from room temperature to 500 °C is presented in Fig 5.20.b. The temperature-

dependence behavior of BJTs is discussed in [17], [92], [136]. Table 5.4 summarizes 

the characteristics of the new BJT designs with three different areas compared to the 

BJT array design and MOSFETs. A significantly higher current density and lower on-

resistance is achieved for the new BJT designs. 

5.3 High-current Darlington pairs 

As mentioned in Chapter 3, Darlington pair BJTs are attractive devices for high-

current and high-power applications. Three different configurations for Darlington 

pairs for high-voltage, ultra-high-voltage, and high-temperature operations are 

designed and fabricated. In this section, we explain the measurement results of the 

high-voltage isolated Darlington pairs with intertwined design and high-temperature 

isolated lateral Darlington pairs. 

5.3.1 Isolated Darlington with Intertwined Design 

As mentioned earlier, the intertwined design is implemented on Darlington pairs in 

which the design is used to connect the driver and output BJTs. Fig. 5.21 shows the 

microscopic image of the fabricated Darlington pairs with the conventional corner-

base topology and the center-base intertwined design. 

The IC-VC characteristic of the fabricated intertwined Darlington pair is shown in 

Fig. 5.22. To have the optimum design of the driver and output BJTs, the ratio of 1:8 

was chosen for the active area of the driver and output BJTs. A comparable current 

gain of 380 is measured for the Darlington pairs whereas the intertwined design has 

about 14% higher current drive. The high current gain of Darlington pairs is achieved 

at a high current density, which results in self-heating of the device. This limits the 

drivability of the device at higher current rate and hence its safe operating area of the 

device at high powers. 
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Figure 5.21. (a) the microscopic image of the fabricated 4H-SiC Darlington pairs with (a) conventional 
corner-base topology and (b) center-base intertwined design. Both devices have equal die size of 

700×700 μm2. 

 

Figure 5.22. IC-VC characteristic of the Darlington pairs with center-base intertwined design. About 
14% higher current with comparable current gain is achieved for the intertwined design compared to 

the corner-base design. 

 

Figure 5.23. The (a) 3-D schematic layout design and (b) the fabricated lateral 4H-SiC Darlington pair 
for high-temperature application. 
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Figure 5.24. (a) The measured IC-VC characteristic and (b) the current gain versus the collector current 
plot of the fabricated 4H-SiC lateral Darlington pairs together with individual measurements of its 

driver and output BJTs at room temperature. 

5.3.2 High-Temperature Isolated Lateral Darlington Pair 

As described earlier, lateral high-current 4H-SiC BJTs are required for a linear 

voltage regulator in bipolar SiC [254]. One can further improve it by using a lateral 

Darlington pair to provide higher current for the load. Due to this need, an isolated 

lateral Darlington pair was designed and realized as the output stage of a linear voltage 

regulator for the high-temperature applications. Fig. 5.23 presents the fabricated 

Darlington pair. The IC-VC characteristic of the Darlington is presented in Fig. 5.24.a. 

A high current gain of 3300 at the output collector current of 15 A and forward 

voltage drop of 13 V at room temperature is achieved.  

To further investigate the Darlington pair behavior, the current gain of the driver 

and output BJTs at different collector currents is also individually measured. As shown 

in Fig. 5.24.b, the maximum current gain of 62, 50, and 3300 for the driver BJT, 

output BJT, and the Darlington pair at 0.6 A, 11 A, and 15 A are achieved, 

respectively. It is worth noting that such high current density can melt down the metal 

interconnections, which should be considered during the device design and 

fabrication.  

 



 



99 
 

Chapter 6. Conclusion and Future Outlook 

In this thesis, implantation-free 4H-SiC bipolar junction transistors (BJTs) have been 

designed, realized, and characterized for high-voltage, ultra-high-voltage, and high-

temperature applications. The optimization and development was done for epilayer 

design, device design, and fabrication process. A special attention was dedicated to 

development of high-yield wafer-scale process steps as well as large-area device design 

to enable further realization of high-current devices for the real applications. The main 

achievements involved in this thesis are summarized in device design and fabrication 

process development:  

Device design: Regarding the device design, a comprehensive study has been performed 

to optimize the device design in terms of epilayer design, cell geometry and scaling, 

edge termination techniques, and device layout design.  

 Ultra-high-voltage (15-kV) 4H-SiC BJTs with a maximum current gain of 139 and a 

specific on-resistance of 579 mΩ·cm2 at the current density of 89 A/cm2 were 

realized, respectively. High-voltage (4.5-kV class) 4H-SiC BJTs with various cell 

designs including interdigitated finger, hexagon-, square-, circle-, and triangle-cell 

geometries were fabricated and compared. A maximum current gain of 40 and a 

specific on-resistance of 20 mΩ·cm2 at the current density of 330 A/cm2 for the 

high-voltage 4H-SiC BJTs have been achieved. The hexagon-cell geometry showed 

42% higher current density and 21% lower specific on-resistance at a given 

maximum current gain compared to the interdigitated finger design. Several design 

topologies have been fabricated to investigate the current distribution in the device. 

Diagonally-aligned cells, corner-base, edge-base, and center-base topologies were 

designed and characterized. Also, a novel lithographic design called intertwined 

design has been developed to extend the forward area usage to 100%. In a small-

area BJT, ~15% higher current drive was obtained from a center-base intertwined 

design. The intertwined design benefits from a center-base design, which provides 

significantly more uniform current distribution.  

 Different edge termination techniques including a modified double-JTE, area-

optimized 3-zone-JTE (O-JTE), and multiple shallow trench-JTE (ST-JTE) have 
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been designed and fabricated and a termination efficiency of > 90% was measured 

for the BJTs. Even though the ST-JTE has 10% shorter length and one less 

lithographic step compared to O-JTE, a higher blocking voltage of 5.85 kV for the 

ST-JTE was achieved compared to 5.65 kV for the O-JTE, respectively. 

 High-current 4H-SiC lateral BJTs and Darlington pairs (up to 15 A) have been 

demonstrated for high-temperature applications. The BJT characteristics were 

measured at elevated temperatures up to 500 °C and the devices were operational. 

The current gain decreased to ~30% of its maximum at room temperature. 

Fabrication process development: Two main developments in fabrication process have been 

performed in this thesis: (1) improvement of the fabrication process steps that affect 

the performance of the 4H-SiC BJTs; (2) development of metal Ohmic contact 

technology for n- and p-type 4H-SiC. 

 An enhanced surface passivation process has been developed to improve the SiC 

BJT performance. A maximum current gain of 139 for the 15-kV-class BJTs is 

achieved compared to 40 of the 4.5-kV-class BJTs with the established passivation.  

 To stride toward industrialization of the SiC-based devices and ICs, we developed 

lift-off-free processes for the n- and p-Ohmic contact technologies. A wafer-scale 

self-aligned Ni-silicide (SALICIDE) process with two step annealing process for n-

Ohmic contact technology for SiC has been developed. Also, a Ni-SALICIDE-

based lift-off-free p-Ohmic contact technology for SiC has been developed. By 

simultaneous second annealing step for the n- and p-Ohmic contacts, no extra 

lithographic step was required. A contact resistivity of 5×10-6 Ω·cm2 and 7×10-4 

Ω·cm2 for the n- and p-Ohmic contacts were measured, respectively.  

Further works are required in this field to develop and industrialize the ultra-high-

voltage SiC bipolar devices: 

o Optimization of the base and collector designs to reduce the on-resistance and 

increase the current gain. Improving the edge termination design to reduce the total 

length and increase the termination efficiency for ultra-high-voltage devices. 

o Investigation of the sacrificial oxidation and surface passivation in terms of oxide 

type, annealing ambient, annealing temperature, and annealing time. A 

comprehensive study of the lift-off-free p-Ohmic contact with different metal 

stacks to obtain a lower contact resistivity. 

o Lifetime enhancement process is highly required to improve the device on-

resistance with conductivity modulation in the device. 

o Packaging of the large-area devices and evaluating the devices in high-current and 

switching conditions to evaluate the device performance in realistic conditions. 



 

101 
 

Bibliography 

[1] “United Nations Global Issues.” [Online]. Available: http://www.un.org/en/sections/issues-
depth/climate 

[2] “Powerx.” [Online]. Available: http://www.pwrx.com/ 

[3] “Toshiba.” [Online]. Available: 
https://toshiba.semiconstorage.com/eu/company/news/2014/11/transistor-20141125-
1.html 

[4] “IXYS.” [Online]. Available: http://www.ixys.com/ProductPortfolio/PowerDevices.aspx 

[5] “Seminkron.” [Online]. Available: https://www.semikron.com/ 

[6] “ABB.” [Online]. Available: http://new.abb.com/systems/hvdc 

[7] “Infineon.” [Online]. Available: 
http://www.infineon.com/cms/en/product/power/sicarbide-
sic/channel.html?channel=ff80808112ab681d0112ab6a50b304a0 

[8] “Wolfspeed.” [Online]. Available: http://www.wolfspeed.com/power/products/sic-schottky-
diodes/table 

[9] T. Kimoto and J. A. Cooper, Fundamentals of Silicon Carbide Technology: Growth, Characterization, 
Devices and Applications. 2014. 

[10] “ST Microelectronics.” [Online]. Available: 
http://www.st.com/content/st_com/en/products/sic-devices/sic-
diodes.html?querycriteria=productId=SC2163 

[11] “Fairchild On Semiconductor.” [Online]. Available: 
https://www.fairchildsemi.com/products/discretes/diodes-rectifiers/silicon-carbide-sic-
diodes/ 

[12] “Global Power.” [Online]. Available: http://www.gptechgroup.com/index.php/en/products/ 

[13] “GeneSiC.” [Online]. Available: http://www.genesicsemi.com/commercial-sic/ 

[14] “Yole Report,” 2016. 

[15] H.-S. Lee, “Fabrication and Characterization of Silicon Carbide Power Bipolar Junction 
Transistors,” KTH Royal Institute of Technology, 2008. 

[16] R. Ghandi, “Fabrication Technology for Efficient High Power Silicon Carbide Bipolar 
Junction Transistors,” KTH Royal Institute of Technology, 2011. 

[17] L. Lanni, “Silicon Carbide Bipolar Technology for High Temperature Integrated Circuits,” 
KTH Royal Institute of Technology, 2014. 

[18] B. Buono, “Simulation and Characterization of Silicon Carbide Power Junction Transistors,” 
KTH Royal Institute of Technology, 2012. 

[19] “Synopsys Sentaurus TCAD.” [Online]. Available: 
https://www.synopsys.com/silicon/tcad.html 

[20] M. Bakowski, “Status and Prospects of SiC Power Devices,” IEEJ Trans. Ind. Appl., vol. 126, 



 

102 
 

no. 4, pp. 391–399, 2006. 

[21] T. Kimoto, K. Kawahara, B. Zippelius, E. Saito, and J. Suda, “Control of carbon vacancy in 
SiC toward ultrahigh-voltage power devices,” Superlattices Microstruct., vol. 99, pp. 151–157, 
2016. 

[22] P. Hazdra and S. Popelka, “Lifetime Control in SiC PiN Diodes Using Radiation Defects,” vol. 
897, pp. 463–466, 2017. 

[23] E. Saito, J. Suda, and T. Kimoto, “Control of carrier lifetime of thick n-type 4H-SiC epilayers 
by high-temperature Ar annealing,” Appl. Phys. Express, vol. 9, no. 6, 2016. 

[24] T. Hiyoshi, T. Hori, J. Suda, and T. Kimoto, “Simulation and experimental study on the 
junction termination structure for high-voltage 4H-SiC PiN diodes,” IEEE Trans. Electron 
Devices, 2008. 

[25] L. Storasta and H. Tsuchida, “Reduction of traps and improvement of carrier lifetime in 4H-
SiC epilayers by ion implantation,” Appl. Phys. Lett., 2007. 

[26] T. Hiyoshi and T. Kimoto, “Reduction of deep levels and improvement of carrier lifetime in n-
type 4H-SiC by thermal oxidation,” Appl. Phys. Express, 2009. 

[27] H. M. Ayedh, R. Nipoti, A. Hallén, and B. G. Svensson, “Elimination of carbon vacancies in 
4H-SiC employing thermodynamic equilibrium conditions at moderate temperatures,” Appl. 
Phys. Lett., vol. 107, no. 25, pp. 1–5, 2015. 

[28] J. Hassan, J. P. Bergman, A. Henry, and E. Janzén, “On-axis homoepitaxial growth on Si-face 
4H-SiC substrates,” J. Cryst. Growth, vol. 310, no. 20, pp. 4424–4429, 2008. 

[29] A. Schöner et al., “Progress in buried grid technology for improvements in on-resistance of 
high voltage SiC devices,” ECS Trans., vol. 75, no. 12, pp. 183–190, 2016. 

[30] T. Tsuji et al., “Experimental Demonstration of 1200V SiC-SBDs with Lower Forward Voltage 
Drop at High Temperature,” Mater. Sci. Forum, vol. 717–720, pp. 917–920, 2012. 

[31] G. Chen et al., “Fabrication and Application of 1.7KV SiC-Schottky Diodes,” Mater. Sci. Forum, 
vol. 821–823, pp. 579–582, 2015. 

[32] R. Singh, J. A. Cooper, M. R. Melloch, T. P. Chow, and J. W. Palmour, “SiC power Schottky 
and PiN diodes,” IEEE Trans. Electron Devices, vol. 49, no. 4, pp. 665–672, 2002. 

[33] K. . Vassilevski et al., “High voltage silicon carbide schottky diodes with single zone junction 
termination extension,” Mater. Sci. Forum, vol. 556–557, pp. 873–876, 2007. 

[34] T. Kimoto, J. Suda, Y. Yonezawa, K. Asano, K. Fukuda, and H. Okumura, “Progress in 
ultrahigh-voltage SiC devices for future power infrastructure,” in Technical Digest - International 
Electron Devices Meeting, IEDM, 2015. 

[35] G. Civrac et al., “600 V PiN Diodes Fabricated Using On-Axis 4H Silicon Carbide,” Mater. Sci. 
Forum, vol. 717–720, pp. 969–972, 2012. 

[36] R. Ghandi, B. Buono, M. Domeij, G. Malm, C. Zetterling, and M. Östling, “High-voltage 4H-
SiC PiN diodes with etched junction termination extension,” IEEE Electron Device Lett., vol. 30, 
no. 11, pp. 1170–1172, 2009. 

[37] S. G. Sundaresan, C. Sturdevant, M. Marripelly, E. Lieser, and R. Singh, “12.9 kV SiC PiN 
Diodes with Low On-State Drops and High Carrier Lifetimes,” Mater. Sci. Forum, vol. 717–720, 



 

103 
 

pp. 949–952, 2012. 

[38] B. a Hull, J. J. Sumakeris, M. K. Das, J. T. Richmond, and J. Palmour, “Progress on the 
Development of 10 kV 4H-SiC PiN Diodes for High Current / High Voltage Power Handling 
Applications,” Mater. Sci. Forum, vol. 557, pp. 895–900, 2007. 

[39] P. A. Ivanov, M. E. Levinshtein, J. W. Palmour, M. K. Das, and B. A. Hull, “High power 4H-
SiC pin diodes (10 kV class) with record high carrier lifetime,” Solid. State. Electron., vol. 50, no. 
7–8, pp. 1368–1370, 2006. 

[40] A. Salemi et al., “Conductivity modulated on-axis 4H-SiC 10+ kV PiN diodes,” in Proceedings of 
the International Symposium on Power Semiconductor Devices and ICs, 2015, vol. 2015–June, pp. 269–
272. 

[41] D. Okamoto et al., “13-kV, 20-A 4H-SiC PiN Diodes for Power System Applications,” Mater. 
Sci. Forum, vol. 778–780, pp. 855–858, 2014. 

[42] N. Kaji, H. Niwa, J. Suda, and T. Kimoto, “Ultrahigh-voltage SiC p-i-n diodes with improved 
forward characteristics,” IEEE Trans. Electron Devices, vol. 62, no. 2, pp. 374–381, 2015. 

[43] H. Niwa, G. Feng, J. Suda, and T. Kimoto, “Breakdown characteristics of 15-kV-class 4H-SiC 
PiN diodes with various junction termination structures,” IEEE Trans. Electron Devices, vol. 59, 
no. 10, pp. 2748–2752, 2012. 

[44] S. Sundaresan, M. Marripelly, S. Arshavsky, and R. Singh, “15 kV SiC PiN diodes achieve 95% 
of avalanche limit and stable long-term operation,” in Proceedings of the International Symposium on 
Power Semiconductor Devices and ICs, 2013, pp. 175–177. 

[45] A. Salemi, H. Elahipanah, C. M. Zetterling, and M. Östling, “10+ kV Implantation-Free 4H-
SiC PiN Diodes,” Mater. Sci. Forum, vol. 897, pp. 423–426, 2017. 

[46] H. Elahipanah et al., “Design Optimization of a High Temperature 1.2 kV 4H-SiC Buried Grid 
JBS Rectifier,” Mater. Sci. Forum, vol. 897, no. 1, pp. 455–458, 2017. 

[47] T. Yamamoto, J. Kojima, T. Endo, E. Okuno, T. Sakakibara, and S. Onda, “1200-V JBS diodes 
with low threshold voltage and low leakage current,” Mater. Sci. Forum, vol. 600–603, pp. 939–
942, 2009. 

[48] N. Ren, J. Wang, and K. Sheng, “Design and experimental study of 4H-Sic trenched junction 
barrier schottky diodes,” IEEE Trans. Electron Devices, vol. 61, no. 7, pp. 2459–2465, 2014. 

[49] J. Hu, L. X. Li, P. Alexandrov, X. H. Wang, and J. H. Zhao, “5 kV, 9.5 A SiC JBS Diodes with 
Non-Uniform Guard Ring Edge Termination for High Power Switching Application,” Mater. 
Sci. Forum, vol. 600–603, pp. 947–950, 2009. 

[50] R. H. Huang, G. Chen, S. Bai, R. Li, Y. Li, and Y. H. Tao, “Simulation, Fabrication and 
Characterization of 4500V 4H-SiC JBS Diode,” Mater. Sci. Forum, vol. 778–780, pp. 800–803, 
2014. 

[51] H. Niwa, J. Suda, and T. Kimoto, “Ultrahigh-Voltage SiC MPS Diodes with Hybrid 
Unipolar/Bipolar Operation,” IEEE Trans. Electron Devices, vol. 64, no. 3, pp. 874–881, 2017. 

[52] D. Okamoto, M. Sometani, S. Harada, R. Kosugi, Y. Yonezawa, and H. Yano, “Improved 
channel mobility in 4H-SiC MOSFETs by boron passivation,” IEEE Electron Device Lett., vol. 
35, no. 12, pp. 1176–1178, 2014. 

[53] G. Y. Chung et al., “Improved inversion channel mobility for 4H-SiC MOSFETs following 



 

104 
 

high temperature anneals in nitric oxide,” IEEE Electron Device Lett., vol. 22, no. 4, pp. 176–
178, 2001. 

[54] S. Allen et al., “Next-Generation Planar SiC MOSFETs from 900 V to 15 kV,” Mater. Sci. 
Forum, vol. 821–823, pp. 701–704, 2015. 

[55] J. W. Palmour et al., “Silicon carbide power MOSFETs: Breakthrough performance from 900 v 
up to 15 kV,” in Proceedings of the International Symposium on Power Semiconductor Devices and ICs, 
2014, pp. 79–82. 

[56] H. Kitai, Y. Hozumi, and H. Shiomi, “Low on-Resistance and Fast Switching of 13-kV SiC 
MOSFETs with Optimized Junction Field-Effect Transistor Region,” in 2017 29th International 
Symposium on Power Semiconductor Devices and ICs (ISPSD), 2017, pp. 343–346. 

[57] L. Cheng et al., “High-Temperature Operation of 50 A (1600 A/cm2), 600 V 4H-SiC Vertical-
Channel JFETs for High-Power Applications,” Mater. Sci. Forum, vol. 600–603, pp. 1055–1058, 
2009. 

[58] V. Veliadis et al., “Investigation of the suitability of 1200-V normally-off recessed-implanted-
gate SIC VJFETs for efficient power-switching applications,” IEEE Electron Device Lett., vol. 
30, no. 7, pp. 736–738, 2009. 

[59] V. Veliadis, T. McNutt, M. Snook, H. Hearne, P. Potyraj, and C. Scozzie, “A 1680-V (at 
1mA/cm2) 54-A (at 780 W/cm2) normally ON 4H-SiC JFET with 0.143-cm2 active area,” 
IEEE Electron Device Lett., vol. 29, no. 10, pp. 1132–1134, 2008. 

[60] J. Zhao, K. Tone, X. Li, P. Alexandrov, L. Fursin, and M. Weiner, “3.6 mΩ.cm2, 1726V 4H-
SiC normally-off trenched-and-implanted vertical JFETs,” in 15th International Symposium on 
Power Semiconductor Devices and ICs, ISPSD ’03, 2003, pp. 50–53. 

[61] D. C. Sheridan, A. Ritenour, V. Bondarenko, P. Burks, and J. B. Casady, “Record 2.8mΩ-cm2 
1.9kV enhancement-mode SiC VJFETs,” in Proceedings of the International Symposium on Power 
Semiconductor Devices and ICs, 2009, pp. 335–338. 

[62] V. Veliadis et al., “A 2055-V (at 0.7 mA/cm2) 24-A (at 706 W/cm2) normally On 4H-SiC 
JFET With 6.8- mm2 active area and blocking-voltage capability reaching the material limit,” 
IEEE Electron Device Lett., vol. 29, no. 12, pp. 1325–1327, 2008. 

[63] C. F. Huang et al., “3510-V 390-mΩ·cm2 4H-SiC lateral JFET on a semi-insulating substrate,” 
IEEE Electron Device Lett., vol. 30, no. 9, pp. 957–959, 2009. 

[64] W. S. Lee et al., “Design and fabrication of 4H-SiC lateral high-voltage devices on a semi-
insulating substrate,” IEEE Trans. Electron Devices, vol. 59, no. 3, pp. 754–760, 2012. 

[65] V. Veliadis, E. J. Stewart, H. Hearne, M. Snook, A. Lelis, and C. Scozzie, “A 9-kV Normally-
on vertical-channel SiC JFET for unipolar operation,” IEEE Electron Device Lett., vol. 31, no. 5, 
pp. 470–472, 2010. 

[66] W. Sung, E. Van Brunt, B. J. Baliga, and A. Q. Huang, “A comparative study of gate structures 
for 9.4-kV 4H-SiC normally on vertical JFETs,” IEEE Trans. Electron Devices, vol. 59, no. 9, pp. 
2417–2423, 2012. 

[67] J. H. Zhao, P. Alexandrov, J. Zhang, and X. Li, “Fabrication and characterization of 11-kV 
normally off 4H-SiC trenched-and-implanted vertical junction FET,” IEEE Electron Device 
Lett., vol. 25, no. 7, pp. 474–476, 2004. 



 

105 
 

[68] K. Matocha, Z. Stum, S. Arthur, and G. Dunne, “950 Volt 4H-SiC MOSFETs : DC and 
Transient Performance and Gate Oxide Reliability,” vol. 603, pp. 1131–1134, 2009. 

[69] A. D. R. Mosfets, “1580-V–40-mΩ·cm2 Double-RESURF MOSFETs on 4H-SiC (000¯1),” 
vol. 30, no. 8, pp. 831–833, 2009. 

[70] J. Spitz, M. R. Melloch, J. A. Cooper, and M. A. Capano, “2.6 kV 4H-SiC lateral 
DMOSFET’s,” IEEE Electron Device Lett., vol. 19, no. 4, pp. 100–102, 1998. 

[71] J. W. Palmour, “Silicon carbide power device development for industrial markets,” 2014 IEEE 
Int. Electron Devices Meet., p. 1.1.1-1.1.8, 2014. 

[72] A. K. Agarwal, J. B. Casady, L. B. Rowland, W. F. Valek, and C. D. Brandt, “1400 V 4H-SiC 
power MOSFETs,” Mater. Sci. Forum, vol. 264–268, no. pt 2, pp. 989–992, 1998. 

[73] S. Harada et al., “3.3-kV-class 4H-SiC MeV-implanted UMOSFET with reduced gate oxide 
field,” IEEE Electron Device Lett., vol. 37, no. 3, pp. 314–316, 2016. 

[74] K. Uchida et al., “The optimised design and characterization of 1200 V / 2.0 mΩcm2 4H-SiC 
V-groove Trench MOSFETs,” in Proceedings of the International Symposium on Power Semiconductor 
Devices and ICs, 2015, vol. 2015–June, pp. 85–88. 

[75] W. V. Muench, P. Hoeck, and E. Pettenpaul, “Silicon Carbide Filed-Effect and Bipolar 
Transistors,” in 1977 IEEE International Electron Devices Meeting, 1977, vol. 23, pp. 337–339. 

[76] H. S. Lee, M. Domeij, R. Ghandi, C. M. Zetterling, and M. Östling, “High-current-gain SiC 
BJTs with regrown extrinsic base and etched JTE,” IEEE Trans. Electron Devices, vol. 55, no. 8, 
pp. 1894–1898, 2008. 

[77] M. Domeij et al., “2.2 kV SiC BJTs with Low VCESAT Fast Switching and Short-Circuit 
Capability,” Mater. Sci. Forum, vol. 645–648, pp. 1033–1036, 2010. 

[78] S. G. Sundaresan, S. Jeliazkov, B. Grummel, and R. Singh, “Rapidly Maturing SiC Junction 
Transistors Featuring Current Gain (β) >130, Blocking Voltages up to 2700 V and Stable 
Long-Term Operation,” Mater. Sci. Forum, vol. 778–780, pp. 1001–1004, 2014. 

[79] M. Domeij, A. Konstantinov, A. Lindgren, C. Zaring, K. Gumaelius, and M. Reimark, “Large 
Area 1200 V SiC BJTs with β>100 and ρON<3 mΩcm2,” Mater. Sci. Forum, vol. 717–720, pp. 
1123–1126, 2012. 

[80] H. Elahipanah, A. Salemi, C.-M. Zetterling, and M. Östling, “Modification of Etched Junction 
Termination Extension for the High Voltage 4H-SiC Power Devices,” Mater. Sci. Forum, vol. 
858, pp. 4–5, 2016. 

[81] H. Miyake, T. Kimoto, and J. Suda, “Enhanced Current Gain (>250) in 4H-SiC Bipolar 
Junction Transistors by a Deep-Level-Reduction Process,” Mater. Sci. Forum, vol. 717–720, pp. 
1117–1122, 2012. 

[82] A. Salemi, H. Elahipanah, C.-M. Zetterling, and M. Östling, “Geometrical effect dependency 
on the on-state characteristics in 5.6 kV 4H-SiC BJTs,” Mater. Sci. Forum, vol. 858, pp. 958–
961, 2016. 

[83] L. Lanni, B. G. Malm, M. Östling, and C. M. Zetterling, “Influence of passivation oxide 
thickness and device layout on the current gain of SiC BJTs,” IEEE Electron Device Lett., vol. 
36, no. 1, pp. 11–13, 2015. 

[84] A. Salemi, H. Elahipanah, C. M. Zetterling, and M. Östling, “A Comprehensive Study on the 



 

106 
 

Geometrical Effects in High-Power 4H-SiC BJTs,” IEEE Trans. Electron Devices, vol. 64, no. 3, 
pp. 882–887, 2017. 

[85] S. Asada, T. Kimoto, and J. Suda, “Design Criterion for SiC BJTs to Avoid ON-Characteristics 
Degradation Due to Base Spreading Resistance,” IEEE Trans. Electron Devices, vol. 64, no. 5, 
pp. 2086–2091, 2017. 

[86] S. Balachandran, C. Li, P. A. Losee, I. B. Bhat, and T. P. Chow, “6kV 4H-SiC BJTs with 
specific on-resistance below the unipolar limit using a selectively grown base contact process,” 
Proc. Int. Symp. Power Semicond. Devices ICs, pp. 293–296, 2007. 

[87] C.-F. Huang and J. A. C. Jr., “4H-SiC npn Bipolar Junction Transistors with BVCEO > 
3200V,” Proc. 14th Intl. Symp. Power Semicond. Devices ICs, pp. 57–60, 2002. 

[88] H. Elahipanah, A. Salemi, C. M. Zetterling, and M. Östling, “5.8-kV implantation-free 4H-SiC 
BJT with multiple-shallow-trench junction termination extension,” IEEE Electron Device Lett., 
vol. 36, no. 2, pp. 168–170, 2015. 

[89] H. Elahipanah, A. Salemi, C. M. Zetterling, and M. Östling, “Intertwined Design: A Novel 
Lithographic Method to Realize Area Efficient High-Voltage SiC BJTs and Darlington 
Transistors,” IEEE Trans. Electron Devices, vol. 63, no. 11, pp. 4366–4372, 2016. 

[90] K. Nonaka et al., “A New High Current Gain 4H-SiC Bipolar Junction Transistor with 
Suppressed Surface Recombination Structure: SSR-BJT,” Mater. Sci. Forum, 2009. 

[91] S. Sundaresan, Stoyan, Jeliazkov, B. Grummel, and R. Singh, “10 kV SiC BJTs - Static, 
switching and reliability characteristics,” in Proceedings of the International Symposium on Power 
Semiconductor Devices and ICs, 2013, pp. 303–306. 

[92] A. Salemi, H. Elahipanah, C. M. Zetterling, and M. Östling, “Optimal Emitter Cell Geometry 
in High Power 4H-SiC BJTs,” IEEE Electron Device Lett., vol. 36, no. 10, pp. 1069–1072, 2015. 

[93] Q. (Jon) Zhang, A. Agarwal, A. Burk, B. Geil, and C. Scozzie, “4H-SiC BJTs with current gain 
of 110,” Solid-State Electronics, vol. 52, no. 7. pp. 1008–1010, 2008. 

[94] A. Salemi, H. Elahipanah, G. Malm, C. M. Zetterling, and M. Östling, “Area- and efficiency-
optimized junction termination for a 5.6 kV SiC BJT process with low ON-resistance,” in 
Proceedings of the International Symposium on Power Semiconductor Devices and ICs, 2015, vol. June, pp. 
249–252. 

[95] J. H. Zhang et al., “4H-SiC Bipolar Junction Transistors with Graded Base Doping Profile,” 
Mater. Sci. Forum, vol. 615–617, pp. 829–832, 2009. 

[96] M. Nawaz, “On the assessment of few design proposals for 4H-SiC BJTs,” Microelectronics J., 
vol. 41, no. 12, pp. 801–808, 2010. 

[97] S. Sharma, C. Li, I. B. Bhat, and T. P. Chow, “High-voltage 4H-SiC bipolar junction transistors 
with epitaxial regrowth of the base contact,” IEEE Trans. Electron Devices, 2008. 

[98] Y. Gao, A. Q. Huang, A. K. Agarwal, and Q. Zhang, “Theoretical and experimental analyses of 
safe operating area (SOA) of 1200-V 4H-SiC BJT,” IEEE Trans. Electron Devices, vol. 55, no. 8, 
pp. 1887–1893, 2008. 

[99] P. A. Ivanov, M. E. Levinshtein, S. L. Rumyantsev, S. H. Ryu, A. K. Agarwal, and J. W. 
Palmour, “Factors limiting the current gain in high-voltage 4H-SiC npn-BJTs,” Solid. State. 
Electron., vol. 46, no. 4, pp. 567–572, 2002. 



 

107 
 

[100] R. Ghandi, B. Buono, M. Domeij, C. M. Zetterling, and M. Östling, “High-voltage (2.8 kV) 
implantation-free 4H-SiC BJTs with long-term stability of the current gain,” IEEE Trans. 
Electron Devices, vol. 58, no. 8, pp. 2665–2669, 2011. 

[101] H. S. Lee, M. Domeij, C. M. Zetterling, M. Östling, F. Allerstam, and E. Ö. Sveinbjörnsson, 
“1200-V 5.2-mΩ·cm2 4H-SiC BJTsWith a High Common-Emitter Current Gain,” IEEE 
Electron Device Lett., vol. 28, no. 11, pp. 1007–1009, 2007. 

[102] H. Miyake, T. Kimoto, and J. Suda, “4H-SiC BJTs With Record Current Gains,” IEEE Electron 
Device Lett., vol. 32, no. 7, p. 841, 2011. 

[103] X. Niu and H. Fardi, “Effects of base doping and carrier lifetime on differential current gain 
and temperature coefficient of 4H-SiC power bipolar junction transistors,” Int. J. Electron., 
2011. 

[104] Y. Zhang, B. Zhang, Z. Li, X. Deng, and X. Liu, “The effect of the surface recombination on 
current gain for 4H-SiC BJT,” in 2009 IEEE International Conference on Electron Devices and Solid-
State Circuits, EDSSC 2009, 2009, pp. 491–494. 

[105] M. Domeij, H. S. Lee, C. M. Zetterling, and M. Östling, “Analysis of the base current and 
saturation voltage in 4H-SiC power BJTs,” in 2007 European Conference on Power Electronics and 
Applications, EPE, 2007. 

[106] H. S. Lee et al., “1200 V 4H-SiC BJTs with a Common Emitter Current Gain of 60 and Low 
On-Resistance,” Mater. Sci. Forum, vol. 600–603, no. 2005, pp. 1151–1154, 2009. 

[107] Y. Gao, A. Q. Huang, S. Krishnaswami, A. K. Agarwal, and C. Scozzie, “Emitter size effect in 
4H-SiC BJT,” Conf. Proc. - IPEMC 2006 CES/IEEE 5th Int. Power Electron. Motion Control Conf., 
vol. 1, pp. 157–160, 2007. 

[108] R. Ghandi, H. S. Lee, M. Domeij, B. Buono, C. M. Zetterling, and M. Östling, “Fabrication of 
2700-V 12-mΩ·cm2 Non Ion-Implanted 4H-SiC BJTsWith Common-Emitter Current Gain of 
50,” IEEE Electron Device Lett., vol. 29, no. 10, pp. 1135–1137, 2008. 

[109] V. Low et al., “4H-SiC Power Bipolar Junction Transistor With a Very Low Specific ON-
Resistance of 2.9 mΩ·cm2,” IEEE Electron Device Lett., vol. 27, no. 5, pp. 368–370, 2006. 

[110] A. Salemi, H. Elahipanah, B. Buono, C.-M. Zetterling, and M. Östling, “Area-Optimized JTE 
Simulations for 4.5 kV Non Ion-Implanted SiC BJT,” Mater. Sci. Forum, vol. 740–742, pp. 974–
977, 2013. 

[111] Q. Zhang et al., “4H-SiC bipolar junction transistors: From research to development - A case 
study: 1200 V, 20 A, stable SiC BJTs with high blocking yield,” in Proceedings of the International 
Symposium on Power Semiconductor Devices and ICs, 2009, pp. 339–342. 

[112] M. Domeij, H. S. Lee, E. Danielsson, C. M. Zetterling, M. Östling, and A. Schöner, 
“Geometrical effects in high current gain 1100-V 4H-SiC BJTs,” IEEE Electron Device Lett., 
2005. 

[113] S. Balachandran, T. P. Chow, and A. Agarwal, “Optimization of the Specific On-Resistance of 
4H-SiC BJTs,” Mater. Sci. Forum, vol. 527–529, pp. 1429–1432, 2006. 

[114] Q. Zhang et al., “New Improvement Results on 7.5 kV 4H-SiC p-IGBTs with Rdiff, on of 26 
mΩ.cm2 at 25°C,” Proc. Int. Symp. Power Semicond. Devices ICs, pp. 281–284, 2007. 

[115] R. Ghandi, B. Buono, M. Domeij, C. M. Zetterling, and M. Östling, “High Voltage, Low On-



 

108 
 

Resistance 4H-SiC BJTs with Improved Junction Termination Extension,” Mater. Sci. Forum, 
vol. 679–680, pp. 706–709, 2011. 

[116] Q. Zhang, Y. Y. Zhang, Y. Y. Zhang, and Y. Wang, “Modeling of current gain versus 
recombination in double base epilayer 4H-SiC BJTs,” 2010 IEEE Int. Conf. Electron Devices 
Solid-State Circuits, EDSSC 2010, no. Ieee M, pp. 5–7, 2010. 

[117] Q. C. Zhang et al., “10 kV, 10 A Bipolar Junction Transistors and Darlington Transistors on 
4H-SiC,” Mater. Sci. Forum, vol. 645–648, pp. 1025–1028, 2010. 

[118] Y. Zhang, B. Zhang, Y. Liu, X. Liu, and X. Deng, “4H-SiC BJTs with epitaxial junction 
termination composite structure,” Electron. Lett., vol. 48, no. 2, p. 122, 2012. 

[119] H. Miyake, T. Kimoto, and J. Suda, “4H-SiC bipolar junction transistors with record current 
gains of 257 on (0001) and 335 on (000-1),” Proc. Int. Symp. Power Semicond. Devices ICs, no. 1, 
pp. 292–295, 2011. 

[120] Z. Qian, Z. Yuming, and Z. Yimen, “Characteristics of blocking voltage for power 4H-SiC 
BJTs with mesa edge termination,” J. Semicond., vol. 31, no. 7, p. 74007, 2010. 

[121] M. Domeij, E. Danielsson, H. Lee, C. Zetterling, and M. Östling, “Current Gain of 4H-SiC 
Bipolar Transistors Including the Effect of Interface States base,” vol. 485, pp. 889–892, 2005. 

[122] E. Danielsson et al., “A 4H-SiC BJT with an Epitaxially Regrown Extrinsic Base Layer,” Mater. 
Sci. Forum, vol. 483–485, pp. 905–908, 2005. 

[123] J. Zhang, P. Alexandrov, J. H. Zhao, and T. Burke, “1677V, 5.7mΩ.cm2 4H-SiC BJTs,” IEEE 
Electron Device Lett., vol. 26, no. 3, p. 188, 2005. 

[124] H. S. Lee, M. Domeij, C. M. Zetterling, M. Östling, F. Allerstam, and E. Sveinbjörnsson, 
“1200-V 5.2-mΩ · cm 2 4H-SiC BJTs With a High Common-Emitter Current Gain,” IEEE 
Electron Device Lett., vol. 28, no. 11, pp. 1007–1009, 2007. 

[125] T. Daranagama, V. Pathirana, F. Udrea, and R. McMahon, “Novel 4H-SiC bipolar junction 
transistor (BJT) with improved current gain,” in 2015 IEEE 13th Brazilian Power Electronics 
Conference and 1st Southern Power Electronics Conference, COBEP/SPEC 2016, 2016. 

[126] J. H. Zhang, J. Wu, P. Alexandrov, T. Burke, K. Sheng, and J. H. Zhao, “1836 V, 4.7 mΩ.cm2 
High Power 4H-SiC Bipolar Junction Transistor,” Mater. Sci. Forum, vol. 527–529, pp. 1417–
1420, 2006. 

[127] S. Krishnaswami et al., “1000-V, 30-A 4H-SiC BJTs with high current gain,” IEEE Electron 
Device Lett., vol. 26, no. 3, pp. 175–177, 2005. 

[128] H. S. Lee, M. Domeij, C. M. Zetterling, and M. Östling, “Low-forward-voltage-drop 4H-SiC 
BJTs without base contact implantation,” IEEE Trans. Electron Devices, vol. 55, no. 8, pp. 1907–
1911, 2008. 

[129] H. S. Lee, M. Domeij, C. M. Zetterling, M. Östling, B. Heinze, and J. Lutz, “Influence of the 
base contact on the electrical characteristics of SiC BJTs,” in Proceedings of the International 
Symposium on Power Semiconductor Devices and ICs, 2007, pp. 153–156. 

[130] H. Miyake, T. Okuda, H. Niwa, T. Kimoto, and J. Suda, “21-kV SiC BJTs with space-
modulated junction termination extension,” IEEE Electron Device Lett., vol. 33, no. 11, pp. 
1598–1600, 2012. 

[131] C. Jonas et al., “1200 v 4H-SiC bipolar junction transistors with a record β of 70,” in Journal of 



 

109 
 

Electronic Materials, 2008, vol. 37, no. 5, pp. 662–665. 

[132] J. Zhang, X. Li, P. Alexandrov, T. Burke, and J. H. Zhao, “Implantation-free 4H-SiC bipolar 
junction transistors with double base epilayers,” IEEE Electron Device Lett., vol. 29, no. 5, pp. 
471–473, 2008. 

[133] H. Elahipanah, A. Salemi, C.-M. Zetterling, and M. Östling, “4.5-kV 20-mΩ.cm2 implantation-
free 4H-SiC BJT with trench structures on the junction termination extension,” in Materials 
Science Forum, 2015, vol. 821–823. 

[134] J. Zhang, J. H. Zhao, P. Alexandrov, and T. Burke, “Demonstration of first 9.2 kV 4H-SiC 
bipolar junction transistor,” Electron. Lett., vol. 40, no. 21, p. 1381, 2004. 

[135] B. Buono, R. Ghandi, M. Domeij, B. G. Malm, C. M. Zetterling, and M. Östling, “Modeling 
and characterization of the on-resistance in 4H-SiC power BJTs,” IEEE Trans. Electron Devices, 
vol. 58, no. 7, pp. 2081–2087, 2011. 

[136] B. Buono, R. Ghandi, M. Domeij, B. G. Malm, C. M. Zetterling, and M. Östling, “Modeling 
and characterization of current gain versus temperaturein 4H-SiC power BJTs,” IEEE Trans. 
Electron Devices, vol. 57, no. 3, pp. 704–711, 2010. 

[137] S. Balachandran, T. P. Chow, A. Agarwal, C. Scozzie, and K. A. Jones, “4 kV 4H-SiC epitaxial 
emitter bipolar junction transistors,” IEEE Electron Device Lett., 2005. 

[138] M. E. Levinshtein, J. W. Palmour, S. L. Rumyanetsev, and R. Singh, “Turn-on process in 4h-sic 
thyristors,” IEEE Trans. Electron Devices, vol. 44, no. 7, pp. 1177–1179, 1997. 

[139] S. H. Ryu, A. K. Agarwal, R. Singh, and J. W. Palmour, “3100 V, asymmetrical, gate turn-off 
(GTO) thyristors in 4H-SiC,” IEEE Electron Device Lett., vol. 22, no. 3, pp. 127–129, 2001. 

[140] G. Pâques, S. Scharnholz, N. Dheilly, D. Planson, and R. W. De Doncker, “High-voltage 4H-
SiC thyristors with a graded etched junction termination extension,” IEEE Electron Device Lett., 
vol. 32, no. 10, pp. 1421–1423, 2011. 

[141] S. G. Sundaresan, H. Issa, D. Veereddy, and R. Singh, “Large Area > 8 kV SiC GTO 
Thyristors with innovative Anode-Gate designs,” Mater. Sci. Forum, vol. 645–648, pp. 1021–
1024, 2010. 

[142] A. Agarwal et al., “9 kV, 1 cmx1 cm SiC super GTO technology development for pulse 
power,” in PPC2009 - 17th IEEE International Pulsed Power Conference, 2009, pp. 264–269. 

[143] L. Cheng et al., “20 kV, 2 cm2, 4H-SiC gate turn-off thyristors for advanced pulsed power 
applications,” in Digest of Technical Papers-IEEE International Pulsed Power Conference, 2013, pp. 4–
7. 

[144] S. Chowdhury, C. Hitchcock, Z. Stum, R. Dahal, I. B. Bhat, and T. P. Chow, “4H-SiC n-
channel insulated gate bipolar transistors on (0001) and (000-1) oriented free-standing n- 
substrates,” IEEE Electron Device Lett., vol. 37, no. 3, pp. 317–320, 2016. 

[145] S. H. Ryu et al., “Ultra high voltage (>12 kV), high performance 4H-SiC IGBTs,” in Proceedings 
of the International Symposium on Power Semiconductor Devices and ICs, 2012, pp. 257–260. 

[146] M. K. Das et al., “A 13 kV 4H-SiC n-Channel IGBT with Low Rdiff,on and Fast Switching,” 
Mater. Sci. Forum, vol. 600–603, pp. 1183–1186, 2009. 

[147] A. Kadavelugu, S. Bhattacharya, S. H. Ryu, E. Van Brunt, D. Grider, and S. Leslie, 
“Experimental switching frequency limits of 15 kV SiC N-IGBT module,” in 2014 International 



 

110 
 

Power Electronics Conference, IPEC-Hiroshima - ECCE Asia 2014, 2014, pp. 3726–3733. 

[148] Y. Yonezawa et al., “Low Vf and highly reliable 16 kV ultrahigh voltage SiC flip-type n-channel 
implantation and epitaxial IGBT,” in Technical Digest - International Electron Devices Meeting, 
IEDM, 2013. 

[149] S. Ryu et al., “15 KV IGBTS in 4H-SiC,” in 9th European Conference on Silicon Carbide and Related 
Materials, ECSCRM 2012, September 2, 2012 - September 6, 2012, 2013, vol. 740–742, pp. 954–
957. 

[150] X. Wang and J. A. Cooper, “High-voltage n-channel IGBTs on free-standing 4H-SiC 
epilayers,” IEEE Trans. Electron Devices, vol. 57, no. 2, pp. 511–515, 2010. 

[151] E. van Brunt et al., “27 kV, 20 A 4H-SiC n-IGBTs,” Mater. Sci. Forum, vol. 821–823, pp. 847–
850, 2015. 

[152] K. W. Chu et al., “Demonstration of lateral IGBTs in 4H-SiC,” IEEE Electron Device Lett., vol. 
34, no. 2, pp. 286–288, 2013. 

[153] Q. Z. Q. Zhang, C. Jonas, S.-H. R. S.-H. Ryu, a. Agarwal, and J. Palmour, “Design and 
Fabrications of High Voltage IGBTs on 4H-SiC,” 2006 IEEE Int. Symp. Power Semicond. Devices 
IC’s, pp. 5–8, 2006. 

[154] Y. Sui, J. A. Cooper, X. Wang, and G. G. Walden, “Design, Simulation, and Characterization 
of High-Voltage SiC p-IGBTs Y. Sui,” Silicon Carbide Relat. Mater. 2007, Pts 1 2, vol. 603, pp. 
1191–1194, 2009. 

[155] Y. Yonezawa et al., “Fabrication and Performance of 16-kV Ultrahigh-Voltage SiC Power 
Devices,” Meet. Abstr., vol. MA2014-02, no. 40, p. 1959, 2014. 

[156] Q. Zhang, M. Das, J. Sumakeris, R. Callanan, and A. Agarwal, “12-kV p-channel IGBTs with 
low on-resistance in 4H-SiC,” IEEE Electron Device Lett., vol. 29, no. 9, pp. 1027–1029, 2008. 

[157] K. Fukuda et al., “Development of ultrahigh-voltage sic devices,” IEEE Trans. Electron Devices, 
vol. 62, no. 2, pp. 396–404, 2015. 

[158] S. Chowdhury, C. Hitchcock, R. Dahal, I. B. Bhat, and T. P. Chow, “4H-SiC n-channel DMOS 
IGBTs on (0001) and (000-1) oriented lightly doped free-standing substrates,” Mater. Sci. 
Forum, vol. 858, 2016. 

[159] N. Zhang, B. Moran, S. P. Denbaars, and U. K. Mishra, “Kilovolt AlGaN / GaN HEMTs as 
Switching Devices,” vol. 217, no. 1, pp. 213–217, 2001. 

[160] H. L. Xing, Y. Dora,  A. Chini, S. Heikman, S. Keller, and U. K. Mishra, “High breakdown 
voltage AlGaN-GaNHEMTs achieved by multiple field plates,” IEEE Electron Device Lett., vol. 
25, no. 4, pp. 161–163, 2004. 

[161] Y. Uemoto et al., “8300 V blocking voltage AlGaN/GaN power HFET with Thick Poly-AlN 
Passivation,” pp. 861–864, 2007. 

[162] S. Yagi, M. Shimizu, H. Okumura, H. Ohashi, Y. Yano, and N. Akutsu, “High breakdown 
voltage AlGaN/GaN metal-insulator-semiconductor high-electron-mobility transistor with 
TiO2/SiN gate insulator,” Japanese J. Appl. Physics, Part 1 Regul. Pap. Short Notes Rev. Pap., vol. 
46, no. 4 B, pp. 2309–2311, 2007. 

[163] Y. Dora, A. Chakraborty, L. McCarthy, S. Keller, S. P. Denbaars, and U. K. Mishra, “High 
breakdown voltage achieved on AlGaN/GaN HEMTs with integrated slant field plates,” 



 

111 
 

IEEE Electron Device Lett., vol. 27, no. 9, pp. 713–715, 2006. 

[164] T. Algan et al., “The 1.6-kV AlGaN/GaN HFETs,” vol. 27, no. 9, pp. 716–718, 2006. 

[165] Y. Uemoto, T. Ueda, T. Tanaka, and D. Ueda, “Recent advances of high voltage AlGaN/GaN 
power HFETs,” in Proc. SPIE Gallium Nitride Mater. Devices IV, 2009, p. 721 606-721 611. 

[166] H. S. Lee, D. Piedra, M. Sun, X. Gao, S. Guo, and T. Palacios, “3000-V 4.3-mΩ.cm2 
InAlN/GaN MOSHEMTs with AlGaN back barrier,” IEEE Electron Device Lett., vol. 33, no. 
7, pp. 982–984, 2012. 

[167] B. Lu et al., “Schottky-Drain Technology for AlGaN / GaN High-Electron Mobility 
Transistors,” IEEE Electron Device Lett., vol. 31, no. 4, pp. 302–304, 2010. 

[168] T. Baltynov, V. Unni, and E. M. S. Narayanan, “The world’s first high voltage GaN-on-
Diamond power semiconductor devices,” Solid. State. Electron., vol. 125, pp. 111–117, 2016. 

[169] B. Lu, S. Member, and T. Palacios, “High Breakdown ( > 1500 V ) AlGaN / GaN HEMTs by 
Substrate Transfer Technology,” IEEE electron device Lett., vol. 31, no. 111, pp. 11–13, 2010. 

[170] A. Nakajima, Y. Sumida, M. H. Dhyani, H. Kawai, and E. M. Narayanan, “GaN-based super 
heterojunction field effect transistors using the polarization junction concept,” IEEE Electron 
Device Lett., vol. 32, no. 4, pp. 542–544, 2011. 

[171] Q. Zhou et al., “Schottky Source / Drain InAlN / AlN / GaN MISHEMT With Enhanced 
Breakdown Voltage,” vol. 33, no. 1, pp. 38–40, 2012. 

[172] Y.-W. Lian, Y.-S. Lin, H.-C. Lu, Y.-C. Huang, and S. S. H. Hsu, “AlGaN/GaN HEMTs on 
Silicon With Hybrid Schottky–Ohmic Drain for High Breakdown Voltage and Low Leakage 
Current,” IEEE Electron Device Lett., vol. 33, no. 7, pp. 973–975, 2012. 

[173] O. Seok, M.-K. Han, M.-W. Ha, and W. Ahn, “High-breakdown voltage and low on-resistance 
AlGaN/GaN on Si MOS-HEMTs employing an extended TaN gate on HfO2 gate insulator,” 
Electron. Lett., vol. 49, no. 6, pp. 425–427, 2013. 

[174] Y. W. Lian, Y. S. Lin, J. M. Yang, C. H. Cheng, and S. S. H. Hsu, “AlGaN/GaN schottky 
barrier diodes on silicon substrates with selective si diffusion for low onset voltage and high 
reverse blocking,” IEEE Electron Device Lett., vol. 34, no. 8, pp. 981–983, 2013. 

[175] I. C. Kizilyalli, A. P. Edwards, H. Nie, D. Bour, T. Prunty, and D. Disney, “3.7 kV vertical 
GaN PN diodes,” IEEE Electron Device Lett., vol. 35, no. 2, pp. 247–249, 2014. 

[176] H. Nie et al., “1.5-kV and 2.2-Ωm·cm2 Vertical GaN Transistors on Bulk-GaN substrates,” 
IEEE Electron Device Lett., vol. 35, no. 9, pp. 939–941, 2014. 

[177] Q. Zhou et al., “High-performance enhancement-mode Al2O3/AlGaN/GaN-on-Si MISFETs 
with 626 MW/cm2 figure of merit,” IEEE Trans. Electron Devices, vol. 62, no. 3, pp. 776–781, 
2015. 

[178] M. Zhu et al., “1.9-kV AlGaN/GaN Lateral Schottky Barrier Diodes on Silicon,” vol. 36, no. 4, 
pp. 375–377, 2015. 

[179] J. R. Dickerson et al., “Vertical GaN power diodes with a bilayer edge termination,” IEEE 
Trans. Electron Devices, vol. 63, no. 1, pp. 419–425, 2016. 

[180] A. J. Fischer et al., “High voltage and high current density vertical GaN power diodes,” Electron. 
Lett., vol. 52, no. 13, pp. 1170–1171, 2016. 



 

112 
 

[181] F. G. Diodes et al., “High-Performance 500 V Quasi- and Fully-Vertical GaN-on-Si pn 
Diodes,” vol. 38, no. 2, pp. 248–251, 2017. 

[182] H. Fu, X. Huang, H. Chen, Z. Lu, X. Zhang, and Y. Zhao, “Effect of buffer layer design on 
vertical GaN-on-GaN p-n and Schottky power diodes,” IEEE Electron Device Lett., vol. 38, no. 
6, pp. 1–1, 2017. 

[183] K. Nomoto et al., “GaN-on-GaN p-n power diodes with 3.48 kV and 0.95 mΩ·cm2 : A record 
high figure-of-merit of 12.8 GW/cm2,” Tech. Dig. - Int. Electron Devices Meet. IEDM, vol. 2016–
Febru, p. 9.7.1-9.7.4, 2016. 

[184] T. Oka, T. Ina, Y. Ueno, and J. Nishii, “1.8 mΩ·cm2 vertical GaN-based trench metal-oxide-
semiconductor field-effect transistors on a free-standing GaN substrate for 1.2-kV-class 
operation,” Appl. Phys. Express, vol. 8, no. 5, pp. 4–7, 2015. 

[185] H. Kawai et al., “Low cost high voltage GaN polarization superjunction field effect 
transistors,” Phys. Status Solidi, vol. 1600834, p. 1600834, 2017. 

[186] Y. Saitoh et al., “Extremely low on-resistance and high breakdown voltage observed in Vertical 
GaN Schottky barrier diodes with high-mobility drift layers on low-dislocation-density GaN 
substrates,” Appl. Phys. Express, vol. 3, no. 8, pp. 1–4, 2010. 

[187] T. Hayashida, T. Nanjo, A. Furukawa, and M. Yamamuka, “Vertical GaN merged PiN 
Schottky diode with a breakdown voltage of 2kV,” Appl. Phys. Express, vol. 10, pp. 0610031–
0610033, 2017. 

[188] D. Shibata, R. Kajitani, M. Ogawa, K. Tanaka, S. Tamura, and T. Hatsuda, “on GaN substrate 
with Regrown p-GaN / AlGaN / GaN Semipolar Gate Structure,” pp. 248–251, 2016. 

[189] F. Medjdoub, N. Herbecq,  A. Linge, and M. Zegaoui, “High frequency high breakdown 
voltage GaN transistors,” pp. 217–220, 2015. 

[190] H. Ohta et al., “Vertical GaN p-n Junction Diodes with High Breakdown Voltages over 4 kV,” 
IEEE Electron Device Lett., vol. 36, no. 11, pp. 1180–1182, 2015. 

[191] I. C. Kizilyalli, T. Prunty, and O. Aktas, “4-kV and 2.8-mΩ-cm2 Vertical GaN p-n Diodes with 
Low Leakage Currents,” IEEE Electron Device Lett., vol. 36, no. 10, pp. 1073–1075, 2015. 

[192] Z. Hu et al., “Near unity ideality factor and Shockley-Read-Hall lifetime in GaN-on-GaN p-n 
diodes with avalanche breakdown,” Appl. Phys. Lett., vol. 107, no. 24, 2015. 

[193] G. Deboy, M. Treu, O. Haeberlen, and D. Neumayr, “Si, SiC and GaN power devices: An 
unbiased view on key performance indicators,” Tech. Dig. - Int. Electron Devices Meet. IEDM, p. 
20.2.1-20.2.4, 2017. 

[194] A. Salemi, “Silicon Carbide Technology for High- and Ultra-High-Voltage Bipolar Junction 
Transistors and PiN Diodes,” KTH Royal Institute of Technology, 2017. 

[195] S. E. Saddow and A. Agarwal, Advances in Silicon Carbide Processing and Applications. 2004. 

[196] B. Buono, R. Ghandi, M. Domeij, B. G. Malm, C. M. Zetterling, and M. Östling, “Influence of 
emitter width and emitter-base distance on the current gain in 4H-SiC power BJTs,” IEEE 
Trans. Electron Devices, vol. 57, no. 10, pp. 2664–2670, 2010. 

[197] S. Kargarrazi, L. Lanni, A. Rusu, and C. M. Zetterling, “A monolithic SiC drive circuit for SiC 
Power BJTs,” Proc. Int. Symp. Power Semicond. Devices ICs, vol. 2015–June, pp. 285–288, 2015. 



 

113 
 

[198] A. Koel, T. Rang, and G. Rang, “Complementary multi guard ring JBS structures: Numerical 
analysis,” BEC 2010 - 2010 12th Bienn. Balt. Electron. Conf. Proc. 12th Bienn. Balt. Electron. Conf., 
pp. 85–88, 2010. 

[199] H. Yuan et al., “High Performance of 5.7kV 4H-SiC JBSs with Optimized Non-Uniform Field 
Limiting Rings Termination,” Mater. Sci. Forum, vol. 858, pp. 986–989, 2016. 

[200] I. Kang, J. Song, S. Joo, W. Bahng, and N. Kim, “Effect of the doping concentration and space 
of both p-grid and field limiting ring on 4H-SiC Junction Barrier Schottky diode with single 
ion implantation process,” vol. 603, pp. 959–962, 2009. 

[201] K. Ueno, T. Urushidani, K. Hashimoto, and Y. Seki, “Guard-ring termination for the high-
voltage SiC Schottky barrier diodes,” IEEE Electron Device Lett., 1995. 

[202] H. Yuan, Q. Song, X. Tang, Y. Zhang, Y. Zhang, and Y. Zhang, “Design and experiment of 
4H-SiC JBS diodes achieving a near-theoretical breakdown voltage with non-uniform floating 
limiting rings terminal,” Solid. State. Electron., vol. 123, pp. 58–62, 2016. 

[203] M. Bakowski et al., “Design and characterization of newly developed 10 kV 2 A SiC p-i-n diode 
for soft-switching industrial power supply,” IEEE Trans. Electron Devices, 2015. 

[204] V. Technology, W. Tantraporn, and A. K. Temple, “Multiple-Zone Single-Mask Junction 
Termination Extension-A High-Yield Near-Ideal Breakdown,” IEEE Trans. Electron Devices, 
vol. 34, no. 10, pp. 2200–2210, 1987. 

[205] M. S. J. Termination, “Multiple-Zone Single-Mask Junction Termination Extension-A High-
Yield Near Ideal Breakdown Voltage Technology,” IEEE Trans. Electron Devices, vol. 34, no. 10, 
pp. 2200–2210, 1987. 

[206] X. C. Deng et al., “High Voltage SiC JBS Diodes with Multiple Zone Junction Termination 
Extension Using Single Etching Step,” Mater. Sci. Forum, vol. 778–780, pp. 808–811, 2014. 

[207] P. A. Losee et al., “High-voltage 4H-SiC PiN Rectifiers with Single-Implant, Multi-Zone JTE 
termination,” Proc. Int. Symp. Power Semicond. Devices ICsn, 2004. 

[208] W. Sung, E. Van Brunt, B. J. Baliga, and A. Q. Huang, “A New Edge Termination Technique 
for High-Voltage Devices in,” World, vol. 32, no. 7, pp. 1–3, 2011. 

[209] M. Snook et al., “Single Photolithography/Implantation 120-Zone Junction Termination 
Extension for High-Voltage SiC Devices,” Mater. Sci. Forum, vol. 717–720, pp. 977–980, 2012. 

[210] W. Sung, A. Q. Huang, and B. J. Baliga, “Bevel junction termination extension - A new edge 
termination technique for 4H-SiC high-voltage devices,” IEEE Electron Device Lett., vol. 36, no. 
6, pp. 594–596, 2015. 

[211] G. Feng, J. Suda, and T. Kimoto, “Space-modulated junction termination extension for 
ultrahigh-voltage p-i-n diodes in 4H-SiC,” IEEE Trans. Electron Devices, 2012. 

[212] W. Sung and B. J. Baliga, “A Near Ideal Edge Termination Technique for 4500V 4H-SiC 
Devices: The Hybrid Junction Termination Extension,” IEEE Electron Device Lett., vol. 37, no. 
12, pp. 1609–1612, 2016. 

[213] C. Zhou, Y. Wang, R. Yue, G. Dai, and J. Li, “Step JTE , an Edge Termination for UHV SiC 
Power Devices With Increased Tolerances to JTE Dose and Surface Charges,” vol. XX, no. 
Xx, pp. 2–5, 2017. 

[214] W. Sung and B. J. Baliga, “A Comparative Study 4500-V Edge Termination Techniques for 



 

114 
 

SiC Devices,” IEEE Trans. Electron Devices, vol. 64, no. 4, pp. 1647–1652, 2017. 

[215] A. Mihaila et al., “A novel edge termination for high voltage SiC devices,” Proc. Int. Symp. Power 
Semicond. Devices ICs, vol. 2016–July, pp. 223–226, 2016. 

[216] X. Li, K. Tone, L. Fursin, and J. Zhao, “Multistep junction termination extension for SiC 
power devices,” Electron. …, vol. 37, no. 6, pp. 392–393, 2001. 

[217] N. Dheilly, D. Planson, G. Pâques, and S. Scharnholz, “Light triggered 4H-SiC thyristors with 
an etched guard ring assisted JTE,” Solid. State. Electron., vol. 73, pp. 32–36, 2012. 

[218] L. Lin and J. H. Zhao, “Simulation and experimental study of 3-step junction termination 
extension for high-voltage 4H-SiC gate turn-off thyristors,” Solid. State. Electron., vol. 86, pp. 
36–40, 2013. 

[219] Y. Gao, “Analysis and optimization of 1200 V silicon carbide bipolar junction transistor,” 
North Carolina State University, 2007. 

[220] D. Okamoto, H. Yano, K. Hirata, T. Hatayama, and T. Fuyuki, “Improved inversion channel 
mobility in 4H-SiC MOSFETs on Si face utilizing phosphorus-doped gate oxide,” IEEE 
Electron Device Lett., vol. 31, no. 7, pp. 710–712, 2010. 

[221] P. Jamet and S. Dimitrijev, “Physical properties of N2O and NO-nitrided gate oxides grown 
on 4H SiC,” Appl. Phys. Lett., 2001. 

[222] H. Miyake, T. Kimoto, and J. Suda, “Improvement of current gain in 4H-SiC BJTs by surface 
passivation with deposited oxides nitrided in N2O or NO,” IEEE Electron Device Lett., vol. 32, 
no. 3, pp. 285–287, 2011. 

[223] L. Lanni, B. G. Malm, M. Östling, and C. M. Zetterling, “SiC etching and sacrificial oxidation 
effects on the performance of 4H-SiC BJTs,” Mater. Sci. Forum, vol. 778, pp. 1005–1008, 2014. 

[224] R. Ghandi et al., “Surface-passivation effects on the performance of 4H-SiC BJTs,” IEEE 
Trans. Electron Devices, vol. 58, no. 1, pp. 259–265, 2011. 

[225] A. Salemi, H. Elahipanah, C. M. Zetterling, and M. Östling, “Investigation of the Breakdown 
Voltage in High Voltage 4H-SiC BJT with Respect to Oxide and Interface Charges,” Mater. Sci. 
Forum, vol. 821–823, pp. 834–837, 2015. 

[226] Y. Song, S. Dhar, L. C. Feldman, G. Chung, and J. R. Williams, “Modified Deal Grove model 
for the thermal oxidation of silicon carbide,” J. Appl. Phys., vol. 95, no. 9, pp. 4953–4957, 2004. 

[227] P. Jamet, S. Dimitrijev, and P. Tanner, “Effects of nitridation in gate oxides grown on 4H-
SiC,” J. Appl. Phys., vol. 90, no. 10, pp. 5058–5063, 2001. 

[228] V. V. Afanasev, M. Bassler, G. Pensl, and M. Schulz, “Intrinsic SiC/SiO2 Interface States,” 
Phys. Status Solidi, vol. 162, no. 1, pp. 321–337, 1997. 

[229] A. Poggi, F. Moscatelli, S. Solmi, A. Armigliato, L. Belsito, and R. Nipoti, “Effect of nitrogen 
implantation at the SiO2 /SiC interface on the electron mobility and free carrier density in 4H-
SiC metal oxide semiconductor field effect transistor channel,” J. Appl. Phys., vol. 107, no. 4, 
2010. 

[230] F. Moscatelli, A. Poggi, S. Solmi, and R. Nipoti, “Nitrogen implantation to improve electron 
channel mobility in 4H-SiC MOSFET,” IEEE Trans. Electron Devices, 2008. 

[231] D. Okamoto, H. Yano, T. Hatayama, and T. Fuyuki, “Removal of near-interface traps at 



 

115 
 

SiO2/4H-SiC (0001) interfaces by phosphorus incorporation,” Appl. Phys. Lett., vol. 96, no. 20, 
2010. 

[232] K. Fukuda, S. Suzuki, T. Tanaka, and K. Arai, “Reduction of interface-state density in 4H–SiC 
n-type metal–oxide–semiconductor structures using high-temperature hydrogen annealing,” 
Appl. Phys. Lett., vol. 76, no. 12, pp. 1585–1587, 2000. 

[233] H. Vang et al., “Ni-Al ohmic contact to p-type 4H-SiC,” Superlattices Microstruct., 2006. 

[234] H. Yu et al., “Thermal stability of Ni/Ti/Al ohmic contacts to p-type 4H-SiC,” J. Appl. Phys., 
2015. 

[235] M. R. Jennings et al., “Analysis of Al/Ti, Al/Ni multiple and triple layer contacts to p-type 4H-
SiC,” Solid. State. Electron., vol. 51, no. 5, pp. 797–801, 2007. 

[236] S. Tsukimoto, T. Sakai, T. Onishi, K. Ito, and M. Murakami, “Simultaneous Formation of p- 
and n-Type Ohmic Contacts to 4H-SiC Using the Ternary Ni/Ti/Al System,” J. Electron. 
Mater., vol. 34, no. 10, 2005. 

[237] R. Konishi, R. Yasukochi, O. Nakatsuka, Y. Koide, M. Moriyama, and M. Murakami, 
“Development of Ni/Al and Ni/Ti/Al ohmic contact materials for p-type 4H-SiC,” Mater. Sci. 
Eng. B Solid-State Mater. Adv. Technol., 2003. 

[238] J. H. Zhao, P. Alexandrov, and X. Li, “Demonstration of the first 10-kV 4H-SiC Schottky 
barrier diodes,” IEEE Electron Device Lett., 2003. 

[239] J. Lutz, H. Schlangenotto, U. Scheuermann, and R. De Doncker, Semiconductor power devices: 
Physics, characteristics, reliability. 2011. 

[240] A. O. Konstantinov, Q. Wahab, N. Nordell, and U. Lindefelt, “Ionization rates and critical 
fields in 4H silicon carbide,” Appl. Phys. Lett., vol. 71, no. 1, pp. 90–92, 1997. 

[241] M. Alexandru, V. Banu, M. Florentin, X. Jorda, M. Vellvehi, and D. Tournier, “High 
Temperature Electrical Characterization of 4H-SiC MESFET Basic Logic Gates,” in Int. Conf. 
Silicon Carbide and Related Materials, 2014, vol. 778–780, pp. 1130–1134. 

[242] V. Banu, P. Godignon, M. Alexandru, M. Vellvehi, X. Jorda, and J. Millan, “High temperature-
low temperature coefficient analog voltage reference integrated circuit implemented with SiC 
MESFETs,” in European Solid-State Circuits Conference, 2013, pp. 427–430. 

[243] P. Neudeck, M. Krasowski, and N. Prokop, “(Invited) Assessment of durable SiC JFET 
technology for +600° to -125° integrated circuit operation,” ECS Trans., vol. 41, no. 8, pp. 
163–176, 2011. 

[244] P. G. Neudeck, M. J. Krasowski, L. Y. Chen, and N. F. Prokop, “Characterization of 6H-SiC 
JFET Integrated Circuits over a Broad Temperature Range from -150 °C to +500 °C,” Mater. 
Sci. Forum, vol. 645–648, pp. 1135–1138, 2010. 

[245] J. a. Abu Qahouq et al., “Fundamentals of Power Semiconductor Devices,” IEEE Trans. Power 
Electron., 2013. 

[246] R. R. Lamichhane et al., “A wide bandgap silicon carbide (SiC) gate driver for high-temperature 
and high-voltage applications,” in Proceedings of the International Symposium on Power Semiconductor 
Devices and ICs, 2014, pp. 414–417. 

[247] M. Mudholkar and H. Alan Mantooth, “Characterization and modeling of 4H-SiC lateral 
MOSFETs for integrated circuit design,” IEEE Trans. Electron Devices, vol. 60, no. 6, pp. 1923–



 

116 
 

1930, 2013. 

[248] N. Ericson et al., “A 4H silicon carbide gate buffer for integrated power systems,” IEEE Trans. 
Power Electron., vol. 29, no. 2, pp. 539–542, 2014. 

[249] B. Whitaker et al., “High-temperature SiC power module with integrated SiC gate drivers for 
future high-density power electronics applications,” in 2nd IEEE Workshop on Wide Bandgap 
Power Devices and Applications, WiPDA 2014, 2014, pp. 36–40. 

[250] S. Kargarrazi, “High Temperature Bipolar SiC Power Integrated Circuits,” KTH Royal 
Institute of Technology, 2017. 

[251] A. Rahman et al., “A family of CMOS analog and mixed signal circuits in SiC for high 
temperature electronics,” in IEEE Aerospace Conference Proceedings, 2015, vol. 2015–June. 

[252] J. A. Valle-Mayorga, A. Rahman, and H. A. Mantooth, “A SiC NMOS linear voltage regulator 
for high-temperature applications,” IEEE Trans. Power Electron., vol. 29, no. 5, pp. 2321–2328, 
2014. 

[253] A. Rahman et al., “High-Temperature SiC CMOS Comparator and op-amp for Protection 
Circuits in Voltage Regulators and Switch-Mode Converters,” IEEE J. Emerg. Sel. Top. Power 
Electron., vol. 4, no. 3, pp. 935–945, 2016. 

[254] S. Kargarrazi, L. Lanni, S. Saggini, A. Rusu, and C. M. Zetterling, “500 °C Bipolar SiC Linear 
Voltage Regulator,” IEEE Trans. Electron Devices, vol. 62, no. 6, pp. 1953–1957, 2015. 

[255] M. Barlow, S. Ahmed, H. A. Mantooth, and A. M. Francis, “An integrated SiC CMOS gate 
driver,” Conf. Proc. - IEEE Appl. Power Electron. Conf. Expo. - APEC, vol. 2016–May, pp. 1646–
1649, 2016. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Yesterday This Day’s Madness did prepare; 

To-morrow’s Silence, Triumph, or Despair: 

Drink! for you know not whence you came, nor why: 

Drink! for you know not why you go, nor where.” 
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