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ABSTRACT  

 

Optimization of 1.2 kV 4H-Silicon Carbide (SiC) Power Devices:  

High Performance, Reliability, and Ruggedness 

 

 

by 

Dongyoung Kim 

Doctor of Philosophy in Nanoscale Engineering 

State University of New York Polytechnic Institute 

 

This research primarily focuses on the design, fabrication, and characterization of 1.2 kV 

4H-SiC devices. Power devices play a critical role in numerous high-power applications, 

including automotive, industrial and energy applications. The development of energy-efficient 

power devices is essential for reducing power loss during operation. While silicon-based power 

devices are widely used in high-power applications, they have reached their limit in minimizing 

power loss. As a result, wide-bandgap materials, particularly 4H-Silicon Carbide (SiC), have 

gained traction as replacements for their Silicon counterparts due to their superior material 

properties, enabling further reduction of power dissipation beyond Si. The demand for 1.2 kV 

4H-SiC MOSFETs has significantly increased, particularly in the electric vehicle (EV) market 

where high performance, reliability, and ruggedness are critical to compete with Si 

counterparts. Hence, the optimization of 1.2 kV 4H-SiC devices is necessary. 

The most distinctive feature of a power device is its ability to withstand high voltages 

within the drift region. The breakdown voltage of the power device is determined by the 

specifications of the drift region. The optimization of the drift region must be performed to 

enhance power efficiency for each specific application due to the trade-off relationship between 

on-resistance and breakdown voltage. 4H-SiC enables a thin, heavily doped drift region to 
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support a given breakdown voltage, resulting in a substantial reduction in the on-resistance of 

the device compared to Si. Moreover, Hybrid Junction Termination Extension (Hybrid-JTE) 

technique was employed to achieve a near-ideal breakdown voltage and experimentally 

verified. 

The influence of deep JFET and P-well implants in 1.2 kV MOSFETs has been examined 

in terms of their impact on static characteristics and short-circuit ruggedness. To assess the 

impact on output characteristics and short-circuit ruggedness, the depths of JFET and P-well 

implants were compared by varying channel lengths and JFET widths. Furthermore, the 

significance of high channel mobility has been investigated not only for static characteristics 

but also for short-circuit characteristics. 

The optimization of static characteristics of 1.2 kV 4H-SiC MOSFETs have been 

investigated through the analysis of the cell structure. A comprehensive analysis has been 

conducted to examine the trade-off relationship between specific on-resistance and breakdown 

voltage, as well as yield, by considering various dimensions within the cell structure. The 

dimensions explored in this analysis include the channel, JFET, contact opening, ILD (Inter-

Layer Dielectric) width, and gate-to-source overlap within the cell structure. 

A novel approach has been proposed to enhance the trade-off relationship between short-

circuit withstand time and specific on-resistance by employing MOSFETs with a deep P-well 

structure through channeling implantation. For the channeling implantation, a tilt angle of 4 

degrees was adjusted to <0001> direction of 4H-SiC in 4H-SiC (0001) substrates with 4 ° off-

cut towered <11-20> direction. The utilization of channeling implantation has been employed 

to overcome the limitations associated with previous random implantation energy. The 
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successful fabrication and demonstration of MOSFETs with deep P-well structures using 

channeling implantation have been achieved. 

The MOSFETs with a deep P-well structure enable the short channel lengths, which 

improve the trade-off relationship between specific on-resistance and breakdown voltage. The 

implementation of a deep P-well structure effectively suppresses the leakage current originating 

from the channel during the blocking-mode of operation, thereby enhancing the trade-off 

relationship. Additionally, the deep P-well structure has significantly reduced the maximum 

electric field in the gate oxide, leading to improved high temperature reverse bias (HTRB) 

characteristics. 

A novel layout approach has been proposed and successfully demonstrated for the 

monolithic integration of a Schottky diode with 1.2 kV SiC MOSFETs (JBSFETs) to achieve 

an identical cell pitch compared to the pure MOSFET design. To further reduce cell density, 

highly doped JFET implantation with narrow widths of JFET/Schottky regions has been 

conducted. Consequently, the proposed JBSFET demonstrates comparable static performance 

to the pure MOSFET while exhibiting 3rd quadrant current-voltage characteristics similar to 

JBS diodes.  

A thorough comparison of the short-circuit failure mechanisms between 1.2 kV 4H-SiC 

MOSFETs and Ti JBSFETs, both having identical cell pitch and specific on-resistance, has 

been successfully accomplished. However, despite the same channel density, different short-

circuit characteristics have been observed due to the presence of leakage current from the 

Schottky contact in the JBSFETs. In order to comprehend the short-circuit failure mechanisms, 

non-isothermal mixed-mode 2D TCAD device simulations have been employed. Moreover, 



vii  

 

 

based on the experimental results and analyses, potential solutions to further enhance the short-

circuit characteristics of JBSFETs have been proposed. 

A 1.2 kV 4H-SiC planar Junction Barrier Schottky (JBS) diode with a deep P+ grid 

structure, implemented through channeling implantation, has been successfully designed and 

fabricated. Without the use of a trench structure, a planar JBS diode with a junction depth of 

2.2 ɛm has been successfully fabricated using an implantation energy of 350 keV. The 

formation of the deep junction significantly suppressed the leakage current originating from the 

Schottky contact.  

In summary, extensive examinations have been conducted on 1.2 kV rated 4H-SiC power 

devices, including MOSFETs, JBSFETs, and JBS diodes, to optimize and enhance their static 

characteristics, dynamic characteristics, reliability, and ruggedness. 
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Chapter 1  
 

Introduction 
 

1.1. ADVANTAGE OF 4H-SIC 
 

Considerable attention has been focused on wide bandgap materials for future power 

electronic applications. In particular, 4H-Silicon Carbide (SiC) has emerged as an excellent 

alternative to Silicon in power electronic applications. Due to its exceptional material properties, 

including high electron mobility, high critical electric field, and high thermal conductivity, 4H-

SiC is highly suitable for use in high-power, high-voltage, and high-temperature applications. 

Table 1.1 provides a comparison of the material properties of Si, 4H-SiC, GaN, ɓ-Ga2O3, and 

Diamond [1]ï[3]. 

Table 1.1. Material properties of Silicon, 4H-SiC, GaN, Ga2O3, and Diamond. 

 

Material Properties Silicon1,2 4H-SiC1,2 GaN1,2,3 ɓ-Ga2O3
2 Diamond2 

Energy Bandgap (eV) 1.11 3.26 3.44 4.9 5.5 

Dielectric constant (Ů) 11.7 9.7 9.5-10.4 10 5.5 

Electron Mobility (cm2/V-s) 1400 900 1200 300 ~2000 

Saturation velocity (cm/s) 1.0×107 2.1×107 1.4×107 1.1×107 2.3×107 

Critical Electric Field (MV/cm) 0.3 2.5 3.3 8 10 

Thermal Conductivity (W/cm-K) 1.5 3.7 2.1 0.13-0.23 ~10 

 

One of the most significant advantages of 4H-SiC over Si, in terms of material properties for 

power device, is the combination of two key factors: 1) wide energy bandgap and 2) thermal 

conductivity. 1) The wide energy bandgap of 4H-SiC contributes to a high critical electric field 

and low intrinsic carrier density. The high critical field allows for the support of a designated 

breakdown voltage by utilizing a thin drift layer with high doping concentration, reducing the drift 

resistance. The low intrinsic carrier density leads to low leakage current under the blocking 

conditions, enabling high-temperature operation. 2) The high thermal conductivity of 4H-SiC  
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Fig. 1.1. SiC applications and market growth expectations [8]. 

 

is crucial for its ability to withstand the degradation caused by high temperatures, making it highly 

suitable for applications in harsh environments. Additionally, the high thermal conductivity 

facilitates efficient heat dissipation from the devices, resulting in the use of smaller thermal 

management components.  

In addition to its superior material properties, 4H-SiC offers significant advantages in device 

fabrication. One notable advantage is its unique characteristic of enabling relatively easy control 

of both n- and p-type doping over a wide doping range, distinguishing it from other wide bandgap 

semiconductors [4]. Furthermore, 4H-SiC has the ability to form silicon dioxide (SiO2) as a native 

oxide, making it compatible with Silicon device structures and facilitating the integration of SiC 

devices with existing Silicon-based technologies [4]. 

Due to their high device efficiency and advantages in device fabrication, 4H-SiC power 

devices such as diodes based on Schottky and MOSFETs have been successfully commercialized 

for a wide range of applications.  
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(a)                                                (b)                                           (c) 

 
(d)                                                (e)                                           (f) 

 

Fig. 1.2. (a) Fabricated SiC MOSFETs on 6-inch SiC wafer. (b) Wafer-level characterization set-

up with Cascade probe station and (c) Keithley parametric curve tracer. Test structure 

characterization set-up with (d) Cascade probe station and (e) Agilent B1500A. (f) Packaged 

devices. 

Since the commercialization of SiC Schottky barrier diodes (SBDs) by Infineon and metal 

oxide semiconductor field effect transistors (MOSFETs) by Cree Inc (WolfSpeed) [5]ï[7], 

extensive research has been conducted to develop power devices using SiC substrates. As a result, 

there has been a tremendous growth in the utilization of SiC devices across various applications, 

as demonstrated in Fig. 1.1 [8].  

Although 4H-SiC MOSFETs have already been developed and commercialized, there is still 

room for further optimization of the cell structure and processes in terms of static and dynamic 

characteristics, reliability, and ruggedness, especially for 1.2 kV 4H-SiC devices. 
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1.2. DEVELOPMENT AND OPTIMIZATION OF 1.2 KV 4H-SIC MOSFETS 

 

1.2 kV 4H-SiC MOSFETs, JBSFETs, and JBS diodes have been successfully fabricated at 

ADI and SiCamore Semi. Fig. 1.2 (a) presents the fabricated MOSFETs, JBSFETs, and JBS diodes 

on a 4H-SiC 6-inch wafer at ADI.  The fabricated devices were evaluated through wafer-level 

measurements using the manual Cascade S1200 probe station and Keithley 2600 parametric curve 

tracer, as shown in Fig. 1.2 (b) and (c), respectively. Various parameters such as on-resistance, 

threshold voltage, transconductance, leakage current, breakdown voltage, and capacitance were 

measured. For lateral MOSFETs (FATFETs) and TLM measurements, Cascade S300 and Agilent 

B1500A were employed, as illustrated in Fig. 1.2 (d) and (e), respectively. The switching, short-

circuit, and unclamped inductive switching were evaluated on a packaged device at Ohio State 

University. The fabricated devices were packaged using a TO-247 package with open cavity, as 

shown in Fig. 1.2 (f). 

In this dissertation, the development and optimization of 1.2 kV 4H-SiC MOSFETs, 

JBSFETs, and JBS diodes were carried out to enhance their static and dynamic characteristics, 

reliability, and ruggedness. The device designs, fabrications, and characterizations of 1.2 kV 4H-

SiC planar MOSFETs are thoroughly discussed. Through the optimization of the cell structure and 

process, a novel device structure is proposed. Chapter 2 primarily focuses on the drift design of 

4H-SiC power devices. The utilization of Hybrid-JTE is employed to achieve a near-ideal 

breakdown voltage for the designed drift layer. 

Chapter 3 describes the 1.2 kV 4H-SiC MOSFETs with different junction depths of the JFET 

and P-well regions. For each JFET/P-well depth combination, variations in channel lengths and 

JFET widths were conducted to compare specific on-resistance, breakdown voltage, and short-

circuit withstand time. It was observed that a deep JFET structure provides a lower specific on-
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resistance (12% lower) with a high breakdown voltage. Conversely, MOSFETs with a deep P-well 

exhibit a high breakdown voltage with low leakage current, even in a shorter channel length (0.4 

µm). Moreover, the trade-off relationship between Ron,sp and short-circuit withstand time is 

discussed for MOSFETs with different JFET widths and channel lengths. The deep JFET 

implantation offers a better trade-off relationship due to the feasibility of narrow JFET width. To 

further improve this trade-off relationship, MOSFETs with deep JFET and P-well implant are 

proposed. Lastly, the importance of high channel mobility is investigated not only for static 

characteristics but also for short-circuit characteristics. The measured electrical characteristics are 

supported by in-depth 2D-device simulations. 

Chapter 4 discusses a detailed structural analysis of 1.2 kV 4H-SiC MOSFETs with an 

accumulation mode channel. The experimental investigation involved fabricating and comparing 

various cell designs of 1.2 kV SiC MOSFETs, focusing on their output and transfer characteristics, 

as well as blocking behaviors. Key design parameters such as channel length, JFET width, contact 

openings, gate-to-source overlap, and cell pitch were thoroughly examined to quantitatively assess 

their impact on static performance. The experimental results were further supported by 2D 

simulations. The results revealed that the channel length has the most significant influence on 

specific on-resistance, with an increase of 0.364 mÝ-cm2 observed per 0.1 ɛm increase in channel 

length. However, it was also observed that the channel potential is highly dependent on the channel 

length, leading to an increase in leakage current with shorter channel designs. The incorporation 

of enhanced doping in the JFET region with a current spreading layer (CSL) proved crucial in 

achieving a narrower JFET width, thereby satisfying the requirements for static performance, 

device reliability, and ruggedness. Additionally, this paper explores potential methods to further 

enhance the trade-off characteristics through other design aspects. 

https://en.dict.naver.com/#/search?range=all&query=satisfy
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In Chapter 5, non-isothermal simulations were conducted to understand the short-circuit (SC) 

behavior of SiC MOSFETs. Using the established model, structures were proposed to enhance the 

SC ruggedness. It was found that a thin gate oxide and a narrow JFET region can reduce saturation 

current and improve SC ruggedness without increasing Ron,sp. The results indicate that a thin gate 

oxide offers moderate improvement in SC capability  but comes at the cost of increased Cgs. On the 

other hand, a narrow JFET region provides much-improved (2×) SC ruggedness, as well as lower 

Ron,sp, without negatively impacting Cgs. 

Chapter 6 describes the layout approaches and resulting static, dynamic, and short-circuit (SC) 

ruggedness characteristics of 1.2 kV power MOSFETs fabricated on a 6-inch 4H-SiC substrate. 

Different layout topologies, including linear and hexagonal, as well as various design variations 

with and without a bridge of P-well, were investigated to understand their effect. The experimental 

results demonstrated the following findings: 1) the hexagonal layout topology enables a low 

specific on-resistance (Ron.sp), 2) the linear MOSFET exhibits fast switching speed and is suitable 

for high-frequency applications, and 3) the hexagonal topology with a bridge offers greater 

reliability and ruggedness. 

Chapter 7 introduces and demonstrates the operation of 1.2 kV 4H-SiC MOSFETs with a low 

knee voltage and forward voltage drop in the third quadrant mode, aimed at eliminating the need 

for external SiC SBDs in power converter applications. The proposed MOSFETs utilize optimized 

accumulation mode channels and a simplified fabrication process that eliminates the epitaxial 

regrowth step. Various channel design parameters, including doping concentration, channel length, 

and gate oxides, were investigated to achieve low knee voltage and forward voltage drop under 

third quadrant operation while ensuring high breakdown voltages under blocking operation. The 

impact of channel potential (barrier) on current conduction behavior and leakage current during 
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third quadrant operation and the blocking mode, respectively, was studied through 2D simulations. 

Furthermore, the reverse recovery characteristics and switching behavior of the devices are 

discussed. The optimized channel design serves as a significant breakthrough in the development 

of highly promising devices for high-density power electronics applications. 

In Chapter 8, a novel device structure was introduced to significantly enhance the trade-off 

relationship between specific on-resistance and short-circuit withstand time in 1.2 kV 4H-SiC 

MOSFETs. MOSFETs with deep P-wells formed using channeling implantation were firstly 

demonstrated to enhance short-circuit ruggedness, achieving approximately four times longer 

withstand time compared to conventional MOSFETs. This enhancement was achieved without any 

negative impact on specific on-resistance, resulting in MOSFETs with a short-circuit withstand 

time of 8 ɛs. To form deep P-well junctions, a channeling implantation technique with low energy 

was employed. Importantly, the fabrication process for the deep P-well using channeling 

implantation was demonstrated to be straightforward and did not require additional or complicated 

steps when compared to the conventional MOSFET fabrication process. A comprehensive 

comparison between the conventional and novel designs was conducted, considering the output 

characteristics, blocking behaviors, and short-circuit ruggedness. 

Chapter 9 introduces 1.2 kV 4H-SiC MOSFETs with a deep P-well structure achieved through 

channeling implantation to enable a short channel length. The utilization of channeling 

implantation allowed for the formation of deep junctions with low energy implantation. The 

proposed MOSFETs, with a short channel of 0.3 ɛm, demonstrated low leakage current and high 

breakdown voltage, contrasting with conventional MOSFETs of similar ratings exhibited 

significant leakage current.  The incorporation of a deep P-well structure effectively suppressed 

the leakage current from the channel during the forward blocking mode. Consequently, the specific 
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on-resistance of the proposed MOSFETs with a channel length of 0.3 ɛm was reduced by 

approximately 10 %. Furthermore, the conventional trade-off relationship between specific on-

resistance and short-circuit withstand time was improved in the proposed MOSFETs due to the 

presence of the deep P-well structure. Experimental measurements of output, blocking, and short-

circuit characteristics were conducted on fabricated 1.2 kV SiC MOSFETs, supported and clarified 

by the use of Sentaurus 2D TCAD. 

Chapter 10 presents the development and evaluation of a 1.2 kV 4H-SiC Split-Gate (SG) 

MOSFET with a deep P-well structure, which effectively reduces the maximum electric field in 

the gate oxide (EOX), increases the short-circuit withstand time (SCWT), and reduces the switching 

energy loss. Channeling implantation was employed to achieve a deep junction with low 

implantation energy in the proposed SG-MOSFET. The conventional MOSFET, conventional SG-

MOSFET, and proposed SG-MOSFET were successfully fabricated and evaluated. A comparison 

of the measured static, dynamic, and short-circuit characteristics was conducted. Furthermore, 2D 

simulations were performed to validate the experimental results and analyze the electric field in 

the gate oxide. The proposed SG-MOSFET outperforms the conventional SG-MOSFET with a 

1.06× increase in breakdown voltage (BV) and a 1.78× decrease in Eox. Additionally, the proposed 

SG-MOSFET exhibits a 1.52× improvement in SCWT compared to the conventional SG-

MOSFET. Further, the proposed SG-MOSFET enhances [Ron × Crss] by 2.66× compared to the 

conventional SG-MOSFET, leading to a 1.5× reduction in Eoff and a 1.05× reduction in Etotal. 

Chapter 11 proposes the demonstration of 1.2 kV 4H-SiC Schottky-integrated MOSFETs 

(JBSFETs) that achieve the same specific on-resistance as the pure MOSFETs by utilizing an 

innovative layout approach and a novel deep P-well structure. The proposed JBSFETs significantly 

reduce the specific on-resistance, resulting in a 2× reduction in the chip size compared to the 
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traditional chip-to-chip parallel connection of separate MOSFETs and JBS diodes. Additionally, 

the leakage current originating from the Schottky contact is effectively suppressed by 

implementing a 1.8 µm deep P-well structure through channeling implantation. This paper 

discusses the device design strategy, layout approach, fabrication process, and static and short-

circuit characteristics of the proposed JBSFETs. Furthermore, 2D simulations are conducted to 

further comprehend and elucidate the experimental results. 

Chapter 12 compares 1.2 kV 4H-SiC MOSFETs and Ti JBSFETs with deep P-well structures. 

To ensure a fair comparison of their short-circuit characteristics, an innovative design approach 

was applied to the JBSFETs to achieve the same specific on-resistance as the MOSFETs. To 

enhance the short-circuit characteristics of both the MOSFETs and JBSFETs, channeling 

implantation was conducted to form a deep P-well structure, which helps reduce the maximum 

saturation current during the short-circuit events. This approach resulted in improved short-circuit 

characteristics in both device types. However, the JBSFETs exhibited a shorter short-circuit 

withstand time compared to the MOSFETs due to the high leakage current from Schottky contact. 

Sentaurus 2D TCAD simulations were utilized to gain a deeper understanding of the short-circuit 

mechanisms in the MOSFETs and JBSFETs. It was observed that the MOSFETs failed due to the 

high current in the channel region, while the failure of JBSFETs occurred at the Schottky contact. 

Furthermore, potential solutions to enhance the short-circuit characteristics of JBSFETs were 

proposed, including the adoption of a narrower Schottky width and a high work function metal. 

Chapter 13 presents a study on enhancing the reverse characteristics of 1.2 kV 4H-SiC JBS 

diodes by incorporating a deep P+ grid structure. To achieve a deep junction with low implantation 

energy, channeling implantation was utilized. Diodes with different junction depths of the P+ grid 

were fabricated to compare their forward and reverse I-V characteristics, specifically at depth of 
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0.8 ɛm, 1.4 ɛm, and 2.2 ɛm. Regardless of the P+ grid depth, nearly identical forward I-V 

characteristics were obtained. However, the deeper P+ grid junction significantly suppressed the 

leakage current, resulting in leakage current values of 60 ɛA, 1.5 ɛA, and 1.7 nA (at 1200 V) for 

the 0.8 ɛm, 1.4 ɛm, and 2.2 ɛm P+ grid junctions, respectively. Despite the implementation of a 

deep junction using channeling implantation, the proposed JBS diode achieved high breakdown 

voltages comparable to those of shallow junction diodes. This can be attributed to the relatively 

low doping concentration in the deep junction. Furthermore, different edge termination structures 

with various main junction depths were discussed. To achieve a near-ideal breakdown voltage 

unaffected by the JTE (Junction Termination Extension) dose, Hybrid-JTE was employed. The 

study demonstrated that the proposed JBS diodes attained high breakdown voltages and 

significantly reduced leakage current using the same edge termination technology as conventional 

shallow junction diodes. To gain a better understanding of the impact of the deep junction, 2D 

simulations were conducted. 

Chapter 14 provides a comprehensive summary of the significant accomplishments of this 

work, as well as discussing future work. 
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Chapter 2  
 

Design of 1.2 kV Planar SiC MOSFETs 
 

2.1. DRIFT LAYER DESIGN FOR 1.2 KV 4H-SIC POWER MOSFETS 

 

The most notable characteristic of a power device is its ability to withstand high voltages. 

During the blocking mode of operation, the drift layer plays a crucial role in supporting the 

voltages, and the breakdown voltages of the power device depend on the thickness and doping 

concentration of the drift layer. Therefore, optimizing the drift layer is imperative in achieving low 

specific on-resistance and high breakdown voltages for power devices.  

Due to the high critical electric field exhibited by 4H-SiC, thinner thicknesses and higher 

doping concentrations can be employed in its drift layer to achieve the desired breakdown voltages 

compared to what is achievable with a Si drift layer. This, in turn, leads to significantly lower drift 

resistance in 4H-SiC drift layers. 

In power device drift layer design, two approaches are commonly used: Punch-Through (PT) 

and Nonpunch-Through (NPT) designs. Fig. 2.1 (a) and (b) illustrate the electric field distribution 

in a PiN diode under PT and NPT designs. The PT design achieves the same breakdown voltage 

as the NPT design by utilizing a thinner drift layer and lower doping concentration. The electric 

field takes on a trapezoidal shape for the PT design and a triangular shape for the NPT design, as 

shown in Fig. 2.1 (c). Due to the favorable electric field shape of the PT design, it offers a 14.9% 

lower specific on-resistance than the NPT design in unipolar devices [1]. 

In this dissertation, the PN design concept was implemented on a 4H-SiC epitaxial layer to 

develop a power device with a low specific on-resistance and a breakdown voltage rating of 1200  

https://en.dict.naver.com/#/search?range=all&query=characteristic
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(a) 

 
(b) 

 
(c) 

Fig. 2.1. Schematic of the parallel plane for (a) punch-through and (b) nonpunch-through drift 

layer design. (c) The electric field distribution of both designs. 

 

V.  However, considering edge termination efficiency and voltage overshoot, a targeted breakdown 

voltage of 1700 V was set as the ideal case. For the 1700 V power device, a 4H-SiC drift thickness 

of 10 ɛm and a drift doping concentration of 8×1015 cm-3 were employed. 

 

2.2. AVALANCHE BREAKDOWN 

 

The blocking characteristics of power devices are determined by the avalanche breakdown 

phenomenon, where carriers gain enough energy from a high electric field to create electron-hole 

pairs upon colliding with lattice atoms. This impact ionization process governs the current flowing 

through the depletion region when subjected to a significant electric field. The impact ionization  
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Fig. 2.2. Impact ionization coefficient for holes as a function of the inverse of the electric field. 

 

 
Fig. 2.3. Impact ionization coefficient for electrons as a function of the inverse of the electric 

field. 

 

coefficient represents the number of electron-hole pairs created by a mobile carrier traversing 1 

cm through the depletion region in the direction of the electric field. The impact ionization 

coefficients for electrons and holes exhibit a strong dependence on the electric field magnitude, as 

illustrated in Fig. 2.2 and Fig. 2.3. In 4H-SiC, the impact ionization coefficient for holes is notably 
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higher than that of electrons, indicating that the ionization integral of holes generally reaches unity 

earlier than that of electrons with increasing electric field strength [2], [3]. In the simulation, the 

breakdown voltage was determined by utilizing the ionization integral for holes initiated by impact 

ionization (phihole).  

Fig. 2.2 and Fig. 2.3 show the impact ionization coefficients for holes and electrons as a 

function of the inverse of the electric field, incorporating various models reported by different 

research groups [4]ï[6]. The coefficients for electrons were slightly adjusted based on the 

Konstantinov model to achieve better alignment between the model and experimental results. The 

equations representing the adjusted coefficients are as follows: 

‌ ςȢυωρπÅØÐ
ωȢρωρπ

Ὁ

Ȣ

ὧά  ὩήȢρ 

‍ σȢσςρπÅØÐ
ρȢπχρπ

Ὁ

Ȣ

ὧά  ὩήȢς 

The condition for avalanche breakdown in a diode occurs when the impact ionization rate 

reaches infinity. The total number of electron-hole pairs generated in the depletion region, resulting 

from a single electron-hole pair that was initially created a distance x away from the junction, is 

mathematically expressed by equations derived by: 

ὓὼ ρ ‌ὓὼὨὼ ‌ὓὼὨὼ ὩήȢσ 

where W is the width of the depletion region. A solution for this equation is given by: 

ὓὼ -πÅØÐ ‌ ‌ Ὠὼ ὩήȢτ 

where M(0) is the total number of electron-hole pairs at the edge of the depletion region. Using 

eq. 3 with x=0 provides a solution for M(0): 
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ὓπ ρ ‌ÅØÐ ‌ ‌ ὨὼὨὼ  ὩήȢυ 

Using this expression in Eq. 4 gives: 

ὓ ὼ
ÅØÐ᷿ ‌ ‌ Ὠὼ

ρ ᷿ ‌ÅØÐ᷿ ‌ ‌ ὨὼὨὼ
 ὩήȢφ 

The multiplication coefficient, M(x), represents the total number of electron-hole pairs created in 

response to the generation of a single electron-hole pair at a distance x from the junction, provided 

that the electric field distribution along the impact ionization path is known. The avalanche 

breakdown condition is defined as the point where the total number of electron-hole pairs 

generated within the depletion region approaches infinity, which corresponds to the multiplication 

coefficient M becoming infinite. The condition of infinite multiplication coefficient (M) that 

defines the avalanche breakdown is achieved by equating the denominator of Eq. 6 to zero: 

‌ÅØÐ ‌ ‌ ὨὼὨὼ ρ ὩήȢχ 

The left-hand side of Eq. 7 is commonly referred to as the ionization integral and is used in the 

analysis of avalanche breakdown in power devices. It is a common practice to determine the 

voltage at which the ionization integral equals unity. Assuming that the impact ionization 

coefficients for electrons and holes are equal, the avalanche breakdown condition can be expressed 

as: 

‌Ὠὼρ ὩήȢψ 
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2.3. EDGE TERMINATION 
 

The edge termination structures are required for the power devices. The finite area of a power 

device leads to cylindrical or spherical junctions at its edges, which in turn result in high electric 

fields. This high electric field causes a reduction in the breakdown voltage of the device. Therefore, 

edge termination structures are necessary for power devices to minimize the reduction in the 

breakdown voltage from the edge of the device. A superior edge termination is particularly crucial 

for 4H-SiC power devices to fully exploit their superior material properties for blocking 

characteristics, such as low leakage current resulting from the low intrinsic carrier density and high 

breakdown voltage due to the high critical electric field.  

Various edge termination techniques have been proposed and demonstrated in 4H-SiC power 

devices, including but not limited to field plate termination, resistive termination, bevel 

termination, floating field rings (FFRs), and junction termination extension (JTE) [7]ï[20]. Out of 

the various edge termination methodologies, FFRs and JTE have been utilized as the most widely 

employed techniques in 4H-SiC power devices. However, the sensitivity of FFRs to the fabrication 

process, which requires precise critical dimensions and a stable angle of the hard mask to maintain 

high breakdown voltages, makes it difficult to use them as an edge termination structure. 

A wide range of JTE structures has been reported, including single-zone (SZ)-JTE, multi-

zone-JTE, etched/mesa-JTE, space-modulated-JTE, and other modified forms [11]ï[17]. When 

using JTE-based terminations, achieving a specified breakdown voltage is heavily dependent on 

the implanted dose, making it critical to target an optimum charge in the JTE region. To improve 

the process window, multi-zone and etched/mesa JTE structures have been introduced since SZ-

JTE is highly sensitive to impurity dose. However, the multi-zone approach necessitates additional 

masking steps, which can make the process more complicated, while the etched/mesa JTE and  
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(a) 

 
(b) 

Fig. 2.4. A schematic cross-sectional view of PiN diodes (a) without edge termination and (b) 

with SZ-JTE. 

 

related structures require precise control of the etching process to modulate the JTE charge. 

Aiming to address the sensitivity of JTE-based terminations to impurity dose and process 

variability, Ring Assisted (RA-), Multiple Floating Zone (MFZ-), and Hybrid-JTEs have emerged 

as promising edge termination structures [18]ï[20]. 

In this chapter, SZ-, RA-, MFZ-, and Hybrid-JTE structures for 1200 V-rated will be 

investigated and discussed, with a wide range of implantation doses.  

 

2.3.1. SINGLE ZONE ï JUNCTION TERMINATION EXTENSION (SZ-JTE) 
 

Fig. 2.4 shows the cross-sectional view of PiN diodes without edge termination and with SZ-

JTE. Without edge termination structure was utilized as a reference to demonstrate the critical role 

of edge termination structures. In the SZ-JTE structure, a lightly doped P-type region, referred to  
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Fig. 2.5. A simulated breakdown voltage of SZ-JTE as a function of JTE dose. 

 

 
Fig. 2.6. A simulated electric field of PiN diodes without edge termination and with SZ-JTE as a 

function of distance. 

 

as a junction-termination-extension (JTE), is placed adjacent to the P+ main junction. The primary 

objective of implementing the SZ-JTE structure is to reduce the electric field crowding at the P+ 

junction by creating an additional electric peak at the end of the SZ-JTE region, thereby enhancing 

breakdown voltages, as depicted in Fig. 2.5. 
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Fig. 2.7. Simulated electric field distribution of SZ-JTE with different JTE doses. 

 

The simulated electric field as a function of distance is presented in Fig. 2.6. The device 

without an edge termination structure exhibits an abrupt electric field peak at the end of the P+ 

main junction, which leads to a low breakdown voltage of 515 V. However, the SZ-JTE structure 

helps to mitigate electric field crowding at the P+ main junction by creating an additional electric 

field peak at the end of the SZ-JTE region, which contributes to an improvement in the breakdown 

voltage. 

The performance of the SZ-JTE is highly influenced by the width and implant dose of the JTE 

(P-) region. The width of the JTE region should be at least 3 to 5 times the thickness of the drift 

layer to ensure a high breakdown voltage with consistent device yield [17]. The breakdown voltage 

of the device is determined by the dose of JTE, as demonstrated in Fig. 2.5. It is discovered that 

the SZ-JTE is extremely sensitive to the dose for achieving high breakdown voltages. When the 

JTE dose is lower than the optimum dose, the SZ-JTE cannot effectively alleviate the electric field 

at the main junction, resulting in the highest electric field occurring at the P+ main junction, as 

shown in Fig. 2.7. On the other hand, a higher JTE dose compared to the optimum dose results in  
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Fig. 2.8. A schematic cross-sectional view of PiN diodes with RA-JTE structure. 

 

a lower breakdown voltage since the highest electric field occurs at the edge of the JTE region, 

similar to the case without an edge termination structure, as shown in Fig. 2.7. During the 

fabrication process, incomplete activation of Aluminum and fixed charges of oxide can affect the 

effective JTE dose, making it difficult to achieve the targeted JTE dose accurately. Due to the 

sensitivity of the SZ-JTE structure and process variation, it is challenging to use it as an effective 

edge termination structure. 

 

2.3.2. RING ASSISTED ï JUNCTION TERMINATION EXTENSION (RA-JTE)  
 

In order to resolve the sensitivity to dose, Ring Assisted (RA) ï JTE has been introduced [18]. 

Fig. 2.8 shows the schematic cross-sectional view of the RA-JTE structure. The insertion of a P+ 

floating ring in the SZ-JTE structure can effectively reduce the electric field at the P+ main 

junction, particularly for lower JTE doses in comparison to the optimum dose. This approach 

widens the process window and provides a direct solution to the issues associated with the 

sensitivity of the SZ-JTE structure. 

To fully utilize the benefits of P+ floating rings in the SZ-JTE, the design of the RA-JTE 

structure should be optimized for the initial spacing between the first floating ring and the main 

junction (S0), as well as the incremental spacing between subsequent floating rings (Si). The 
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Fig. 2.9. A simulated breakdown voltage of SZ-JTE and RA-JTE as a function of JTE dose. 

 

 

 

Fig. 2.10. Simulated electric field distribution of RA-JTE structure at low JTE dose. 
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placement of the RA-JTE is defined by the equation:  

Ὓ Ὓ Ὓὲ ρ 

, where Sn is the corresponding spacing with respect to the number of rings, S0 is the initial spacing 

of the ring from the main P+ junction, Si is the incremental spacing of the ring, and n is the number 

of rings. 

Based on the simulated results, the RA-JTE structure for 1.2 kV rating was optimized with S0 

of 4 ɛm, Si of 1 ɛm, and n of 3. Fig. 2.9 shows the simulated breakdown voltage of SZ-JTE and 

optimized RA-JTE as a function of the JTE dose. RA-JTE provides a wider process window to 

achieve high breakdown voltage compared to SZ-JTE by utilizing P+ floating rings in the JTE 

structure. The P+ floating rings distribute the electric field of the main P+ junction in low JTE 

dose, as shown in Fig. 2.10, enabling the device to achieve a high breakdown voltage with reduced 

sensitivity to JTE dose.   

 

2.3.3. MULTIPLE FLOATING ZONE ï JUNCTION TERMINATION EXTENSION 

(MFZ-JTE) 
 

The RA-JTE structure has been shown to widen the process window for lower JTE doses. To 

further increase the process window for higher JTE doses compared to the optimum dose of the 

SZ-JTE structure, the Multiple Floating Zone (MFZ) ï JTE has been introduced [18], [19]. Fig. 

2.11 depicts a schematic cross-sectional view of the MFZ-JTE structure, which is designed to 

implement a gradual distribution of the JTE dose. The dose in the JTE region is reduced through 

the use of variable masking that gradually increases in dimension towards the JTE edge. This 

approach achieves a similar effect as multiple consecutive JTE zones while only requiring a single 

implant process. Each zone in the MFZ-JTE structure has an identical dose but is separated by a  
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Fig. 2.11. A schematic cross-sectional view of PiN diodes with MFZ-JTE structure. 

 
Fig. 2.12. A simulated breakdown voltage of SZ-JTE and MFZ-JTE as a function of JTE dose. 

 

different space that increases from the main junction towards the edge of the termination structure. 

This arrangement results in a gradual decrease in average charges in the JTE regions, as the width 

of each zone is gradually decreased by the ratio of "ɓ". Proper selection of ɓ and the number of 

zones (n) enables the implementation of MFZ-JTE for achieving a high breakdown voltage with a 

wider process window, without the need for additional implant processes. Based on the simulated 

results, the MFZ-JTE structure for a 1.2 kV rating was optimized with a ɓ of 1.05 and n of 12. 
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Fig. 2.13. Simulated electric field distribution of MFZ-JTE structure at high JTE dose. 

 

Fig. 2.12 shows the simulated breakdown voltage of SZ-JTE and MFZ-JTE as a function of 

the JTE dose. When the JTE dose is below the optimum dose, the MFZ-JTE structure exhibits 

blocking characteristics similar to those of the SZ-JTE structure. This is due to the insufficient 

charge in the MFZ-JTE to mitigate the high electric field at the P+ main junction, which is similar 

to the SZ-JTE structure. On the other hand, when the JTE dose exceeds the optimum dose, the 

MFZ-JTE structure achieves high breakdown voltages by distributing the electric field at each 

zone, as shown in Fig. 2.13, thereby reducing the electric field at the edge of the JTE region. It is 

demonstrated that the gradual charge distribution of the JTE zones allows for a high breakdown 

voltage at higher JTE doses, resulting in an increased process window. 
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2.3.4. HYBRID ï JUNCTION TERMINATION EXTENSION (HYBRID-JTE) 
 

Through investigation and analysis, it has been determined that the implementation of the RA-

JTE structure facilitates achieving high breakdown conditions at lower JTE doses, whereas the 

utilization of the MFZ-JTE structure widens the process window at higher JTE does. Following 

the aforementioned optimizations of both the RA-JTE and MFZ-JTE structures, the establishment 

of a Hybrid-JTE can be achieved by combining the RA-JTE and MFZ-JTE, as detailed in 

references [18], [20]. Fig. 2.14 shows a schematic cross-sectional view of the Hybrid-JTE 

structure. 

One of the primary issues concerning the edge termination of 4H-SiC devices based on JTE 

is their sensitivity to JTE charge. Achieving the targeted JTE charge is challenging in 4H-SiC, 

primarily due to the incomplete activation of Aluminum and the impact of fixed charges, which 

results in considerable variations in the charge. However, the Hybrid-JTE approach overcomes 

this challenge by allowing a wide range of JTE doses to achieve high breakdown voltage through 

the superposition of RA-JTE and MFZ-JTE. At low doses, RA-JTE plays a crucial role in 

achieving high breakdown voltage, while at high doses, MFZ-JTE widens the process window.  

 

 

Fig. 2.14. A schematic cross-sectional view of Hybrid-JTE structure. 
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Fig. 2.15. A simulated breakdown voltage of SZ-JTE, RA-JTE, MFZ-JTE, and Hybrid-JTE as a 

function of JTE dose. 

 

 

 
Fig. 2.16. Simulated electric field distribution of Hybrid-JTE at lower JTE dose and higher JTE 

dose when compared to the optimum dose. 
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Fig. 2.15 shows the breakdown voltage as a function of the JTE dose of SZ-JTE, RA-JTE, 

MFZ-JTE, and Hybrid-JTE. The Hybrid-JTE structure provides a significantly wider process 

window, effectively addressing the sensitivity to JTE dose observed in JTE-based edge 

termination. A simulated electric field distribution for Hybrid-JTE with different JTE doses is 

shown in Fig. 2.16. It is evident that RA-JTE plays a significant role in supporting most of the 

electric field at low doses, while MFZ-JTE demonstrates an improved ability to manage the electric 

field distribution at high doses. 

In conclusion, the Hybrid-JTE approach allows for fabrication with a wide process window 

of JTE dose, without significant concern for variations in JTE dose, ensuring high-performance 

device fabrication. 

 

2.4. CHALLENGE OF 1.2 KV 4H-SIC MOSFETS 
 

Despite optimization and development efforts since the commercialization of SiC MOSFETs, 

they still face several challenges such as cost, channel mobility, bias-induced threshold voltage 

Instability (BTI), high temperature reverse bias (HTRB), body diode degradation, and short-circuit 

characteristics. 

2.4.1. COST 
 

The cost of 1.2 kV 4H-SiC MOSFETs is approximately three times higher than that of 1.2 kV 

Si IGBTs [21], [22]. Despite the potential benefits of using SiC MOSFETs to reduce system cost, 

weight, and volume, the high chip cost remains a significant barrier to replacing Si counterparts. 

There are several factors that contribute to the high cost of SiC MOSFETs. First, the cost of SiC 

wafers is higher than that of Si due to the significantly higher growth temperatures required and  
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(a) 

 
(b) 

 
(c) 

Fig. 2.17. (a) The effect of specific on-resistance on the active area. (b) The chip size and chip 

size reduction as a function of the current rating, depending on edge termination widths. (c) The 

impact of thermal resistance on the active size. 
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the smaller diameter of the wafer size [23], [24]. Furthermore, the manufacturing process for SiC 

devices is more expensive due to the need for higher temperature processes and higher energy 

implantation compared to Si devices. 

Various strategies still exist to reduce the cost of 4H-SiC power devices, including large-scale 

production on 4H-SiC wafers, optimizing the active area and edge termination structure to reduce 

chip size, developing advanced packaging schemes such as double-sided cooling to reduce the 

thermal resistance, and conducting most implantations at room temperature, except for P+ body 

implantation [25]ï[27]. Moreover, channeling implantation can be used to form a deep junction 

using low energy implantation [28], [29]. 

Fig. 2.17 (a) illustrates the effect of specific on-resistance on the active area. The formulation 

for calculating the active area is as follows: 

ὃ
Ὅ Ὧ Ὑ ȟ ͺ

Ὕȟ
σππ

Ὕȟ Ὕ
  ὧά ςυ 

where A denotes the active area, k represents the thermal resistance, Tj,max is the maximum junction 

temperature, Tc is the case temperature, Ŭ is the temperature coefficient, and Ron,sp_300K is the 

specific on-resistance at room temperature (RT). The termal resistance value of 0.068 [Kcm2/W] 

was adopted from [25]. It can be expected that the active area is proportional to the square root of 

the specific on-resistance. In Fig. 2.17 (a), the reduction in active area was calculated by comparing 

Ron,sp of 2.0 mohm-cm2. Achieving a 2.5 times lower specific on-resistance resulted in 

approximately a 37% reduction in the active area. These significant improvements can be attained 

by enhancing the channel mobility and increasing the cell density. 

Fig. 2.17 (b) shows the the chip size and chip size reduction as a function of the current rating, 

depending on edge termination widths. The total chip size encompasses the summation of the 
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active area, periphery area, edge termination, and dicing line. The reduction in the chip size was 

calculated by comparing the edge termination of 60 ɛm. Lower current rating devices notably 

affected by the width of edge termination structures. Specifically, at a current of 20 A, the chip 

size was reduced by 10.4% and 5.4% when the edge termination width was decreased from 180 

ɛm to 60 ɛm and from120 ɛm to 60 ɛm, respectively. The reduction in edge termination width can 

be achieved by utilizing RA-JTE instead of Hybrid-JTE, once the JTE structure is optimized. 

The impact of thermal resistance on the active size is depicted in Fig. 2.17 (c), considering a 

device with a specific on-resistance of 3.5 mohm-cm2. As mentioned earlier, advancements in 

packaging technology, such as double-sided cooling or flip-chip techniques [25], can help reduce 

thermal resistance and subsequently decrease the active size of the devices. However, it is 

important to take into account the additional cost associated with implementing advanced 

packaging technologies. 

 

2.4.2. CHANNEL MOBILITY 
 

4H-SiC allows for a much thinner and higher doped drift layer, capable of supporting a given 

breakdown voltage when compared to Si. 4H-SiC MOSFETs have been extensively researched 

and developed as a potential replacement for Si IGBTs due to their superior material properties. 

Despite the lower drift resistance of 4H-SiC, achieving a significant reduction in the specific on-

resistance of 1.2 kV 4H-SiC MOSFETs has been challenging due to the low channel mobility. The 

critical issue of the gate oxide has been reported regarding the high interface state density (Dit) and 

rough surface, which dramatically reduces channel mobility. 

Channel mobility is limited by surface phonon scattering, Coulomb scattering, and surface 

roughness scattering. Moreover, electrons in the channel are subject to the same scattering 
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mechanisms as those in the bulk. The total channel mobility is assumed to result from 

Matthiessenôs rule [30], [31]:  

ρ

‘

ρ

‘

ρ

‘

ρ

‘

ρ

‘
 

where ɛB is the bulk mobility, ɛPH is the mobility due to surface phonon scattering, ɛC is the 

mobility due to Coulomb scattering, and ɛSR is the mobility due to surface roughness scattering. 

The channel mobility of 4H-SiC MOSFETs is significantly influenced by Coulomb scattering and 

surface roughness. During typical operating conditions, particularly at low gate voltages, the 

channel mobility in SiC MOSFETs is primarily affected by Coulomb scattering caused by interface 

traps and fixed oxide charges [32], [33]. At low gate voltages, the inversion charge in SiC 

MOSFETs is significantly lower, but the number of occupied traps is relatively high. This leads to 

a small screening effect and a substantial Coulomb scattering of mobile charges by occupied traps 

and fixed charges, causing a dominant degradation mechanism of channel mobility. On the other 

hand, when the gate voltage is high, the inversion charge in SiC MOSFETs is significantly higher, 

resulting in an effective screening effect on the occupied traps and the fixed charge. This results 

in a decrease in the impact of Coulomb scattering and an increase in the influence of surface 

roughness on the degradation mechanism of channel mobility. 

Dry oxidation of 4H-SiC MOSFETs has been shown to result in a high interface trap density, 

leading to a peak channel mobility of approximately 2 cm2/Vs [34]. Post oxidation annealing 

(POA) in nitric oxide (NO) or nitrous oxide (N2O) has been shown to significantly reduce the 

interface trap density, resulting in a high channel mobility of approximately 30 cm2/Vs [34], [35]. 

Several research groups have reported a peak channel mobility exceeding 100 cm2/Vs at low gate 

voltages using various gate oxide types, including Phosphorus-doped gate oxide, Al2O3, and 

Lanthanum Silicate with atomic layer deposited SiO2 [36]ï[38]. However, mobility starts to 
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decrease rapidly with increasing gate voltages. Among these methods, post oxidation annealing 

(POA) in nitric oxide (NO) has become a standard process in SiC MOSFETs due to its 

effectiveness in reducing interface trap density while maintaining gate oxide reliability [35]. 

Another important factor in increasing channel mobility is the reduction of the effective 

normal field to enhance mobility caused by surface roughness. Surface roughness scattering is 

inversely proportional to the square of the effective surface field: 

‘  θὉ  

 Ὁ
ρ

‐

ὗ

ς
ὗ  

where Eeff is the effective normal field, QN is the sheet charge density, and QD is the charge per 

unit area in the depletion region. 

ὗ ὅ ςὠ ς‪  ὠ  

where ‪F is the bulk potential. The higher bandgap energy and lower dielectric constant of 4H-

SiC compared to Si result in a higher effective normal field, which leads to more degradation 

caused by surface roughness in 4H-SiC. The lower channel doping concentration was designed to 

reduce the effective normal field, and thus higher channel mobility was achieved compared to a 

higher channel doping concentration [39], [40]. To further enhance channel mobility, MOSFETs 

with the accumulation mode channel (n-type channel) have been proposed and developed [41], 

[42]. The wide bandgap material of 4H-SiC creates a large built-in potential, making it possible to 

utilize an n-type channel for nMOSFETs, which are typically designed as normally-off devices. 

Utilizing an accumulation mode channel in 4H-SiC MOSFETs has two crucial benefits for 

improving channel mobility. Firstly, it reduces the effective normal field, which can increase 

mobility for surface roughness. Secondly, nitrogen implantation to create the accumulation mode  

https://en.dict.naver.com/#/search?range=all&query=%20crucial
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(a)                                                                (b) 

Fig. 2.18. A schematic cross-sectional view of FATFET structure: (a) accumulation mode 

channel and (b) inversion mode channel. 

 
(a)                                                                    (b) 

Fig. 2.19. (a) The ideal universal curve, calculated based on the formulated values of ɛphonon and 

ɛSR, using Matthiessenôs rule [30]. (b) The measured transfer characteristics and extracted 

channel mobility of FATFETs with accumulation mode channel and inversion mode channel. 

 

channel can reduce interface traps, resulting in improved mobility caused by Coulomb scattering 

[43], [44]. 

Fig. 2.18 shows a schematic cross-sectional view of the FATFET structure, which is a lateral 

MOSFET with long channel lengths: (a) accumulation mode channel and (b) inversion mode 

channel. Both the accumulation and inversion mode channels use thermal gate oxide with NO 

POA.  
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The ideal ɛHall is crucial when Coulomb scattering is not the dominant factor. Fig. 2.19 (a) 

shows the ideal universal curve, calculated by considering the formulated values of ɛphonon and ɛSR, 

utilizing Matthiessenôs rule [30]. The formulations for ɛphonon and ɛSR are as follows: 

‘ ᶿφφȢυ  Ὁ Ȣ σπ 

‘ ᶿχφȢχ  Ὁ  σπ 

Despite utilizing the accumulation mode channel with NO POA, the maximum channel 

mobility remains limited to approximately 25 cm2/Vs, resulting in high channel resistance, as 

shown in Fig. 2.19 (b). Unlike the ideal universal curve, the experimental results exhibited low 

channel mobility attributed to high interface trap. Due to the significant impact of channel mobility 

on the on-resistance of 1.2 kV 4H-SiC MOSFETs, shorter channel lengths are required to minimize 

the effect of low channel mobility [45], [46]. 

 

2.4.3. BIAS-INDUCED THRESHOLD VOLTAGE INSTABILITY (BTI) 
 

In high-power applications, devices are often connected in parallel to increase the maximum 

current. The parallelization efficiency is influenced by the matching of the on-resistance and 

threshold voltage of each device. The non-uniform degradation of the threshold voltage caused by 

bias-induced threshold voltage Instability (BTI) can result in uneven current distributions within 

the system, leading to degraded commutation efficiency and increased module temperature [47]ï

[49]. 

A positive shift of the threshold voltage can lead to a reduction in the overdrive of the on-

state, resulting in an increase in the channel resistance of individual devices. This degradation in 

efficiency can result in an increase in static losses and module temperature. During fast switching,  
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        (a):PBTI (Vgs of +20 V)                                (b):NBTI (Vgs of -10 V) 

 

Fig. 2.20. Threshold voltage shifts for (a) positive bias-stress and (b) negative bias-stress of 

fabricated MOSFETs with different gate oxides and POA conditions. 

 

parasitic turn-on may occur due to a gradual negative drift of the threshold voltage caused by BTI, 

causing the device to have a threshold voltage below a critical value [47]. 

BTI is predominantly caused by the presence of interface trapped charges such as dangling 

bond-like or vacancy-like centers and border traps including oxygen vacancies, interstitials, 

carbon-dimers, hydroxyl E' centers, or silicon-oxygen bonds with wide O-Si-O angles and 

elongated bond length [47]. The poor BTI characteristics of 4H-SiC MOSFETs can be attributed 

to the inferior quality of the gate oxide caused by high interface trapped charge and border traps, 

combined with the narrower band offsets due to the wide band gap of 4H-SiC, which increases the 

tunneling probability [47]ï[49]. 

Fig. 2.20 shows the threshold voltage shifts for positive bias-stress and negative bias-stress of 

the fabricated MOSFETs with different gate oxides and POA conditions. Due to the better quality  

of thermal oxidation, thermal gate oxide provides lower Vth shifts regardless of POA conditions. 

To minimize the threshold voltage shift caused by BTI in 4H-SiC MOSFETs, thermal oxidation is 

required. 
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2.4.4. HIGH TEMPERATURE REVERSE BIAS (HTRB) 
 

During high temperature reverse bias (HTRB) test, the failure of 4H-SiC MOSFETs occurs in 

the middle of the JFET region. The device failure is due to the sudden rise in the gate leakage 

current rather than an increase in the drain leakage current. After undergoing stress testing, failed 

devices exhibit a faulty or shorted gate oxide, although they still possess low leakage while 

blocking voltage [50]ï[52]. 4H-SiC MOSFETs exhibit a high surface electric field (>1 MV/cm) 

in the JFET region. Moreover, the low dielectric constant of the gate oxide further increases the 

electric field in the gate oxide. As a result, the gate oxide breakdown occurs under HTRB testing, 

leading to device failure. 

 

Fig. 2.21. A simulated electric field distribution of 4H-SiC MOSFETs at a drain voltage of 1200 

V. 

 

Fig. 2.21 shows a simulated electric field distribution of 4H-SiC MOSFETs at a drain voltage 

of 1200 V. As mentioned earlier, the maximum electric field occurs at the gate oxide in the middle 

of the JFET region. To mitigate the maximum electric field in the gate oxide and improve HTRB,  
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(a)                                                                        (b) 

Fig. 2.22. Degradation of the 3rd quadrant ID-VD characteristics of (a) MOSFETs and (b) 

JBSFETs before and after stress at IDS of -5 A and VGS of -5 V. 

 

several strategies can be implemented, such as optimizing the design of the JFET region and 

implementing a deep P-well. 

 

2.4.5. BODY DIODE DEGRADATION 
 

In power electronic applications, the internal body diode of 4H-SiC MOSFETs can be utilized 

as a free-wheeling diode. However, 4H-SiC MOSFETs face a critical issue concerning the 

degradation of the body diode. Despite significant reductions of Basal Plane Dislocations (BPDs) 

in both the 4H-SiC substrate and epitaxial layer, there still remain some BPDs that can affect the 

deviceôs performance after prolonged operation of the body diode.  

In a study conducted by [53], [54], it has been reported that 4H-SiC MOSFETs exhibit body  

diode degradations after stress. When the p-n junction body diode is forward biased, electron-hole 

recombination takes place in the drift layer, providing energy to activate dislocation glide, which 

leads to the formation of stacking faults (SFs). The SFs manifest as triangular defects when 
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observed from the deviceôs surface, and their size is influenced by the thickness of the drift layer. 

Consequently, the carrier lifetime and mobility in 4H-SiC MOSFETs are reduced due to the 

activation of dislocation glide, resulting in the degradation of the conduction behavior in the 1st 

and 3rd quadrants. Additionally, the SFs introduce electronic states within the bandgap of 4H-SiC, 

which act as generation centers and reduce the lifetime, resulting in increased leakage current in 

the blocking mode under further stress [53]. 

Fig. 2.22 (a) illustrates the degradation of the 3rd quadrant ID-VD characteristics for the internal 

body diode before and after stress, with an IDS of -5 A and VGS of -5 V. Despite improvements in 

the quality of the epitaxial layer and the utilization of a thin epitaxial layer in the fabrication of 1.2 

kV 4H-SiC MOSFETs, a slight degradation of the body diode has been observed. 

To address the issue of body diode degradation, it is crucial to suppress bipolar operation. This 

can be achieved by utilizing MOSFETs with integrated channel diodes or junction barrier Schottky 

diodes, known as JBSFETs. These devices enable the unipolar operation and eliminate the need 

for reliance on the internal body diode [55]ï[57]. By suppressing bipolar operation during the third 

quadrant characteristics, JBSFETs exhibited no degradation after stress measurements, as shown 

in Fig. 2.22 (b). 

 

2.4.6. SHORT-CIRCUIT CHARACTERISTICS 
 

The occurrence of a short circuit in power electronic systems can be attributed to control 

errors or load failure, resulting in the formation of a low resistance path within the system. The 

fault current in power electronic systems is limited by the internal resistance of power 

semiconductor devices. Additionally, the duration for which the device can withstand the short 
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Fig. 2.23. The trade-off relationship between specific on-resistance and short-circuit withstand 

time in 4H-SiC planar MOSFETs [45], [58], [65-70]. The short-circuit characteristics were 

evaluated at Vgs of 20 V and Vds of 800 V. 

 

-circuit (SC) condition depends on the DC-link voltage applied across the device. When power 

semiconductor devices are exposed to currents significantly higher than their operating current and 

high DC-link voltage, they are subjected to high power dissipation, which can ultimately lead to 

device failure. Such failure can subsequently cause additional failures in system components. 

Therefore, the ability of power semiconductor devices to withstand short-circuit conditions for an 

extended period, known as the short-circuit withstand time (SCWT), is a critical factor in their 

suitability for use in power electronic applications [58]. 

The SC characteristics of 1.2 kV 4H-SiC MOSFETs are inferior to those of 1.2 kV Si IGBTs, 

primarily due to the combination of high maximum drain current and electric field across the drift 

region. The low specific on-resistance (Ron,sp) and high critical electric field of 4H-SiC MOSFETs 

contribute to these factors [58]ï[60]. Consequently, the high power dissipation results in elevated 

junction temperatures, leading to a reduction in the short-circuit withstand time of 4H-SiC 

MOSFETs. 
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Fig. 2.24. The trade-off relationship between specific on-resistance and short-circuit withstand 

time in 4H-SiC trench MOSFETs with conventional, semi-superjunction, and full-superjunction 

[71]. The short-circuit characteristics were evaluated at Vgs of 20 V and Vds of 600 V. 

 

Various research groups have made efforts to enhance the short-circuit characteristics of 4H-

SiC MOSFETs, but they encounter limitations due to the trade-off between Ron,sp and SCWT. 

Proposed approaches include reducing channel/JFET density, decreasing source doping, and 

lowering the gate voltage to improve SC characteristics [61]ï[64]. However, these methods tend 

to increase Ron,sp while improving SCWT.  

To overcome the conventional trade-off relationship between Ron,sp and SCWT, a narrow 

JFET width with an enhanced JFET doping concentration and a deep P-well structure can be 

utilized. These design modifications help suppress the maximum drain current during SC 

conditions, thereby addressing the trade-off issue. 

Fig. 2.23 shows the trade-off relationship between specific on-resistance and short-circuit 

withstand time in 4H-SiC planar MOSFETs [45], [58], [65-70]. Group 2 exhibits a superior trade-

off relationship compared Group 1, thanks to well-optimized cell structures and processes. 
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However, Group 3, which employs the deep P-well structure, achieves improved trade-off 

relationship [69], [70]. To further enhance this trade-off relationship, the utilization of 

superjunction (SJ) technology can be utilized. 

Fig. 2.24 depicts the trade-off relationship between specific on-resistance and short-circuit 

withstand time in 4H-SiC trench MOSFETs with conventional, semi-SJ, and full-SJ [71]. Trench 

MOSFETs, owing to their high channel mobility, offer improved specific on-resistance. 

Additionally, the long short-circuit withstand time observed in Fig. 2.24 can be attributed to the 

utilization of low drain voltages during the short-circuit measurements. Notably, it was discovered 

that both the semi-SJ and full-SJ provide a significantly enhanced trade-off relationship.   
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Chapter 3  
 

Optimization of JFET and P-well Implant ation for  1.2 kV 4H-

SiC MOSFETs 
 

3.1. INTRODUCTION 
 

4H-SiC MOSFETs offer high breakdown voltage (BV), low specific on-resistance (Ron,sp), 

and fast switching speed when compared with Si IGBTs [1]. Especially, 1.2 kV rated MOSFETs 

have been developed for utilization in hybrid electric vehicles (HEV) and pure electric vehicles 

(EV). In order to improve the characteristics of 1.2 kV SiC MOSFETs, various processes and 

designs have been reported. Due to the prevalent SiO2/SiC interface traps and the resultant low 

channel mobility, most of the development in SiC MOSFETs has focused on reducing channel 

resistance [2ς5]. In [6ï8], the importance of JFET resistance in the DMOSFETs has been reported. 

Even though JFET design largely affects the characteristics of the MOSFETs as much as channel 

parameters do [9], the importance of the JFET and P-well implants has not been inclusively 

discussed; Especially, detailed research on the effect of depth of JFET and P-well implants has 

been lacking. In addition, the impact of the high channel mobility on the short-circuit 

characteristics hasnôt been reported. 

In this paper, the influence of deep JFET and P-well implants in 1.2 kV MOSFETs was 

investigated with respect to static characteristics and short-circuit ruggedness. 4H-SiC MOSFETs 

with nominal implants for JFET and P-well, deep JFET implants, and deep P-well implants have 

been successfully fabricated and evaluated on a 6-inch SiC substrate. Channel lengths and JFET 

widths were varied to compare the depth of implants for JFET and P-well on performance 

outcomes and short-circuit ruggedness. For short-circuit characteristics, the effect of the channel 
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(a)                                      (b)                                     (c) 

Fig. 3.1. The schematic cross-sectional views of 1.2 kV MOSFETs with (a) nominal implants, 

(b) deep JFET implants, and (c) deep P-well implants. 

 

(a)                                         (b)                                            (c) 

Fig. 3.2. The cross-sectional SEM images of the fabricated 1.2 kV 4H-SiC MOSFETs with Lch of 

0.5 µm and WJFET of 0.8 µm for (a) nominal, (b) deep JFET, and (c) deep P-well implants. 

 

mobility was also examined. In order to understand this influence, Sentaurus 2D-simulations were 

used.  

 

3.2. DEVICE DESIGN 
 

Fig. 3.1 (a), (b), and (c) show the schematic cross-sectional views of MOSFETs with nominal 

implants, deep JFET implants, and deep P-well implants, respectively. The depth of JFET/P-well 
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was designed to be approximately 0.6/0.7, 0.9/0.7, and 0.9/1.1 ɛm, for nominal, deep JFET, and 

deep P-well implants, respectively.  

The optimization of the channel region is inevitable for 1.2 kV-rated 4H-SiC MOSFETs due 

to the high proportion of the channel resistance out of total on-resistance. In parallel with the effort 

of improving channel mobility, the implementation of a short channel length is preferable. 

However, the reduced channel length would increase the leakage current under the blocking mode 

of operation [9]. As the design of JFET/P-well and its resultant static/ruggedness performances are 

closely linked with the channel design as well, various channel lengths (Lch = 0.3, 0.4, and 0.5 ɛm) 

with half-JFET width (WJFET) of 0.8 ɛm were fabricated.  

In addition, the optimization of the JFET region is crucial as it determines not only the specific 

on-resistance, but also the leakage current and short-circuit withstand time (SCWT) [9], [10]. On 

the one hand, the deep JFET structure, combined with enhanced doping, enables the JFET width 

to be narrowed while enhancing conduction performance without compromising blocking 

behavior. Also, deep JFET, implementing a current spreading layer (CSL), provides additional 

improvement in forward conduction due to low JFET resistance. On the other hand, a deep P-well, 

shielding the channel better from high drain bias, would improve blocking behavior and SCWT, 

but causes Ron,sp to increase requiring a wider JFET width. To find the optimum cell design for 

deep JFET or P-well structures, different half-JFET widths (WJFET = 0.6, 0.7, 0.8, and 0.9 ɛm) with 

Lch of 0.5 ɛm were fabricated. 

To effectively evaluate the proposed structures, an efficient and stable (against process 

conditions) edge termination structure is required. A Hybrid-junction termination extension 

(Hybrid-JTE) was designed to achieve near-ideal blocking behaviors [11]. 
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3.3. DEVICE FABRICATION TECHNOLOGY 
 

The devices were fabricated at Analog Devices, Inc. (ADI) fabrication facility in Hillview, 

San Jose, CA, US. [9]. For the implementation of the different JFET and P-well implants, three 

wafers were fabricated using the same process baseline. Various designs of MOSFETs with WJFET 

= 0.6, 0.7, 0.8, and 0.9 µm and Lch = 0.3, 0.4, and 0.5 µm were included in the same mask set. A 

10 µm thick drift layer with N- epi doping concentration of about 8×1015 cmī3 on a 6-inch, N+ 4H-

SiC substrate was used for the fabrication of 1.2 kV MOSFETs. Aluminum and Nitrogen ion 

implants were utilized to form P-well/P+body/JTE, and JFET/N+ source, respectively. JFET and 

P-well profiles were designed to achieve an accumulation mode channel for higher channel 

mobility [3]. After implantation steps, a 1650 °C 10-min activation anneal with a carbon cap was 

conducted. A 50 nm thick gate oxide was formed by 800 °C ultrathin thermal oxide (2 nm) with 

48 nm of deposited oxide, followed by a post oxidation anneal (POA) in N2O ambient to improve 

the channel mobility. The N-type polysilicon was deposited and patterned for the formation of the 

gate. After interlayer dielectric (ILD) was deposited, patterned, and etched to make ohmic contact 

regions, Nickel (Ni) was deposited on the front side, followed by rapid thermal annealing (RTA) 

for the self-aligned silicidation process. Next, unsilicided Ni metals were removed and annealed 

by a 2 minute RTA at 965 °C for the front side ohmic contact. Backside metal was also deposited 

by Ni, followed by the same RTA process. A 4µm thick Ti/TiN/Al was deposited as the source 

and the gate metal. Silicon nitride and polyimide were used for passivation on the frontside. Finally, 

a solderable metal stack was deposited on the backside. No substrate thinning process was adopted. 

Fig. 3.2 shows the cross-sectional scanning electron microscope (SEM) images of the fabricated 

MOSFETs for nominal, deep JFET, and deep P-well implants. 
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3.4. RESULTS AND DISCUSSIONS 
 

3.4.1. JFET/P-WELL DESIGN VARIATIONS 
 

Fig. 3.3 (a) shows output characteristics of the fabricated SiC MOSFETs with channel length 

(Lch) of 0.5 µm and half-JFET width (WJFET) of 0.8 µm. MOSFETs with different implant 

conditions were measured at gate-source biases of 0 to 20 V with 10 V steps. The specific on-

resistance of the measured MOSFETs is extracted at gate-source biases (Vgs) of 20 V and drain-

source biases (Vds) of 0.1 V. For nominal, deep JFET, and deep P-well implant for MOSFETs with 

Lch of 0.5 µm and WJFET of 0.8 µm, the on-wafer level Ron,sp are 4.68, 4.12, and 5.45 mÝ-cm2
, 

respectively. The difference in the conduction behaviors originates from the JFET resistance. The 

MOSFET with deep JFET offers a better conduction behavior due to reduced JFET resistance. As 

shown in Fig. 3.3 (b), regardless of implant profiles, short channel lengths provide lower specific 

on-resistance due to the reduction in channel resistance. 

In order to clarify this behavior, Sentaurus 2D TCAD was used. Fig. 3.4 (a) shows the cross-

sectional view of simulated 1.2 kV MOSFETs with Lch of 0.5 µm and WJFET of 0.8 µm. The 

simulated structures were configured based on the P-well and JFET implant profiles shown in Fig. 

3.1 and Fig. 3.2. As previously mentioned, the JFET and P-well implants determine current 

conduction behaviors. 2D simulations clearly show how current density distributions are affected 

by deep JFET and P-well implants; Fig. 3.4 (b). Deep JFET implants contribute to the reduction 

in lateral and vertical depletion regions at the bottom of the P-well region, resulting in larger cross-

sectional areas for electrons to flow (i.e. a CSL), which in turn generates lower specific on-

resistance. Conversely, deep P-well implants cause an increase in depletion regions constricting 

the flow of electrons. When the JFET implant is deeper than the P-well implant, resulting in the 

removal of the vertical straggle of Aluminum, as shown in Fig. 3.4 (a), the significantly improved 
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(a)                                                        (b) 

Fig. 3.3. (a) Measured output characteristics of MOSFETs with Lch of 0.5 µm and WJFET of 0.8 

µm with different implant conditions (room temperature), and (b) Summary of measured specific 

on-resistances depending on the channel length. It should be noted that all measurements were 

conducted on-wafer level and a 10 ï 15% reduction in on-resistance is expected from packaged 

devices, according to our previous results. 

 

(a) 

 

(b) 

Fig. 3.4. (a) The cross-sectional view of simulated 1.2 kV MOSFETs with Lch of 0.5 µm and 

WJFET of 0.8 µm. (b) Current density distribution in simulation at Vgs of 20 V and Vds=1 V. 
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conduction behaviors were achieved. It should be noted that JFET implants should be deeper than 

P-well implants in order for higher conduction behavior to be achieved. 

 

3.4.2. JFET/P-WELL DESIGN VARIATIONS WITH DIFFERENT LCH 
 

Fig. 3.5 shows the forward blocking behaviors of the fabricated MOSFETs with different 

channel lengths for different implant conditions. Regardless of implant condition, high blocking 

behaviors with a significantly low leakage current were achieved for all MOSFETs with a channel 

length of 0.5 µm. In contrast with the output characteristics, MOSFETs with shorter channel length 

have a deleterious effect on the blocking capability, resulting in the increase of leakage current 

and the reduction in breakdown voltage (BV) under the blocking mode. Breakdown of MOSFETs 

with shorter channel occurs due to the increase of leakage current originating from the channel, 

not as a result of avalanche breakdown. This is because, for a shorter channel, channel potential 

(potential barrier formed in the channel) easily collapses under the high drain voltages. However, 

deep P-well with shorter channel lengths provides higher breakdown voltage when compared with 

others because the channel is effectively protected (i.e. shielded) by the deep P-well, suppressing 

leakage current from the channel. Fig. 3.3 and Fig. 3.5 clearly demonstrate the trade-off 

relationship between Ron,sp and BV in regards to the channel length and JFET/P-well depths. 

In order to further explore the effect of channel length under the blocking mode, simulated 

electrostatic potential near the surface, starting at the N+ source, proceeding through the channel, 

and ending in the JFET region (A-Aô shown in Fig. 3.4) was extracted at Vds of 1500 V, as shown 

in Fig. 3.6 (a). Simulation demonstrates longer channel length has a larger and thicker potential 

barrier, thus providing lower leakage current. Based on Fig. 3.6 (a), channel potential was extracted 

at Vds of 1500 V to examine the impact of depth in JFET and P-well regions. As shown in Fig. 3.6 
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Fig. 3.5. Measured forward blocking behaviors of the fabricated MOSFETs with WJFET of 0.8 

µm and different channel lengths. 

 
(a)                                                                 (b) 

Fig. 3.6. (a) Simulated electrostatic potential at channel region of MOSFETs with deep P-well 

implants (Vgs=0 V, Vds=1500 V) and (b) summary of channel potential (Vgs=0 V, Vds=1500 V). 

 

(b), in contrast with the output characteristics, deep P-well allows the improved characteristics 

under the blocking mode due to a larger depletion region in the JFET region that effectively shields 

the channel, resulting in a higher channel potential. Furthermore, for MOSFETs with deep P-well, 

the change in channel potential with respect to channel length remains the lowest, as observed by 
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comparing the slopes of the lines plotted in Fig. 3.6 (b). These results mean that MOSFETs with 

deep P-well allow the use of a short channel length of 0.4 µm to achieve lower on-resistance while 

maintaining low leakage current and high breakdown voltage. Moreover, it is useful in creating a 

more robust and forgiving MOSFET fabrication process, as any resulting channel length 

imbalances due to misalignment between P-well and N+ source implants do not produce the same 

negative performance outcomes typically observed when using the nominal MOSFET structure. It 

should be noted that here channel misalignment refers to one side of the MOSFET unit-cell having 

a channel length that is shorter, and the other side having a channel length that is longer, than the 

designed channel length. Therefore, the blocking behavior of the nominal MOSFET structure is 

dictated by the length of the shorter side of the channel; a problem less prominent when 

implementing a deep P-well. 

 

3.4.3. JFET/P-WELL DESIGN VARIATIONS WITH DIFFERENT WJFET 

 

In order to further examine the impact of JFET and P-well implants, MOSFETs with WJFET 

of 0.6, 0.7, 0.8, and 0.9 µm were also fabricated on the same mask set. Fig. 3.7 (a) shows output 

characteristics of the fabricated MOSFETs with nominal implant (Lch = 0.5 µm) using different 

JFET widths. The conduction behaviors increase, resulting in low Ron,sp when JFET width 

increases. The difference in the Ron,sp originates from JFET resistance. In Fig. 3.7 (b), the impact 

of deep JFET and deep P-well on Ron,sp is also observed. The optimum JFET width for the deep 

P-well structure is much larger than the one for the deep JFET structure. This is due to the 

difference in the effective JFET width despite the same designed WJFET. The deep P-well has a 

large lateral straggle due to the high energy implantation, causing the narrow effective JFET width, 

as shown in Fig. 3.8. Moreover, a large depletion region occurs in the deep P-well, reducing the  
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(a)                                                                             (b) 

Fig. 3.7. (a) Measured output characteristics of the fabricated MOSFETs with nominal implant 

and different JFET widths (Lch=0.5 µm). (b) Summary of specific on-resistance with different 

implant conditions depending on JFET width. 

  

(a)                                                      (b) 

Fig. 3.8. (a) The cross-sectional SEM image of the fabricated 1.2 kV 4H-SiC MOSFETs with Lch 

of 0.5 µm and WJFET of 0.8 µm for (a) nominal and (b) deep P-well implants. 

 

effective JFET width and increasing the JFET depth, as shown in Fig. 3.4 (b). It is important to 

note that the depth of both JFET and P-well is considered when optimizing JFET width; Narrow 

JFET width with deep JFET implants can be designed to improve BV with no negative impact on 

Ron,sp. For a deep P-well structure, a wide JFET region is required to provide low specific on-

resistance.  
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(a)                                                       (b) 

Fig. 3.9. (a) Measured forward blocking behaviors of the fabricated MOSFETs with nominal 

implant and different JFET widths (Lch=0.5 µm). (b) Summary of measured breakdown voltage 

and simulated channel potential at Vds of 1500 V with different implant conditions depending on 

JFET width. 

 

Fig. 3.9 (a) shows measured forward blocking characteristics, for various JFET widths of the  

fabricated MOSFETs with nominal implants. Regardless of JFET width, significantly low leakage 

current and high breakdown voltage were achieved. In contrast with MOSFETs with shorter 

channel (Lch = 0.3 and 0.4 µm), MOSFETs with varied JFET widths provide high breakdown 

voltage with low leakage current due to longer channel length (Lch = 0.5 µm). When channel 

potential is high enough to suppress the leakage current through the channel under the high drain 

voltages, avalanche breakdown generally becomes dominant. Furthermore, as shown in Fig. 3.9 

(b), regardless of implant condition, breakdown voltage increases when JFET width decreases; 

with breakdown occurring at the edge of the P-well. Narrow JFET width provides a greater 

shielding effect between P-wells, contributing to high breakdown voltage. It is important to note 

that change in BV as a function of JFET width is small for deep P-well structure due to the narrow 

effective JFET width, as shown in Fig. 3.4 (b).  However, when compared with other implant 

conditions, the BV of MOSFETs with deep P-well slightly decreases due to the reduction in the 
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effective drift layer thickness caused by the formation of additional P-well.  

The depth of implants regarding different JFET widths was also studied using 2D-simulation. 

The decreased JFET width provides the increase in channel potential, as shown in Fig. 3.9 (b). It 

is also demonstrated that a deep P-well structure enables high channel potential due to its better 

shielding effect. When a shorter channel is required to improve the forward conduction, a deep P-

well structure and narrow JFET width are suitable to suppress the leakage current under the 

blocking mode. 

 

3.4.4. TRADE-OFF BETWEEN RON,SP ï SCWT AND DISCUSSION 
 

The short-circuit waveforms of the fabricated MOSFETs with WJFET of 0.6 µm using nominal 

implant are shown in Fig. 3.10 (a). The measurement for short-circuit was conducted under the 

following conditions:  Rg of 20 ɋ, Vgs of 20 V, and Vds of 800 V at room temperature. Fig. 3.10 

(b) shows the drain current of fabricated MOSFETs with different gate pulse widths until the 

devices failed. At the beginning of the short-circuit condition, the maximum drain current (Imax) 

occurs, causing the increase of junction temperature. Next, the drain current starts decreasing 

because of the decrease in electron mobility at high temperatures. The simulated drain current of 

MOSFETs is shown in Fig. 3.10 (c).  Thanks to the well-optimized thermal-related simulation 

models [10], the simulated SCWT well corresponds with the experimental SCWT. Fig. 3.11 (a) 

shows the drain current of the fabricated MOSFETs with WJFET width of 0.6 µm using different 

implants. It shows that short-circuit withstand time is determined by Imax; low Imax results in low 

junction temperatures, offering long SCWT. The difference in Imax originates from the JFET region 

(resistance). As mentioned in forward characteristics, different JFET and P-well implants 

contribute to the different effective JFET widths despite the same designed JFET width.  
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(a) 

 
(b)                                                            (c) 

Fig. 3.10. (a) Measured short-circuit waveforms of the fabricated MOSFETs with nominal 

implant (WJFET of 0.6 µm and Lch of 0.5 µm). (b) Measured drain current of the fabricated 

MOSFETs (WJFET of 0.6 µm and Lch of 0.5 µm) with different gate pulse widths under SC 

condition. (c) Simulated drain current of MOSFETs (WJFET of 0.6 µm and Lch of 0.5 µm) with 

different gate pulse widths under SC condition. 

 

(a)                                                           (b) 

Fig. 3.11. Measured drain current of the fabricated MOSFETs with (a) different implants (WJFET 

of 0.6 µm and Lch of 0.5 µm) and (b) JFET widths (deep JFET implant). SC condition was Rg of 

20 ɋ, Vgs of 20 V, and Vds of 800 V. 

Vgs[10V/div]

Vds=800V

Ids[100A/div]
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(a) 

 
(b)                                                          (c) 

Fig. 3.12. (a) Summary of simulated trade-off relationship between Ron,sp and SCWT depending 

on different implants with different JFET widths. (b) The cross-sectional view of simulated 1.2 

kV MOSFETs with deep JFET and P-well implant. (c) Designed implant profiles for channel 

region and P-well (B-Bô) using SPROCESS. 

 

Especially, under SC condition that is extremely high temperatures, the maximum saturation 

current is largely affected by the effective JFET width [12].  The drain current of the fabricated 

MOSFETs with different JFET widths using deep JFET implants is shown in Fig. 3.11 (b). In the 

same manner as different implants, narrow JFET width provides low Imax, resulting in long SCWT. 

Fig. 3.12 (a) summarizes the simulated trade-off relationship between Ron,sp and SCWT 

depending on the different implants with different JFET widths. It clearly shows MOSFETs have  
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(a)                                                             (b) 

Fig. 3.13. Summary of simulated trade-off relationship between Ron,sp and SCWT depending on 

(a) different implants with different channel lengths (b) different JFET widths and different 

channel lengths with different channel mobilities for MOSFETs with deep JFET implant. 

 

trade-off relationship between Ron,sp and SCWT regardless of the implant condition. Although deep 

P-well implant has long SCWT due to high Ron,sp, the deep JFET implant exhibits the better trade-

off relationship because of the feasibility of narrow JFET width. Fig. 3.12 (b) shows the cross-

sectional view of simulated 1.2 kV MOSFETs with the deep JFET and P-well implant. MOSFETs 

with the deep JFET and P-well implant are conducted to improve SC characteristics. For 

MOSFETs with the deep JFET and P-well, the depth of JFET and P-well was designed to be 

approximately 1.3 ɛm and 1.1 ɛm, respectively. Fig. 3.12 (c) shows the designed implant profiles 

for the channel region and P-well using SPROCESS [13]. It is discovered that MOSFETs with the 

deep JFET and P-well implant provide much-improved trade-off relationship. 

Summary of the simulated trade-off relationship between Ron,sp and SCWT depending on 

different implants with different channel lengths is shown in Fig. 3.13 (a). MOSFETs with deep 

JFET implant show a better trade-off relationship when compared to MOSFETs with nominal 

implant and deep P-well implant. 

Summary of the simulated trade-off relationship between Ron,sp and SCWT depending on the  
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different JFET widths and channel lengths with different channel mobilities is shown in Fig. 3.13 

(b).  The change of JFET width provides a better trade-off relationship when compared to that of 

channel length using the current channel mobility of 20 cm2/V·s. This is because the low channel 

mobility results in a large increase in the channel resistance with increasing channel length. 

However, the increased channel mobility significantly improves the trade-off relationship. This is 

attributed to the temperature dependence of channel mobility. The channel mobility at low 

temperatures, which is less than 200 oC, is determined by the interface trap [14]. However, at high 

temperatures, phonon scattering becomes dominant in determining channel mobility [14]. The 

channel mobility at high temperatures is almost identical regardless of whether the channel 

mobility is low or high at low temperatures. Therefore, the high channel mobility provides low 

Ron,sp with almost no negative impact on SCWT. The long channel length with high channel 

mobility would offer improved short-circuit characteristics without the degradation of conduction 

behaviors. It is discovered that high channel mobility improves forward conduction performances 

as well as short-circuit characteristics.  

Table 3.1 summarizes the experimental and simulated results. MOSFETs with deep JFET 

implant provide the low Ron,sp with high breakdown voltages. SCWT increases by using a deep P-

well implant. However, the deep JFET implant exhibits a better trade-off relationship between 

Ron,sp and SC.  

TABLE 3.1. Summary of experimental and simulated results. 

DEVICE 

STRUCTURE 

Measured Ron,sp [mɋ-cm2] Measured BV [V]  Simulated SCWT [ɛs] 

Nominal 
Deep 

JFET 

Deep P-

well 
Nominal 

Deep 

JFET 

Deep P-

well 
Nominal 

Deep 

JFET 
Deep P-well 

Deep JFET 

and P-well 

WJFET=0.9 µm 

Lch= 

0.5 

µm 

4.43  4.09  5.25  1559 1559 1536 1.98 1.77 2.82 1.8 

WJFET=0.8 µm 4.68  4.12  5.45  1573 1574 1543 2.00 1.78 3.23 2.04 

WJFET=0.7 µm 4.89  4.24  5.82  1580 1583 1548 2.05 1.88 4.13 2.45 

WJFET=0.6 µm 5.7  4.33  9.02  1590 1590 1554 2.33 2.05 N/A 3.36 

Lch=0.5 µm WJFET

=0.8 

µm 

4.68  4.12  5.45  1573 1574 1543 2.00 1.78 3.23 2.04 

Lch=0.4 µm 4.3  3.75  5.04  1409 1387 1545 1.76 1.55 2.94 1.81 

Lch=0.3 µm 3.98  3.52  4.44  884 824 1496 1.52 1.34 2.64 1.59 
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3.5. CONCLUSION 
 

The effect of the depth of JFET and P-well implants was examined in terms of the trade-off 

relationship between Ron,sp and BV or SCWT in the 1.2 kV 4H-SiC MOSFETs. These trade-offs 

are successfully demonstrated by comparing the 1.2 kV MOSFETs with different JFET widths and 

channel lengths. The forward conduction mode, blocking behaviors, and short-circuit 

characteristics of the fabricated MOSFETs are evaluated. In order to clearly understand and clarify 

experimental results, 2D-simulation results were included, as well. Deep JFET implants provide a 

significantly improved forward conduction mode when compared with nominal implants. In 

contrast, deep P-well implants allow a low leakage current and high breakdown voltage for 

structures with even shorter channel length. Moreover, MOSFETs with deep P-well implant have 

long SCWT because of high Ron,sp. However, the deep JFET implant provides a better trade-off 

relationship between Ron,sp and SCWT due to the utilization of narrow JFET width. Finally, the 

change of JFET width and channel length with different channel mobilities was discussed. The 

MOSFETs with the deep JFET and P-well implant are proposed to improve trade-off relationship 

between Ron,sp and SCWT. It is important to note that high channel mobility is required to improve 

not only static characteristics but also short-circuit characteristics. Based on the application of the 

1.2 kV MOSFETs, the design and process of MOSFETs need to be carefully optimized due to the 

trade-off between Ron,sp and BV or SCWT.  
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Chapter 4  
 

Analysis for  the Cell Design of 1.2 kV 4H-SiC Planar 

MOSFETs 
 

4.1. INTRODUCTION 
 

Silicon Carbide (SiC) MOSFETs provide various advantages for high voltage and high 

frequency applications, such as power inverter and fast charter for electric vehicles, medium 

voltage motor drives, and commercial aviation. In most applications, the driving force for the 

commercialization of SiC MOSFETs is low on-resistance with superior switching performance 

when compared to the Silicon IGBT. Numerous research efforts have been conducted aiming to 

minimize the specific on-resistance (Ron,sp) for a specified breakdown voltage (BV). The process 

technologies that enabled the demonstration of high-performance 1.2 kV SiC MOSFETs include 

the post oxidation anneal in nitric oxide (NO) [1], high quality epi-growth technique [2], ion 

implantations at elevated temperatures [3], etc. In regards to the device architecture, many groups 

have been developing the trench-type MOSFET [4], [5], but the planar-type MOSFET has 

remained mainstream since its commercialization in the early 2010s. Many novel design 

approaches, as well as edge termination techniques, for SiC planar MOSFETs have been attempted 

to improve Ron,sp, BV, switching performance, reliability, and the trade-offs between them. 

Accumulation mode channel has been reported to improve Ron,sp due to the increase of channel 

mobility [6ς8]. K. Han has reported the effect of channel length for the inversion mode channel 

MOSFETs [9]. The optimization of the JFET region [10] and current spreading layer (CSL) [11] 

have been suggested for the improvement of the forward conduction mode. A. Saha [11] and Q. 

Liu [12] have briefly reported the effect of cell pitch for Ron,sp. Although accumulation mode  
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(a)                                                           (b) 

 
(c)                                                             (e) 

Fig. 4.1. (a) a layout approach of MOSFETs with linear striped P+, (b) a layout approach of 

MOSFETs were placed intermittently in the orthogonal direction. (c) A-Aô cross-sectional view 

of MOSFETs with linear striped P+, (d) B-Bô cross-sectional view of N+ source contact of 

MOSFETs were placed intermittently in the orthogonal direction, and (e) C-Cô cross-sectional 

view of P+ body contact of MOSFETs were placed intermittently in the orthogonal direction. 

 

channel MOSFETs with CSL are known to exhibit a trade-off relationship between Ron,sp and BV 

with respect to the channel and JFET region, detailed information and discussion on the impact of 

the channel and JFET design for accumulation mode channel MOSFETs with CSL are lacking in 

previous literatures. Moreover, the completed and specific unit cell design rules are deficient, 

resulting in the lack of detailed research and comprehensive understanding regarding trade-off  
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Fig. 4.2. Designed implant profiles for channel region and P-well (D-Dô) using sPROCESS. 

 

relationship between Ron,sp and BV within the cell structure. In particular, when reviewing the 

presently available literature it is difficult to fairly compare the effect of each component of the 

MOSFETs due to different structures and processes reported by different groups. This study is 

particularly important for low voltage (600 ~ 1200 V) SiC MOSFETs because the on-resistance is 

largely dependent on the cell design. 

This paper presents a comprehensive analysis of trade-off relationship between Ron,sp and BV 

(along with yield) for the 1.2 kV accumulation mode channel SiC MOSFETs with CSL and 

different dimensions in the cell structure. Such dimensions explored include, the channel, JFET, 

contact opening, ILD (inter-layer dielectric) width, and gate-to-source overlap. In order to conduct 

a completed experiment that produces comprehensive results for a deep understanding, while fairly 

comparing the effect of each component of the MOSFET, the 1.2 kV accumulation mode channel 

SiC MOSFET devices investigated in this paper were fabricated on the same, 6-inch wafer using 

the same mask set. In section II ï Device Design, design approaches for the fabricated 1.2 kV SiC 

MOSFETs are discussed; In section III ï Fabrication Technology, device fabrication process is 
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explained; In section IV ï Results, electrical characteristics measured from fabricated SiC 

MOSFETs with the above mentioned design variations are presented; In section V ï Discussions, 

inclusive analyses are provided. 

 

4.2. DEVICE DESIGN AND MODELLING 
 

Fig. 4.1 (a) and (b) show top views of layout designs for 1.2 kV SiC MOSFET cells with P+ 

sources located in a stripe pattern and intermittently located in the orthogonal direction, 

respectively. A-Aô cross-sectional view for the stripe pattern P+ is shown in Fig. 4.1 (c). In order 

to reduce dead space (i.e. the area underneath the P-well that is not fully utilized for the current 

conduction), and thus enable a reduction in the cell pitch, the P+ source contacts are intermittently 

placed in the orthogonal direction, as shown in Fig. 4.1 (b) [7]. Fig. 4.1 (d) and (e) pertain to the 

MOSFET with orthogonal P+ sources and show the cross-sectional views of portions that include 

N+ source contact and P+ source contact, respectively. As shown in Fig. 4.2, ion implantation 

schedules for the JFET region and P-well are designed to create the accumulation mode channel 

to attain high channel mobility [7]. A current spreading layer (CSL) underneath the P-well is 

adopted to further reduce the resistance near the bottom of the P-well. The half-cell pitch (A-Aô or 

B-Bô) consists of contact opening (WC), ILD width (WILD), gate-source overlap (WG-S), channel 

length (Lch), and JFET width (WJFET), as shown in Fig. 4.1 (c). Analyses of device designs 

(described in Sections IV and V, with Table 4.1 containing detailed design parameters) were 

divided into 4 parts: contact opening, JFET width, channel length, and others (i.e. contact opening, 

ILD width, and gate-source overlap that determine the cell pitch altogether).  

For fair evaluation in the blocking mode, an efficient edge termination structure is necessary 

to compare all the design variations mentioned above. A hybrid-junction termination extension  
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Fig. 4.3. The cross-sectional SEM image of the fabricated 1.2 kV 4H-SiC MOSFETs with 

nominal design rules (WC = 0.5 µm, WILD = 0.6 µm, WG-S = 0.5 µm, Lch = 0.5 µm, WJFET = 0.8 

µm, and cell pitch = 5.8 µm). 

 

(Hybrid-JTE) was employed to achieve a near-ideal breakdown voltage [13]. 

Sentaurus 2D TCAD was used to support and clarify the experimental results. For the 

simulation of forward conduction, the Lombardi model for interface trap and channel mobility 

degradation was applied to match experimental channel mobility and Vth [14ï16]. The Okuto-

Crowell model was used for the avalanche model [14], [17]. The BV value was extracted when 

the integral of impact ionization coefficient of holes reaches unity, which implies avalanche 

breakdown. Simulation models for Silicon Carbide have been developed and optimized [14], [18]. 

 

4.3. DEVICE FABRICATION TECHNOLOGY 
 

The devices were fabricated by Analog Devices, Inc. (ADI) fabrication facility in Hillview, 

San Jose, CA, using the same base process line [19], [20]. A 10 µm thick drift layer with N-type 

P-well

N+ source 2·WJFET

Source metal

ILD Gate poly

2·WC

WILD

Lch
WG-S
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doping concentration of 8×1015 cmī3 on 6-inch, N+ 4H-SiC substrate was used for the fabrication 

of proposed 1.2 kV MOSFETs. Aluminum and Nitrogen ion implants were used to form P-well/P+ 

source/JTE, and JFET/N+ source, respectively. All implants were conducted at 500 . After all 

implantation steps, a 1650 °C, 10-min activation anneal with a carbon cap was conducted. A 50 

nm thick gate oxide was formed by ultrathin (2 nm) thermal oxide and 48 nm of deposited oxide, 

followed by a post oxidation anneal (POA) in N2O ambient. The N-type polysilicon was deposited 

and patterned for the formation of the gate. After, undoped silicon glass (USG) was deposited as 

interlayer dielectric (ILD), then patterned and etched to make ohmic contact regions. Nickel (Ni) 

was deposited on the frontside, followed by an RTA for the silicidation process. Next, unsilicided 

Ni metals were removed and annealed by RTA at 965 °C for 2 mins. The backside was then 

deposited by Ni, followed by the same RTA process. A 4 µm thick Ti/TiN/Al stack was deposited 

for the source and gate metal. Silicon nitride and polyimide were used for passivation. Finally, a 

solderable metal stack was deposited on the backside. Fig. 4.3 shows the cross-sectional SEM 

image of the fabricated MOSFET. 

 

4.4. RESULTS 
 

4.4.1. CONTACT OPENING (WC) 
 

To examine the impact of contact dimensions on the on-resistance, half contact openings (WC) 

of 1.0, 0.5, 0.4, and 0.3 ɛm were included keeping other parameters identical (WILD=0.6 ɛm, WG-

S =0.5 ɛm, Lch=0.5 ɛm, and WJFET=0.8 ɛm). Except for the structure with WC of 1.0 ɛm, all other 

MOSFETs used the design approach, as shown in Fig. 4.1 (b) to reduce the cell pitch. The resultant 

cell pitches are 6.8, 5.8, 5.6, and 5.4 ɛm, respectively. 

Fig. 4.4 (a) shows output characteristics of the fabricated 1.2 kV rated SiC MOSFETs with  
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(a)                                                                 (b) 

Fig. 4.4. (a) Output characteristics of fabricated 1.2 kV MOSFET with different WC and (b) 

summary of experimental and simulated Ron,sp. MOSFETs were measured at gate-source biases 

of 0 to 20 V with 10 V steps. The Ron,sp were extracted at Vgs of 20 V and Vds of 0.1 V. 

 

 
(a)                                                             (b) 

Fig. 4.5. (a) Measured transfer characteristics and (b) measured forward blocking behaviors of 

the fabricated MOSFETs with different WC. 

 

different WC. All electrical data presented in this paper were measured from on-wafer. In our 

experience, after packaging, there is a 15% reduction in Ron,sp. Structures with orthogonal P+ 

provide larger currents than the ones with stripe pattern P+ and WC of 1.0 ɛm. This difference in 

the on-resistances originates from the cell pitch. The role of P+ source contact is to provide a stable 

zero potential to the P-well under the forward conduction mode. Both structures with striped and 
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orthogonal P+ sources successfully serve this purpose. However, the larger cell pitch in the stripe 

pattern MOSFET causes the increase in Ron,sp. In contrast, MOSFETs with WC of 0.5, 0.4, and 0.3 

µm show identical output characteristics regardless of the cell pitch. The smaller WC would 

increase N+ contact resistance in MOSFETs. This increase in N+ contact resistance is 

compensated by the decrease of resistance stemming from reducing the cell pitch. The measured 

specific contact resistance, extracted by N+ circular type transmission line measurements (cTLMs), 

was 6.18×10-5 Ý-cm2. Depending on the contact resistance, the optimum WC will differ; When the 

specific contact resistance is much lower than 6.18×10-5 Ý-cm2, a tight WC could reduce the on-

resistance, although the degree of improvement would not be significant; The narrow WC using 

ideal contact resistance which is zero provides the reduced Ron,sp in simulation, as shown in Fig. 

4.4 (b). 

The measured transfer characteristics of the fabricated MOSFETs with varied WC are shown 

in Fig. 4.5 (a). The threshold voltage (Vth) extracted at drain-source current (Ids) of 1 mA is about 

2.6 V for all structures, which also highlights that the orthogonal direction P+ provides appropriate 

zero potential to P-well. Fig. 4.5 (b) shows measured forward blocking behaviors of the fabricated 

MOSFETs with different WC. Regardless of the split, high breakdown voltages with low leakage 

currents were accomplished thanks to the efficient edge termination technique (Hybrid-JTE). As 

expected, WC for N+ is unrelated to blocking behaviors. It is important to note that orthogonal P+ 

design also provides a high breakdown voltage with no negative outcomes, such as snapback. 

 

4.4.2. CHANNEL LENGTH (LCH) 
 

The channel length (Lch) was varied to investigate the trade-offs between Ron,sp and BV, and 

Ron,sp and Vth. Lch of 1.0, 0.5, 0.4, and 0.3 ɛm were designed keeping other design rules identical  
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Fig. 4.6. The cross-sectional SEM image of the fabricated 1.2 kV 4H-SiC MOSFETs for the 

device of Lch of 0.5 µm. 

 

 

(a)                                                            (b) 

Fig. 4.7. (a) Measured output characteristics of the fabricated MOSFETs with different Lch and 

(b) summary of experimental and simulated Ron,sp with different channel mobilities (18, 36, and 

54 cm2/V·s) and experimental Vth. 

 

(WC=0.5 ɛm, WILD=0.6 ɛm, WG-S=0.5 ɛm, WJFET=0.8 ɛm and orthogonal direction P+ were used). 

Fig. 4.6 shows the cross-sectional SEM image of the accumulation mode channel MOSFET with 

Lch=0.5 ɛm (showing C-Cô in Fig. 4.1 (e)). Accumulation mode channel was formed using the 

controlled JFET and P-well implants, as shown in Fig. 4.2. 
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Fig. 4.8. Measured transfer characteristics at Vds=0.1 V and transconductances of the fabricated 

MOSFETs with different Lch. Vth were extracted from transfer characteristics at drain current of 

1 mA. Vth, for Lch of 0.3, 0.4, 0.5, and 1.0 ɛm, are 2.2, 2.4, 2.6, and 3.2 V, respectively. 

 

Fig. 4.7 (a) shows measured output characteristics of the fabricated accumulation mode 

channel MOSFETs with different Lch. Due to lower channel resistance, shorter channels offer 

higher current at the same drain-source voltage. Another important variable along with the Lch is 

channel mobility. In this case, the field effect channel mobility extracted from a lateral test 

MOSFET (FATFET) with a Lch of 200 ɛm at Vds of 0.1 V was approximately 18 cm2/V·s, which 

is considered as reasonable in the current SiC technology. 

 A summary of experimental and simulated Ron,sp with different channel mobilities and 

experimental Vth is shown in Fig. 4.7 (b). Simulated results with different channel mobilities show 

the importance of high channel mobility. As the channel mobility increases, the rate of change of 

Ron,sp per increase of Lch gets smaller. The measured transfer characteristics and transconductance 

of the fabricated MOSFETs with different Lch are shown in Fig. 4.8. Transfer characteristics and 

transconductances were measured at Vds of 0.1 V. When compared with a longer Lch, the 

transconductance of a shorter Lch decreases to a value of 0 much more dramatically after reaching 

the maximum transconductance value. As a result, a shorter Lch is preferred to minimize the  
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Fig. 4.9. Measured forward blocking behaviors of the fabricated MOSFETs with different Lch. 

 

channel resistance and overall device on-resistance. However, the reduction in the on-resistance 

brings in a detrimental issue during the forward blocking mode. 

Fig. 4.9 shows measured forward blocking behaviors of the fabricated 1.2 kV MOSFETs with 

various Lch; clearly showing that a shorter channel results in poor blocking behavior with large 

leakage current. Breakdown of MOSFETs with shorter channels (Lch of 0.3 and 0.4 µm) occurs 

due to the increase of leakage current from the channel, not as a result of the avalanche breakdown. 

In contrast, the longer channel (Lch of 0.5 and 1.0 µm) shows avalanche breakdown behaviors, 

identified by a sudden increase in the drain-source current. In order to further explore the effect of 

Lch on the blocking behavior, simulated electrostatic potential near the surface, starting at the N+ 

source, proceeding through the channel, and ending in the JFET region (E-Eô shown in Fig. 4.10 

(a)) was extracted at Vds of 1500 V, as shown in Fig. 4.10 (b). It is demonstrated that longer Lch 

has a larger and thicker potential barrier, thus providing lower leakage current under the high drain 

voltage. The large leakage current at low drain bias from the short channel structure originated 

from the reduced potential barrier formed across the channel. When the Lch is sufficiently long (Lch 

² 0.5 µm), the channel potential is maintained and blocks the leakage current between the source 
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(a) 

 
(b)                                                              (c) 

Fig. 4.10. (a) Cross-sectional view of simulated 1.2 kV accumulation channel mode MOSFETs 

(b) simulated electrostatic potential at channel region of MOSFETs with different Lch at Vds of 

1500 V, and (c) summary of simulated Ron,sp and channel potential (Vds = 1500 V). 

 

and drain until the avalanche breakdown occurs.  

Fig. 4.10 (c) summarizes the Ron,sp and channel potential at Vds of 1500 V for simulated 

MOSFETs with varied Lch. From the comparison between this simulation and experimental results 

(Fig. 4.9), it is concluded that a channel potential larger than at least 1.4 V is essential to suppress 

the leakage current up to the avalanche condition, which is informative when exploring new device 

design concepts using 2D device simulations. 

It is particularly important to minimize the misalignment between P-well and N+ source since 

these two layers define the Lch. With a certain misalignment, one side of the Lch in the unit cell 

structure, as shown in Fig. 4.10 (a), becomes smaller than the other resulting in large leakage 

current. To prevent both sides of the unit-cell from having a Lch shorter than the designed Lch, 

alignment tolerance should be considered, and more preferably, a well-established process scheme 

to implement a self-align channel is required. 
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4.4.3. JFET WIDTH (WJFET) 
 

To optimize the JFET region, different WJFET of 0.6, 0.7, 0.8, and 0.9 ɛm were included. The 

designed doping concentration in the JFET region is approximately 3×1016 cm-3. The depth of the 

JFET junction is 0.9 ɛm and is 0.1 ɛm deeper than the P-well, which implements the current 

spreading layer (CSL). Enhanced doping in the JFET region with CSL allows a narrow WJFET, 

which provides improved conduction and switching behaviors with reduced leakage current during 

the forward blocking mode. Fig. 4.11 (a) compares measurements and simulations of Ron,sp for 

varied WJFET. Simulation results agree well with the experimental data, regardless of the doping 

concentration in the JFET region. It was discovered that the enhanced doping in the JFET region 

allows significantly improved conduction behaviors. Fig. 4.11 (b) compares current density 

distributions of simulated MOSFETs with and without enhanced doping (3×1016 cm-3) in the JFET 

regions (WJFET=0.7 ɛm). Enhanced doping offers a larger effective WJFET for current to flow due 

to a smaller depletion region, enabling the use of narrower WJFET in design. 

Fig. 4.12 (a) shows measured forward blocking behaviors of MOSFETs with varied WJFET. 

Narrower WJFET provides higher breakdown voltage with lower leakage current because the 

channel is better shielded from the drain bias, as shown in Fig. 4.12 (b). Depending on the 

implementation of the JFET implant and doping concentration, the optimum WJFET will differ to 

achieve the best combination of low Ron,sp with high breakdown voltage; the trade-off relationship 

between Ron,sp and BV was improved using JFET implant with CSL. Higher JFET doping is 

required to achieve narrower WJFET and therefore obtain the desired breakdown voltage, a lower 

electric field in the gate oxide, and improved short-circuit capability [21].  
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(a) 

 

 
(b) 

Fig. 4.11. (a) Summary of measured and simulated Ron,sp and (b) current density distribution of 

simulated MOSFETs with WJFET of 0.7 µm (*Simulated JFET doping of 5×1016 and 7×1016 cmī3  

has channel doping of 3×1016 cmī3 to keep same channel region). 
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(a)                                                         (b) 

Fig. 4.12. (a) Measured forward blocking behaviors and (b) simulated channel potential of 

MOSFETs with varied WJFET (*Simulated JFET doping of 5×1016 and 7×1016 cmī3 has channel 

doping of 3×1016 cmī3 to keep same channel region). 

 

4.4.4. CELL PITCH 
 

Different combinations of dimensions for the contact opening (WC), ILD width (WILD), and 

G-S overlap (WG-S) of 0.5/0.6/0.5, 0.4/0.4/0.3, 0.4/0.4/0.2, and 0.3/0.3/0.2 ɛm (Lch= 0.4 ɛm and 

WJFET= 0.8 ɛm) were included to examine the impact of the cell pitch on the Ron,sp. It is important 

to investigate the manufacturability of these structures since there are concerns regarding gate-to-

source leakage and misalignments between different mask layers. Fig. 4.13 shows the measured 

Ron,sp from MOSFETs with different cell pitches. As expected, a smaller cell pitch is beneficial in 

reducing the Ron,sp. To suppress the leakage current and attain higher BV, simulated Ron,sp in the 

case of Lch=0.5 ɛm are also added in Fig. 4.13. The difference between experimental and simulated 

results stems from the contact resistance, as mentioned in Section IV - A.  

While pursuing a smaller cell pitch to reduce the Ron,sp, it is important to evaluate the yield 

loss due to the aggressive design rules for WILD and WG-S. Too small WILD provokes shorting 

between gate and source, resulting in high gate leakage and low gate-source breakdown. In other  
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Fig. 4.13.  Summary of measured and simulated Ron,sp with different cell pitch. 

 

 

Fig. 4.14.  The cross-sectional SEM image of the fabricated 1.2 kV 4H-SiC MOSFETs for the 

device of WC of 0.5 µm. 

 

words, a tight WILD has trouble with gate control. During the fabrication of SiC MOSFETs, 

misalignments between the N+ source implant and gate poly are inevitable, as shown in Fig. 4.14. 

When the N+ source and gate poly become significantly separated due to misalignment, MOSFETs  
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(a) 

 

(b) 

Fig. 4.15.  (a) Wafer-map of extracted Ron,sp from the MOSFETs with different cell pitch and (b) 

the percentage of yield issue for MOSFETs and Ron,sp with varied cell pitch (G-S short: Gate 

voltage was not applied, High Ron,sp: when compared with cell pitch of 4.6 ɛm in the same die, 

Ron,sp was higher). 

 

ultimately lose one side of the channel within the unit cell, resulting in high Ron,sp. Fig. 4.15 (a) 

shows half-wafer maps measured from devices with different cell pitches demonstrating yield 

losses due to narrow WILD and small WG-S. Fig. 4.15 (b) summarizes the % yield losses based on 

the measurement shown in Fig. 4.15 (a). Cell pitch of 5.6 ɛm (WILD=0.6 ɛm, WG-S=0.5 ɛm) has 
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failures occurred (i.e. 1 or 2 out of 15 have a problem with gate control). When WILD becomes 0.3 

ɛm, the gate failure rapidly increases (4 out of 15). Yet, a decreased WG-S of 0.5 to 0.3 ɛm resulted 

in a 100% operational yield. However, it was observed that a WG-S of 0.2 ɛm began to cause the 

loss of channel due to misalignment, resulting in the increase of Ron,sp in spite of reduced cell pitch. 

It was discovered that tight cell pitch caused by tight WILD and WG-S increases the likelihood of 

operational failure. WILD  of larger than 0.4 ɛm and WG-S of larger than 0.3 ɛm are required to 

operate MOSFETs without failure and achieve low yield losses. 

 

4.5. DISCUSSIONS 
 

Fig. 4.16 (a) summarizes Ron,sp as a function of different dimensions in the MOSFET cell 

structure. Although improving the channel resistance has been the main focus of the SiC industry, 

the channel mobility for a planar-type MOSFET remains in the range of 15 ï 30 cm2/Vs. As a 

result, the channel resistance still contributes to the largest portion of Ron,sp of 1.2 kV SiC planar 

MOSFET. With the aid of higher channel mobility, a three times higher channel mobility as an 

example, an 18 % improvement in the Ron,sp can be additionally achieved, as shown by the dashed 

line in Fig. 4.16 (a). In contrast, a small change of Ron,sp between WJFET was achieved, even for a 

WJFET of 0.6 ɛm. However, WJFET smaller than 0.6 ɛm with the same doping concentration would 

dramatically increase the Ron,sp. Therefore, a further enhanced doping concentration in the JFET 

region can be considered to accomplish a narrower WJFET and further reduce Ron,sp (see the dotted 

line). It is also important to note that reduced cell pitch associated with orthogonal P+ and tight 

WILD and WG-S is proven to be effective in reducing Ron,sp without negatively impacting the 

blocking behavior, at the price of serious device yield issues.  

Figure-of-Merits (FOM, BV2/Ron,sp) [22] are shown in Fig. 4.16 (b) to compare static  
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(a) 

 
(b) 

Fig. 4.16.  (a) Summary of Ron,sp and (b) FOM depending on delta dimension for each parameter 

(*Nominal device has WC=0.5 ɛm, Lch=0.5 ɛm, WJFET=0.8 ɛm, and cell pitch=5.8 ɛm). 

 

characteristics for each component. FOM exhibits strong sensitivity to Lch due to low channel 

mobility; the shorter channel has lower BV and the longer channel provides higher Ron,sp. The 

improved channel mobility is an effective way to further increase FOM as shown in the dashed 

line. For WJFET variations, FOM is relatively similar due to enhanced JFET implant with CSL. 

Depending on WC for N+, FOM is almost identical. In contrast, the change of Wc of 1 ɛm to 0.5  
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ɛm increases FOM because of the use of orthogonal P+ causing reduced cell pitch (WC for N+ is 

the same). The decreased cell pitch caused by reduced WILD and WG-S also increases FOM.  

However, when considering the yield issue, a cell pitch of 4.6 ɛm is seen as the optimum value. 

Trendline for cell pitch for an Lch of 0.5 ɛm exhibits the improvement of static characteristics when 

compared with an Lch of 0.4 ɛm due to the high BV. In general, it was demonstrated that device 

performance is significantly affected by cell design when considering all aspects. Table 4.1  

summarizes all experimental results and design information. It was discovered that Lch is the most 

critical factor for the Ron,sp, resulting in 0.364 mÝ-cm2 increase per 0.1 ɛm increase in Lch (ȹRon,sp 

/ ȹdimension). Reducing the cell pitch by putting the p+ source in the orthogonal direction results 

in a greater influence on the Ron,sp change than by controlling WILD and/or WG-S. The optimization 

of the JFET region parameters is also very important but would produce an opposite trend when 

doping is further enhanced. Combined efforts to improve the channel mobility and enhanced 

doping in the JFET region will benefit all aspects of SiC MOSFETs. 

TABLE 4.1. Summary of experimental results and design information. 

 

Device Structure 

Experimental results Design information 

Ron,sp 

[mɋ-cm2] 

Vth 

[V]  

BV 

[V]  

FOM 

[MW/cm 2] 

ĤRon,sp / 

Ĥdimension 

[mɋ-cm2] 

WC 

for  

P+ 

WC  

for 

N+ 
W ILD  WG-S L ch WJFET 

Cell 

pitch 

WC=1.0 µm 4.64 2.6 1581 539 
0.106 

0.5 0.5 0.6 0.5 0.5 0.8 6.8 

WC=0.5 µm 4.11 2.6 1575 604 0.0 0.5 0.6 0.5 0.5 0.8 5.8 

WC=0.4 µm 4.11 2.6 1573 602 
~0 

0.0 0.4 0.6 0.5 0.5 0.8 5.6 

WC=0.3 µm 4.13 2.6 1574 600 0.0 0.3 0.6 0.5 0.5 0.8 5.4 

L ch=1.0 µm 6.11 3.2 1581 409 

0.364 

0.0 0.5 0.6 0.5 1.0 0.8 6.8 

L ch=0.5 µm 4.11 2.6 1575 604 0.0 0.5 0.6 0.5 0.5 0.8 5.8 

L ch=0.4 µm 3.84 2.4 1457 553 0.0 0.5 0.6 0.5 0.4 0.8 5.6 

L ch=0.3 µm 3.56 2.2 914 235 0.0 0.5 0.6 0.5 0.3 0.8 5.4 

WJFET=0.9 µm 4.08 2.6 1561 597 

0.080 

0.0 0.5 0.6 0.5 0.5 0.9 6.0 

WJFET=0.8 µm 4.11 2.6 1575 604 0.0 0.5 0.6 0.5 0.5 0.8 5.8 
WJFET=0.7 µm 4.21 2.6 1583 595 0.0 0.5 0.6 0.5 0.5 0.7 5.6 

WJFET=0.6 µm 4.32 2.6 1591 586 0.0 0.5 0.6 0.5 0.5 0.6 5.4 

Cell pitch=5.6 µm 3.84 2.4 1457 553 

0.078 

0.0 0.5 0.6 0.5 0.4 0.8 5.6 

Cell pitch=4.6 µm 3.54 2.4 1451 595 0.0 0.4 0.4 0.3 0.4 0.8 4.6 
Cell pitch=4.4 µm 3.45 2.4 1452 611 0.0 0.4 0.4 0.2 0.4 0.8 4.4 
Cell pitch=4.0 µm 3.37 2.4 1455 628 0.0 0.3 0.3 0.2 0.4 0.8 4.0 
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4.6. CONCLUSION 
 

The fabricated 1.2 kV 4H-SiC MOSFETs with accumulation mode channel are closely 

investigated in terms of all aspects of design (WC, WILD, WG-S, Lch, and WJFET,) on static 

characteristics, such as output and transfer characteristics, and blocking behaviors. Moreover, 2D-

simulation was implemented to elucidate the effect of cell design from experimental results and 

suggest a direction to be further improved.  It is demonstrated that Lch is the most critical factor in 

1.2 kV 4H-SiC MOSFETs due to low channel mobility; 3 times channel mobility can improve 

Ron,sp of 18% with no negative effect on BV. The enhanced JFET doping with CSL allows lower 

Ron,sp, and narrow WJFET, providing better blocking and reliability; to further improve the device 

performance and reliability, the increased JFET doping with narrower WJFET is preferable. 

Different Wc exhibits identical static characteristics in low contact resistance; when contact 

resistance is near ideal, narrower Wc provides better conduction behaviors due to tight cell pitch. 

Lastly, the reduced cell pitch from tight WC, WILD, and WG-S reduces Ron,sp without negatively 

affecting blocking behaviors, but too tight WILD and WG-S trigger operational failures. Overall, a 

detailed structural analysis of 1.2 kV 4H-SiC MOSFETs with accumulation mode channel enables 

further device performance improvements to be proposed. 

 

4.7. ACKNOWLEDGMENT 
 

The authors would like to thank Department of Energy (DOE) for supporting this project. The 

authors acknowledge the fabrication of the devices by Analog Devices, Inc. (ADI) fabrication 

facility in Hillview, San Jose, CA, and SEM images by Alexander Bialy in metrology department 

at SUNY Polytechnic Institute. 



117 

 

 

 

4.8. REFERENCES 
 

[1] G. Y. Chung, C. C. Tin, J. R. Williams, K. McDonald, R. K. Chanana, Robert A. Weller, S.T. 

Pantelides, Leonard C. Feldman, O. W. Holland, M. K. Das, and John W. Palmour, ñImproved 

Inversion Channel Mobility for 4H-SiC MOSFETs Following High Temperature Anneals in 

Nitric Oxide,ò IEEE Electron Device Letters, vol. 22, no. 4, pp. 176-178, Apr. 2001. DOI: 

10.1109/55.915604. 

[2] S. Harada, M. Kato, M. Okamoto, T. Yatsuo, K. Fukuda, and K. Arai, ñ4.3 mÝcm2, 1100 V 

4H-SiC Implantation and Epitaxial MOSFET,ò Mater. Sci. Forum, vol. 527ï529, pp. 1281ï

1284, Oct. 2006. https://doi.org/10.4028/www.scientific.net/MSF.527-529.1281 

[3] T. Kimoto and J. A. Cooper, Fundamentals of Silicon Carbide Technology: Growth, 

Characterization, Devices, and Applications, Wiley-IEEE, 2014, Chap. 6 

[4] T. Nakamura, Y. Nakano, M. Aketa, R. Nakamura, S. Mitani, H. Sakairi, and Y. Yokotsuji, 

ñHigh Performance SiC Trench Devices with Ultra-low Ronò, in 2011 International Electron 

Devices Meeting, Dec. 2011. DOI: 10.1109/IEDM.2011.6131619. 

[5] R. Siemieniec, D. Peters, R. Esteve, W. Bergner, D. Kück, T. Aichinger, T. Basler, and B. 

Zippelius, ñA SiC Trench MOSFET concept offering improved channel mobility and high 

reliability,ò in 2017 19th European Conference on Power Electronics and Applications 

(EPE'17 ECCE Europe), Sep. 2017. DOI: 10.23919/EPE17ECCEEurope.2017.8098928. 

[6] H. Linewih, S. Dimitrijev, C. E.Weitzel, and H. B. Harrison, ñNovel SiC Accumulation-Mode 

Power MOSFET,  ò IEEE Tran.  Electron Devices, vol. 48, no. 8, Aug. 2001. 

DOI: 10.1109/16.936693. 

[7] W. Sung, K. Han, and B. J. Baliga, ñA comparative study of channel designs for SiC 

MOSFETs: Accumulation mode channel vs. inversion mode channel,ò in 2017 29th 

https://doi.org/10.1109/IEDM.2011.6131619
https://ieeexplore.ieee.org/xpl/conhome/8081747/proceeding
https://ieeexplore.ieee.org/xpl/conhome/8081747/proceeding
https://doi.org/10.23919/EPE17ECCEEurope.2017.8098928


118 

 

 

 

International Symposium on Power Semiconductor Devices and ICôs (ISPSD), May 28- June 

1, 2017, pp. 375ï378. DOI: 10.23919/ISPSD.2017.7988996. 

[8] K. Han, B. J. Baliga, and W. Sung, ñAccumulation channel vs. Inversion channel 1.2 kV rated 

4H-SiC Buffered-Gate (BG) MOSFETs: Analysis and Experimental Results,ò in 2018 IEEE 

30th International Symposium on Power Semiconductor Devices and ICs (ISPSD), May 13-

17, 2018. DOI: 10.1109/ISPSD.2018.8393680. 

[9] K. Han, A. Kanale, B. Jayant Baliga, and S. Bhattacharya, ñStatic, Dynamic, and Short-Circuit 

Performance of 1.2 kV 4H-SiC MOSFETs with Various Channel Lengths,ò in 2019 IEEE 7th 

Workshop on Wide Bandgap Power Devices and Applications (WiPDA), Oct. 29-31, 2019. 

DOI: 10.1109/WiPDA46397.2019.8998803. 

[10] W. J. Ni, X. L. Wang, C. Feng, H. L. Xiao, L. J. Jiang, W. Li, Q. Wang, M. Li, H. 

Schlichting, T. Erlbacher, ñDesign and Fabrication of 4H-SiC MOSFETs with Optimized 

JFET and P-Body Design,ò Mater. Sci. Forum, vol. 1014 pp. 93-101, Nov. 2020. 

https://doi.org/10.4028/www.scientific.net/MSF.1014.93. 

[11] A. Saha and J. A. Cooper, ñA 1-kV 4H-SiC Power DMOSFET Optimized for Low ON-

Resistance,ò IEEE Tran.  Electron Devices, vol. 54, no. 10, Oct. 2007. 

DOI: 10.1109/TED.2007.904577. 

[12] Q. Liu, Q. Wang, H. Liu, C. Fei, S. Li, R. Huang, and S. Bai, ñLow on-resistance 1.2 kV 

4H-SiC power MOSFET with Ron, sp of 3.4 mɋĿcm2,ò Journal of Semiconductors, vol. 

41, no. 6, Jun. 2020. https://doi.org/10.1088/1674-4926/41/6/062801. 

[13] N. Yun, J. Lynch, and W. Sung, ñArea-Efficient, 600V 4H-SiC JBS Diode-Integrated 

MOSFETs (JBSFETs) for Power Converter Applications,ò IEEE Journal of Emerging and 



119 

 

 

 

Selected Topics in Power Electronics, vol. 8, pp.16-23, Oct. 2019. 

DOI:10.1109/JESTPE.2019.2947284. 

[14] Synopsys Inc., SentaurusTM Device User Guide, ver. K-2015.06, June 2015. 

[15] S. Dhar, S. Haney, L. Cheng, S.-R. Ryu, A. K. Agarwal, L. C. Yu, and K. P. Cheung, 

ñInversion layer carrier concentration and mobility in 4HïSiC metal-oxide-semiconductor 

field-effect transistors,ò Journal of Applied Physics, vol. 108, no. 5, Sep. 2010. 

https://doi.org/10.1063/1.3484043. 

[16] K. Lee, B. Buono, M. Domeij, and J. Franchi, ñTCAD Modeling of a 1200 V SiC 

MOSFET,ò Mater. Sci. Forum, vol. 924, pp 689-692. 

https://doi.org/10.4028/www.scientific.net/MSF.924.689. 

[17] H. Niwa, Jun Suda, and Tsunenobu Kimoto, ñImpact Ionization Coefficients in 4H-SiC 

Toward Ultrahigh-Voltage Power Devices,ò IEEE Tran.  Electron Devices, vol. 62, no. 410, 

Oct. 2015. DOI: 10.1109/TED.2015.2466445. 

[18] Z. Wang, Xiaojie Shi, Leon Tolbert, Fred Wang, Zhenxian Liang, Daniel Costinett, and 

Benjamin J. Blalock, ñTemperature Dependent Short Circuit Capability of Silicon Carbide 

(SiC) Power MOSFETs,ò IEEE Tran.  Power Electronics, vol. 31, pp. 1555 ï 1566, Feb. 2016.  

DOI: 10.1109/TPEL.2015.2416358. 

[19] S. B. Isukapati, H. Zhang, T. Liu, E. Ashik, B. Lee, A. J. Morgan, W. Sung,  A. Fayed, and 

A. K. Agarwal, ñMonolithic Integration of Lateral HV Power MOSFET with LV CMOS for 

SiC Power IC Technology,ò in 2021 33rd International Symposium on Power Semiconductor 

Devices and ICs (ISPSD), May, 30 ï 3 June, 2021. 

DOI: 10.23919/ISPSD50666.2021.9452235. 



120 

 

 

 

[20] N. Yun, D. Kim, J. Lynch, A. J. Morgan, W. Sung, M. Kang, A. Agarwal, R. Green, and 

A. Lelis, ñDeveloping 13-kV 4H-SiC MOSFETs: Significance of Implant Straggle, Channel 

Design, and MOS Process on Static Performanceò, IEEE Tran.  Electron Devices, vol.67, no. 

10, pp. 4346 ï 4353, Sep. 2020. DOI: 10.1109/TED.2020.3017150. 

[21] D. Kim, A. J. Morgan, N. Yun, W. Sung, A. Agarwal, R. Kaplar, ñNon-Isothermal 

Simulations to Optimize SiC MOSFETs for Enhanced Short-Circuit Ruggedness,ò in 2020 

IEEE International Reliability Physics Symposium (IRPS), April 28 ï May 30, 2020. DOI: 

10.1109/IRPS45951.2020.9128324. 

[22] Z. Shen, F. Zhang, G. Yan, Z. Wen, W. Zhao, L. Wang, X. Liu, G. Sun, Y. Zeng, S. 

Dimitrijev, and J. Han, ñSimulation of a Short-Channel 4H-SiC UMOSFET with Buried p 

Epilayer for Low Oxide Electric Field and Switching Loss,ò in 2018 1st Workshop on Wide 

Bandgap Power Devices and Applications in Asia (WiPDA Asia), May 16-18, 2018. DOI: 

10.1109/WiPDAAsia.2018.8734604. 

  



121 

 

 

 

Chapter 5  
 

Optimization of 1.2 kV 4H-SiC MOSFETs for Enhanced 

Short-Circuit Ruggedness using Non-Isothermal Simulations 
 

5.1. INTRODUCTION 
 

Although 4H-SiC MOSFETs are widely used in power electronics applications, detailed 

research on short-circuit failure mechanisms and device optimization based on device simulations 

is lacking. Generally, SC failure mechanisms for SiC MOSFETs can be categorized into three 

(Gate failure, Al melting, and thermal generated current) [1ï3]. However, it is not obvious which 

mechanism dominates the short-circuit capability. Source doping reduction, lower channel density, 

and use of lower gate bias have been proposed to enhance SC capability [4]. However, these 

approaches result in the increase in Ron,sp. In comparison, SiC MOSFETs with reduced gate oxide 

thickness (tox) have demonstrated reduced saturation current (Isat), with no impact on Ron,sp [5], [6].  

In this paper, firstly, failure mechanisms for short-circuit are investigated. In order to precisely 

analyze the device structure, thermal-related simulation models are covered. The effect of thin gate 

oxide on SC capability has been studied in depth using Non-Isothermal device simulations. In 

addition, a novel approach to improve both short-circuit withstanding time and static performance, 

when compared to reduced gate oxide thickness, is proposed using a decreased JFET region width 

with increasing JFET doping concentration. 

 

5.2. SHORT-CIRCUIT FAILURE MECHANISMS 
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During the short-circuit conditions, three separate phenomena might occur when a device fails. 

In the first failure type (gate failure), the device undergoes gate failure due to the increase in 

Fowler-Nordheim (FN) tunneling, contributing to high gate leakage current at high temperatures. 

Furthermore, when gate oxide is exposed to high temperatures, the material properties of the gate 

oxide degrades.  FN tunneling and high temperatures cause gate oxide to degrade and lose gate 

control. The second failure type is Aluminum melting. At high temperatures (>660 oC), Al starts 

to melt, diffuse into SiC, and penetrate the p-well of SiC, leading to drain-to-source shorting. The 

last failure type is related to thermally generated carriers. Although many research groups report 

thermal generated failure [1ï3], it is hard to accept that thermal generated failure of SiC MOSFETs 

occurs at temperatures ~1600  since Al starts to melt at approximately 660 .  

In order to explain the thermal generated failure, the importance of increasing temperature 

rate is introduced by [1]. In failure mechanism 1 and 2, a device does not immediately fail when 

reaching critical temperatures of material degradation, but will eventually be destroyed after a 

certain degradation time passes. In other words, failure mechanism 1 and 2 occur after significant 

degradation of device materials (gate oxide and Al source metal) takes place. These failure 

mechanisms appear when the low drain voltage is applied.  

On the other hand, when junction temperature rapidly increases to the critical temperature of 

the thermal generation carrier (~1600 ) and degradation time is short, failure mechanism 3 will 

occur first before failure mechanisms 1 and 2. Moreover, as surface temperature (TSurface) is much 

lower than junction temperature (TJunction), thermally generated current can be generated in SiC 

MOSFETs. Generally, the last mechanism occurs when a high drain voltage is applied. However, 

by the time of the thermally generated current, the other materials, such as gate oxide and Al 

source metal, are also mostly degraded, resulting in combined failure mechanisms during the  
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Table 5.1. Simulation models. 

 

 

short-circuit condition. In this paper, we will focus on the gate failure mechanism using the 

developed Non-Isothermal simulation. 

 

5.3. NON-ISOTHERMAL DEVICE SIMULATION  

 

Using Sentaurus 2-D TCAD, Non-Isothermal simulations were conducted to investigate the 

influence of thin gate oxide and narrow JFET region on drain current and maximum junction 

temperature during the SC event. Sentaurus material library parameter sets related to SiC for Non-
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Isothermal simulations are lacking in previous literature. Therefore, as part of the paperôs effort, 

thermal-related simulation models, such as thermal conductivity, mobility, interface trap, gate 

tunneling, and SRH lifetime, were established and optimized (Table 5.1 for summary) [7ï12].  The 

temperature dependence of heat capacity and thermal conductivity for 4H-SiC can be given as 

ὅ τȢρπρπὝ ρȢςςρπὝ ρȢςωρπὝ πȢφψυ    χ        ρ 

ὑ πȢππρπυϽὝ πȢπσ  ψ                           ς 

The bulk mobility and channel mobility can be given as 

‘  
‘ Ὕ

σππ

ρ ὔ ὔ Ⱦὔ
 ωɀρρ                 σ 

, with parameters for electron and hole given in Table 5.1. In addition, for threshold voltage, Vth, 

both acceptor type traps, QA, and positive fixed charge, QF, is included at SiO2/SiC interface, which 

is QA = 1.5×1012 cm-2, Ec-E = 0.18eV, and QF = 2×1011cm-2 [9], [11]. Finally, Shockley-Read-Hall 

(SRH) lifetime can be given as 

†ȟ
† Ὕ

σππ

ρ ὔ ὔ Ⱦὔ
 ρς                  τ 

, with parameters for electron and hole given in Table 5.1. 

Fig. 5.1 shows a cross section of a conventional accumulation-channel SiC MOSFET with tox 

of 50 nm, half JFET width (WJFET) of 0.7 µm, and a diagram of the equivalent circuit for producing 

a SC event [13]. For a 1.2kV SiC MOSFET, a drift layer doping concentration of 8×1015 cm-3 and 

thickness of 10 ɛm are designed in simulation. In order to increase channel mobility, an 

accumulation mode channel is used. The SC simulation with conventional structure uses an Rg of 

3 ɋ, Vds of 800 V, and Vgs of 20 V. Fig. 5.2 shows simulated results of drain current, maximum  
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(a)                                                                          (b) 
Fig. 5.1. (a) Cross section of simulated conventional MOSFET and (b) diagram of the equivalent 

circuit for the short-circuit. 

 

 

 
Fig. 5.2. Simulated drain current and maximum junction temperature in SiC. 
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Fig. 5.3. Applied gate voltage from +20 to -10 V during SC events. 

 

junction temperatures (Tj,max), and gate voltage during the short-circuit event for the conventional 

MOSFET structure. At the start of the SC condition, maximum drain current occurs, resulting in 

high junction temperatures and a reduction of Vth. Next, drain current decreases due to the decrease 

in electron mobility at high temperatures, despite the lowering of Vth. High temperatures also 

contribute to the increase in the gate leakage current due to Fowler-Nordheim (FN) tunneling, 

which causes gate voltage to decrease, as shown in Fig. 5.3. This is because the gate leakage 

current leads to the voltage drop in the gate resistor (Rg). Decreased gate voltage can represent the 

degradation of the gate oxide. In this paper, a short-circuit failure event at time tsc is defined when 

a change in gate voltage, ȹVgs, of 1 V occurs.  

 

5.4. THIN GATE OXIDE 
 

Fig. 5.4 shows output characteristics with different gate oxide thicknesses. In order to obtain 

the same Ron,sp and Vth, different gate voltages and additional p-well implants in the channel region  
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Fig. 5.4. Simulated output characteristics with different gate oxides. 

 

 
 

Fig. 5.5. Electric field under the forward blocking mode at 1600 V for gate oxide thickness of 20 

nm and 50 nm. 
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Fig. 5.6. Simulated drain current and maximum junction temperature. 

 

Fig. 5.7. Simulated applied gate voltage during SC events. 

 

are applied. Although the specific on-resistance of thin gate oxide is the same as that of the thick 

gate oxide, saturation current decreases with thinner gate oxides and reduced gate voltage, as 

shown in Fig. 5.4. However, the maximum electric field in the gate oxide at the middle of JFET 

region increases under the forward-blocking mode, as shown in Fig. 5.5. 

Fig. 5.6 shows simulated results of drain current, maximum junction temperature, and gate  
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Fig. 5.8. Energy band diagrams of 4H-SiC MOS devices with different tox and gate voltage at 

300, 1000, and 1500 K. 

      
(a)                                                                        (b) 

Fig. 5.9. (a) Short-circuit time and electric field in gate oxide and (b) delta Vgs and electric field 

in gate oxide. 

 

voltage during the short-circuit event for MOSFET with different gate oxide thicknesses. During 

the SC event, as mentioned in Fig. 5.6, thin gate oxide has lower saturation current, enabling lower 

maximum junction temperature in SiC when compared with thicker oxide. Due to high junction 

temperature, more thermal generated current occurs in MOSFETs with thicker gate oxide. 

Moreover, these lower junction temperatures reduce Fowler-Nordheim tunneling, resulting in the 

low gate leakage current during the short-circuit event, as shown in Fig. 5.7. Fig. 5.8 shows energy 

band diagrams of 4H-SiC MOSFET with different gate oxide thicknesses and gate voltage at 300, 

1000, and 1500 K using online band diagram program [14]. At 1500 K, thin gate oxide with Vgs=10 
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V has a higher, thicker barrier between SiC and SiO2 at high temperatures. 

Fig. 5.9 shows short-circuit time (tsc) and delta Vgs (ɲVgs), and electric field in gate oxide as a 

function of gate oxide thickness. Short-circuit time increases for tox=20 nm when compared with 

thicker oxides, as shown in Fig. 5.7 and Fig. 5.9. This is due to lower junction temperature, 

contributing to low gate leakage and low gate voltage, resulting in a higher, thicker barrier between 

SiC and SiO2 at high temperatures. On the other hand, thinner gate oxides cause increased gate-

to-source capacitance (Cgs) producing lower dVgs/dt, which limits the reduction in saturation 

current during the SC event [5]. As a result, thin gate oxides provide low saturation currents only 

near the start of the short-circuit event, which offers moderate tsc improvement. 

 

5.5. NARROW JFET REGION 
 

Fig. 5.10 (a) shows specific on-resistance as a function of JFET width with different JFET 

doping concentrations and (b) output characteristics with different JFET widths. In order to 

achieve reduced saturation current and thereby an increase in short-circuit withstanding time, JFET 

width is reduced. Concurrently, it is necessary to increase JFET doping concentration to lower 

specific on-resistance to compensate for reduced JFET width, as shown in Fig. 5.10.  

Fig. 5.11 (a) shows simulated results of drain current, maximum junction temperature, and 

gate voltage during the short-circuit event for MOSFET with different JFET widths. During the 

short-circuit capability, MOSFETs with narrow JFET width suppressed maximum saturation 

current, resulting in the reduction in maximum junction temperatures. Due to lower junction 

temperature, narrow JFET width avoids thermally generated current. Furthermore, in the same 

manner as the thin gate oxide, low temperatures lead to reduced FN tunneling, resulting in a low 

gate leakage current. However, unlike reduced gate oxide, narrow JFET width has high dVgs/dt,  
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(a)                                                                      (b) 

Fig. 5.10. (a) Ron,sp as a function of JFET width with different JFET doping concentrations and 

(b) output characteristics with different JFET widths. 

 
(a)                                                                       (b) 

Fig. 5.11. (a) Simulated drain current and maximum junction temperature in SiC and (b) gate 

voltage. 

 

contributing to the large reduction in saturation current during the SC event. As a result, maximum 

junction temperature decreases (Fig. 5.11 (a)), contributing to the decrease in ȹVgs
 (Fig. 5.11 (b)), 

thanks to the suppression of FN tunneling. Temperature distribution in SiC with different JFET 

widths at the short-circuit time of 5 µs is shown in Fig. 5.12.  The MOSFET with a JFET width of 

0.3 µm has largely lower junction and surface temperatures when compared with that with a JFET 

width of 0.7 µm. The temperature rises beneath gate oxide, especially near the n+ source, is 

significantly lower with narrow JFET width, allowing the reduction in FN tunneling.  
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Fig. 5.12. Temperature distribution of half JFET width=0.3 and 0.7 µm. 

 

Fig. 5.13. Summary of simulation results for tsc and Ron,sp. 

Table 5.2. Summary of simulated results. 

 

Fig. 5.13 and Table 5.2 summarize the simulated results. When using reduced JFET width, 

short-circuit capability is improved from 6.8 to 13.7 µs, as shown in Fig. 5.11 (b) and Fig. 5.13. 

Not only static (lower Ron,sp,  lower maximum electric field in gate oxide, and higher breakdown 

voltage) and dynamic (high dVgs/dt) performance, but also SC capability (longer tsc, lower Isat, 
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reduced Tj,max) is improved when using SiC MOFSET with narrow JFET regions with increased 

JFET doping concentration. 

 

5.6. CONCLUSION 
 

Non-Isothermal simulation for SC capability is performed to examine different types of SiC 

MOSFET structures. To obtain exact simulation results, thermal-related simulation models are 

developed and optimized. Thin gate oxide slightly increases short-circuit time while maintaining 

specific on-resistance due to reduced saturation current. However, the reduced gate oxide approach 

has drawbacks due to the increase in input capacitance, resulting in slow dVgs/dt. Moreover, the 

MOSFET with thin gate oxide has a higher electric field in the gate oxide when compared to 

MOSFET with thicker gate oxide. Ultimately, it is demonstrated in Non-Isothermal simulation that 

reduced JFET width with increased JFET doping concentration largely enhances both static 

performances and short-circuit capability of SiC MOSFETs. 
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Chapter 6  
 

Analysis for Cell Topologies of 1.2 kV 4H-SiC Planar 

MOSFETs  
 

6.1. INTRODUCTION 
 

1.2 kV SiC MOSFETs are becoming more widely used in power electronics across various 

applications due to superior characteristics over conventionally employed Si IGBTs of similar 

rating. Depending on the specific application, the importance of various requirements, from a 

power semiconductor device perspective, is different. For example, low specific on-resistance is 

preferable to reduce conduction losses in electric vehicles (EV) [1]. High frequency applications 

need fast switching characteristics [2] to minimize switching losses. Aerospace and industrial 

applications require highly reliable and rugged devices [3]. In regards to the device architecture 

and process, many groups have been developing methods to improve conduction behavior [4], 

dynamic characteristics [5], and ruggedness [6]. However, detailed research regarding the layout 

approach, such as topology investigation of 1.2 kV 4H-SiC MOSFETs, is lacking; despite the 

specific attributes of a given power MOSFET topology fundamentally factoring into how the 

device performs. Consequently, it is of extreme interest to investigate SiC power MOSFET layout 

topology variations to understand which topologies are best suited for which applications.  

In this paper, different layout topologies (linear and hexagonal) and different design variations 

(with and without the bridge of P-well) are compared using the same mask set and process baseline 

to then propose a suitable SiC power MOSFET type for each application of interest. The 

comparison between different devices was performed in terms of the statics, dynamic switching, 

and short-circuit characteristics. 
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(a)                                    (b)                                         (c) 

 
(d)                                     (e)                                          (f) 

Fig. 6.1. Layout of (a) Linear MOSFET, (b) HEXFET, (c) B- (Bridged) HEXFET, cross-

sectional view of (d) A-Aô, (e) B-Bô, (f) C-Cô. 

 

6.2. DEVICE DESIGN 
 

Fig. 6.1 shows layout and cross-sectional views of the 1.2 kV SiC MOSFETs with different 

topologies, each having a channel length (Lch) of 0.4 ɛm and half JFET width (1/2WJFET) of 0.7 

ɛm. Accumulation-mode channel MOSFETs were designed to obtain higher channel mobility. In 

order to minimize JFET resistance, JFET implantation with a current spreading layer (CSL) was 

adopted in the fabricated MOSFETs. P+ source is placed in the orthogonal direction to reduce the 

cell pitch in MOSFET with the linear topology, as shown in Fig. 6.1 (a). Fig. 6.1 (d) and (e) pertain 

to the MOSFET with orthogonal P+ sources and show the cross-sectional views of portions that 

include N+ source contact and P+ source contact, respectively. However, the cell pitch of 
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MOSFETs with hexagonal topology increases due to the inclusion of a P+ source, as shown in Fig. 

6.1 (b), (c), and (f). Although hexagonal topology has a wider cell pitch, the high conduction 

behavior can be maintained due to the higher channel density. A p-well bridge structure was added 

to protect the corner of the hexagonal p-well from high electric-field concentrations (B-HEXFET, 

Fig. 6.1 (c)). 

 

6.3. DEVICE FABRICATION TECHNOLOGY 
 

The devices were fabricated by Analog Devices, Inc. (ADI) fabrication facility in Hillview, 

San Jose, CA, using the same base process line described in [7]. A 10 µm thick drift layer with N-

type doping concentration of 8×1015 cmī3 on 6-inch, N+ 4H-SiC substrate was used for the 

fabrication of 1.2 kV MOSFETs. Aluminum and Nitrogen ion implants were used to form P-

well/P+ source/JTE, and JFET region/N+ source, respectively. After all implantation steps were 

done, a 1650 °C, 10-min activation anneal with a carbon cap was conducted. A 50 nm thick gate 

oxide was formed by a combination of ultrathin (2 nm) thermal oxide and 48 nm of deposited 

oxide, followed by a post oxidation anneal (POA) in N2O ambient. The N-type polysilicon was 

deposited and patterned for the formation of the gate. After, undoped silicon glass (USG) was 

deposited as interlayer dielectric (ILD), then patterned and etched to make ohmic contact regions. 

Nickel (Ni) was deposited on the frontside, followed by an RTA for the silicidation process. Next, 

unsilicided Ni metals were removed and annealed by RTA at 965 °C for 2 minutes. The backside 

was then deposited with Ni, followed by the same RTA process. A 4 µm thick Ti/TiN/Al stack 

was deposited for the source and gate metal. Silicon nitride and polyimide were used for 

passivation. Finally, a solderable metal stack was deposited on the backside. 
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6.4. RESULTS 
 

6.4.1. STATIC CHARACTERISTICS 
 

Fig. 6.2 (a) shows the output characteristics of 1200 V/~30 A HEXFET. The measurement 

was conducted at gate biases of 5 to 20 V with 5 V steps. The high conduction behaviors were 

achieved thanks to expertly optimized cell structure and process. The JFET region was optimized 

using the enhanced JFET doping with the current spreading layer (CSL). Moreover, by using the 

accumulation mode channel, the channel resistance was minimized. Fig. 6.2 (b) compares the 

output characteristics of the different topologies (note: substrate thinning process was not 

employed). Ron,sp was extracted at Vgs of 20 V and Vds of 1 V. As noticed, HEXFET offers the 

lowest Ron,sp due to higher channel density as summarized in Table 6.1. Since the P-well bridge 

reduces the current path in the JFET area, Ron,sp is higher in the case of B-HEXFET.  

Transfer characteristics and transconductance are shown in Fig. 6.3 (a). Transfer 

characteristics were measured at Vds of 0.1 V. Regardless of topologies and designs, threshold 

voltages (Vth) are identical (2.3 V), but hexagonal topology provides low maximum 

transconductance (Gm) because the channel conductance for hexagonal structures is lower when 

compared with linear MOSFETs at the same gate voltage. Especially, B-HEXFET has the lowest 

channel conductance, resulting in the lowest Gm. 

Fig. 6.3 (b) shows the blocking characteristics of the fabricated devices. In order to look into 

the cause of the leakage current, different gate voltages were applied under the blocking mode of 

operation. At Vgs of -5 V, regardless of the split, high breakdown voltages with low leakage 

currents were achieved thanks to the efficient edge termination technique (Hybrid-JTE). When the 

negative gate voltage is applied, the channel is closed, which contributes to the formation of high  
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        (a) 

 
(b) 

Fig. 6.2. Output characteristics of (a) HEXFET and (b) all devices. Ron,sp was extracted at Vgs of 

20 V and Vds of 1 V. 

 

channel potential. The maintained channel potential under high drain voltage suppresses the 

leakage currents for all devices, especially the linear MOSFET. On the other hand, the leakage 

current increases at Vgs of 0 V. In other words, leakage current stems from the channel under 

blocking mode at Vgs of 0 V. HEXFET and B-HEXFET provide high breakdown voltage at Vgs of 

0 V with low leakage until the breakdown, where the channel is effectively shielded by the  
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(a) 

 
(b) 

Fig. 6.3. (a) Transfer characteristics, and (b) blocking behaviors of fabricated devices. Vth was 

extracted at Vds=0.1 V and Ids= 1 mA. 

 

hexagonal topology of P-well. Although hexagonal topology has higher channel density, the 

increased channel potential due to the surrounding P-well results in the reduction of the leakage 

current from the channel. Especially, B-HEXFET has a lower leakage current because the bridge 

of the P-well improves the shielding effect.   
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6.4.2. SWITCHING CHARACTERISTICS 
 

Fig. 6.4, Fig. 6.5, and Fig. 6.6 show the measured switching waveforms of turn-on and turn-

off for linear MOSFET, HEXFET, and B-HEXFET, respectively. A double pulse test was used to 

evaluate the switching characteristics of the devices. A DC supply voltage of 800 V was applied. 

The off/on gate voltage is -4/20 V, respectively, with Rg of 20 ɋ used for the switching test. The 

switching energies for turn-on and turn-off are calculated at 10% Vgs to 10% Vds and 90% Vgs to 

90% Vds, respectively. The switching results for all devices are summarized in Table 6.1. Linear 

MOSFET has the fastest switching behaviors for turn-on and turn-off. This is because linear 

MOSFET has low gate-drain capacitance (Crss) [8] and high transconductance. HEXFET has high 

Esw(off) when compared with B-HEXFET in spite of low Ron,sp. The removal of the P-well bridge 

causes an increase in the JFET region, resulting in high Crss. 

 

 

(a)                                                                           (b) 

Fig. 6.4. Switching waveforms of linear MOSFET: (a) turn-on (b) turn-off at Vgs=-4/20 V (Rg = 

20 ɋ) and Vds=800 V. Switching speeds: tsw(on) = 62.4 ns, tsw(off) = 74.7 ns, Switching dv/dt : 

switching on= 21.1 kV/ɛs, switching off= 24.3 kV/ɛs, Switching losses (Vdc = 800 V, Ids= 18A): 

Esw(on) = 333 ɛJ, Esw(off) = 206 ɛJ. 
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(a)                                                                     (b) 

Fig. 6.5. Switching waveforms of HEXFET: (a) turn-on (b) turn-off at Vgs=-4/20 V (Rg = 20 ɋ) 

and Vds=800 V. Switching speeds: tsw(on) = 63.2 ns, tsw(off) = 78.6 ns, Switching dv / dt: 

switching on= 17.1 kV/ɛs, switching off= 19.0 kV/ɛs, Switching losses (Vdc = 800 V, Ids= 18A): 

Esw(on) = 378 ɛJ, Esw(off) = 276 ɛJ. 

 
(a)                                                                         (b) 

Fig. 6.6. Switching waveforms of B-HEXFET: (a) turn-on (b) turn-off at Vgs=-4/20 V (Rg = 20 

ɋ) and Vds=800 V. Switching speeds: tsw(on) = 58.8 ns, tsw(off) = 63.5 ns, Switching dv/dt: 

switching on= 17.2 kV/ɛs, switching off= 25.0 kV/ɛs, Switching losses (Vdc = 800 V, Ids= 18A): 

Esw(on) = 401 ɛJ, Esw(off) = 258 ɛJ. 

 

6.4.3. SHORT-CIRCUIT CHARACTERISTICS 
 

Fig. 6.7 shows short-circuit (SC) waveforms of B-HEXFET. The SC condition is Rg of 20 ɋ, 

Vgs of 20 V, and Vds of 800 V. At the beginning of the SC test, maximum drain current occurs, 

contributing to the increase of junction temperature. Next, the drain current starts decreasing 

because of the reduction in electron mobility at high temperatures. 

Fig. 6.8 (a) shows the drain current density of B-HEXFET with different gate pulse widths.  
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Fig. 6.7. Short-circuit robustness waveforms of B-HEXFET under Vgs=20 V and Vds=800 V. 

 

 
        (a)                                                                      (b) 

Fig. 6.8. (a) Drain current density of B-HEXFET with different gate pulse widths under short-

circuit condition at Vgs=20 V and Vds=800 V. (b) Drain current density of all devices when the 

device is failure under the short-circuit condition. For linear MOSFET, HEXFET, and B- 

HEXFET, SCWT (maximum current density) of 1.3 ɛs (7822 A/cm2), 1.0 ɛs (8487 A/cm2), and 

1.4 ɛs (6830 A/cm2) was achieved. 

 

In order to obtain short-circuit withstand time (SCWT, tsc), the gate pulse width increases by 0.1 

ɛs until the devices failed. SCWT of 1.4 ɛs was achieved in B-HEXFET. Although the device 

endured a gate pulse width of 1.5 ɛs, B-HEXFET failed after the completion of the SC condition. 

This is due to the junction temperature decreasing much more slowly in the device than the SC 

Vgs

10 V / div

Vds=800 V

100 A / divIds
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drain current. Therefore, the DUT was continuously exposed to detrimental high temperatures, 

ultimately resulting in the degradation and failure of the device.  

Fig. 6.8 (b) compares the drain current density of all devices when the device is failure under 

SC event. The lowest maximum current density (Jpeak), contributing to the reduction in the junction 

temperature was accomplished in B-HEXFET. A low Jpeak results in the increase of tsc, as the bridge 

of the P- well in the JFET region suppresses the current during SC conditions. Although HEXFET 

provides better shielding effects under blocking characteristics, the highest maximum drain current 

density occurs under SC event, resulting in the shortest SCWT. This is due to the significantly 

reduced Ron,sp. 

Table 6.1 summarizes design information and experimental results for linear MOSFET, 

HEXFET, and B-HEXFET. In order to compare the different topologies and designs, the cell pitch 

and the portion of the cell were examined. The typical static characteristics, switching test, and 

short-circuit ruggedness were investigated to fairly compare the different layouts. HEXFET offers 

the lowest Ron,sp with low leakage current, providing high breakdown voltage, which can be used 

in power electronics that require high-efficiency performance. In high-frequency applications, 

linear MOSFET can be utilized due to the low switching losses for both turn-on and turn-off. For 

critical applications that require extreme ruggedness, hexagonal topology with the bridge of P-well 

is favorable, since B-HEXFET provides a better shielding effect, resulting in improved reliability 

and robustness. 
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Table 6.1. Summary of design information and experimental results. 

 

 

6.5. CONCLUSION 
 

1.2 kV 4H-SiC MOSFETs with different layout topologies (linear and hexagonal) and 

different design variations (with and without the bridge of P-well) were investigated to study their 

effect on the static conduction, dynamic switching, and short-circuit characteristics. HEXFET 

provides the lowest Ron,sp with high breakdown voltage due to the high channel area.  Linear 

MOSFET has a fast switching speed because of the low Crss and high Gm. A p-well bridge allows 
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B-HEXFET to be more reliable and rugged thanks to the shielding effect. Experimental 

measurements demonstrate which topologies are best suited for which power electronics 

applications. 
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Chapter 7  
 

Optimization of 1.2 kV 4H-SiC MOSFETs with Channel 

Diodes  
 

7.1. INTRODUCTION 
 

SiC Schottky Barrier Diodes (SBDs) have been used in parallel with SiC MOSFETs as a 

freewheeling diode in power converter applications because the inherent PN body diode of the 

MOSFET has relatively high forward voltage drop, the considerable reverse recovery current, and 

suffers from the expansion of stacking faults over the lifetime of the device [1]. However, an 

additional external diode requires extra space within a multi-chip package or power module, and 

adds undesirable parasitic inductance to the power loop during commutation events of the power 

converter. Alternatively, when the unipolar diode structure is integrated within the MOSFET, a 

significant reduction in wafer area is achieved by sharing active and edge termination areas. 

Monolithic integration of Schottky or JBS diode in a SiC MOSFET structure (JBSFET) and SiC 

MOSFET integrating the unipolar internal inverse channel diode were reported earlier [2ï5], 

respectively. However, JBSFET from [2] has higher specific on-resistance due to the larger cell 

pitch from the portion of the JBS diode when compared with standalone MOSFET. For [5], the 

fabrication of the proposed MOSFET requires a very thin and heavily doped epitaxial regrowth 

process, which may result in a complicated process. 

In this paper, eliminating the regrowth process, 4H-SiC MOSFETs with inherent unipolar 

diode are proposed by controlling channel design parameters: channel doping, channel length, and 

gate oxide. MOSFETs with various channel doping concentrations, channel lengths, and gate 

oxides were successfully fabricated and investigated. In order to further clarify the effect of  
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Fig. 7.1. The cross-sectional SEM image of 1.2 kV accumulation channel mode MOSFETs. 

 

Table 7.1. Operation modes of 1.2 kV MOSFET with channel diode. 

Operation modes Vgs Vds  

Forward conduction 
> Vth 

(15 ~ 20V) 
~ 1V 

Strong accumulation of electrons when Vgs > 

Vth; channel is formed. 

Forward blocking 0V > 1200V 

Channel is closed due to the potential barrier 

formed by depletion region extended from 

Pwell. 

3Q conduction (channel 

diode) 
0V >~ -3V 

Potential barrier becomes lower due to Vds < 

0V allowing current conduction. Vds should be 

larger than approximately -3V in order to 

prevent bipolar operation of the PN body 

diode. 

 

channel potential, Sentaurus 2D TCAD was implemented and utilized. In addition, the reverse 

recovery characteristics and switching characteristics are discussed. 

 

7.2. DEVICE CONCEPT 
 

Fig. 7.1 shows the cross-sectional SEM image of the 1.2 kV MOSFET with accumulation 

mode channel [6]. The proposed accumulation mode channel needs to be optimized to satisfy low  

N+

Pwell

Accumulation channel behaves differently 
in different operation modes (see Table I). 
The design of the channel is shown in Fig. 2

Source metal
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(a)                                                           (b) 

Fig. 7.2. (a) Designed implant profiles for JFET and P-well implantation using SPROCESS. (b) 

Net doping profile. 

 

on-resistance, unipolar operation in the 3rd quadrant (3Q) mode, and low leakage in the blocking 

mode, as shown in Table 7.1. Fig. 7.2 (a) shows designed implant profiles for the JFET and P-well 

implantation using process simulation from Synopsys [7].  The net doping was calculated based 

on Fig. 7.2 (a), as shown in Fig. 7.2 (b). The accumulation mode channel was formed by only using 

JFET and P-well implants [6]. The doping and depth of the accumulation channel were determined 

by JFET implants.  

The key aspect to consider for a MOSFET with a channel diode is the potential barrier in the 

channel region. Fig. 7.3 (a) and (b) show simulated electrostatic potential at the channel region 

under third quadrant conduction mode and forward blocking mode, respectively. When the 

potential barrier between the channel and JFET region is overcome by applying negative drain-

source voltage (Vds), current flows through the channel region even before the conduction of the 

PN body diode. The low potential barrier allows low knee voltage, providing the decrease of 

forward voltage drop during the 3Q operation. On the other hand, under the forward blocking 

mode, the potential barrier between the N+ source and channel region determines the blocking 

behaviors of MOSFETs. High positive drain voltage makes the potential barrier formed in the  
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(a)                                                           (b) 

 

 
(c) 

Fig. 7.3. Simulated electrostatic potential at channel region of MOSFETs with accumulation 

mode channel under (a) third quadrant mode, (b) forward blocking mode, and (c) the cross-

sectional view of simulated current density for accumulation mode channel MOSFETs at various 

drain voltages (Vgs=0 V). 

 

channel low (in magnitude) and thin (in width). In order to suppress leakage current from the 

channel region, a high and wide channel potential is required. A specific channel design would 

result in a trade-off relationship between the third quadrant conduction mode and forward blocking 
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mode. Therefore, an optimized channel design is required to provide both low knee voltage and 

high breakdown voltage with low leakage current. The channel potential is governed by various 

parameters such as channel doping, channel length, and gate oxide, which will be discussed in the 

next chapter.  

Fig. 7.3 (c) shows cross-sectional views of simulated current density in the accumulation mode 

channel at various drain voltages. At Vds of 0 V, the channel is closed, resulting in insignificant 

current flow. At Vds of Ò -1.0 V, current starts flowing through the channel regions. As the Vds 

decreases, so too does the current density due to the channel region becoming fully open, providing 

high conduction behavior. The PN body diode also turns on at Vds of approximately -3.0 V and 

current flows through both the channel and body diode. Depending on the channel potential, the 

knee voltage of MOSFETs under third quadrant mode is altered, resulting in a change of the 

forward voltage drop. MOSFETs with low channel potential provide low knee voltage, which in 

turn enables then high current to flow through the channel region. Thus, MOSFETs with low knee 

voltage (attributed to a low channel potential) enable high reverse conduction currents to be 

commutated through the MOSFET before the operation of the PN body diode kicks in and begins 

to dominate reverse conduction behavior. However, extremely low knee voltage causes high 

leakage current in the forward blocking mode due to low channel potential. Therefore, it is 

important to optimize channel parameters to achieve low leakage current while maintaining low 

forward voltage drop during the 3rd quadrant behavior. 

 

7.3. DEVICE FABRICATION TECHNOLOGY 
 

The devices were fabricated at Analog Devices, Inc. (ADI) fabrication facility in Hillview, 

San Jose, CA, USA [8], [9]. A 10 µm thick drift layer with N- epi doping concentration of about 
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8×1015 cmī3 on a 6-inch, N+ 4H-SiC substrate was used for the fabrication of 1.2 kV MOSFETs. 

Aluminum and Nitrogen ion implants were implemented to make P-well/P+ body/JTE, and 

JFET/N+ source, respectively. The average doping concentrations in the JFET region of 5×1016, 

7×1016, and 9×1016 cmī3 were used to investigate the effect of the channel doping concentration 

on the operation of MOSFET with channel diode; the resultant effective channel doping are 3, 5, 

and 7×1016 cmī3, respectively. After implantation steps, a 1650 °C 10-min activation anneal with 

a carbon cap was conducted. To investigate the impact of the gate oxide, MOSFETs with 3 

different gate oxides were fabricated; 25 nm deposited- 50 nm deposited-, and 50 nm thermally 

grown- gate oxides. For the deposited gate oxide of 50 (25) nm, 2 nm thermal oxide was grown 

and then high temperature oxide (HTO) of 48 (23) nm was deposited. After the formation of the 

gate oxide, a post oxidation anneal (POA) in N2O ambient was implemented for high channel 

mobility. The N-type polysilicon was deposited and patterned for the formation of the gate. 

Afterwards, interlayer dielectric (ILD) was deposited, patterned, and etched to make ohmic contact 

regions. Nickel (Ni) was deposited on the front side, followed by RTA for the self-aligned 

silicidation process. Next, unsilicided Ni metals were removed and annealed by a 2-min RTA at 

965 °C for the front side ohmic contact. Backside metal contact was also deposited using Ni, 

followed by the same RTA process. A 4 µm thick Ti/TiN/Al metal stack was deposited as the 

source and the gate metal. Silicon nitride and polyimide were used for passivation on the frontside. 

Finally, a solderable metal stack was deposited on the backside. No substrate thinning process was 

adopted. 
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7.4. RESULTS AND DISCUSSIONS: OPTIMIZATION OF CHANNEL POTENTIAL 
 

7.4.1. CHANNEL DOPING CONCENTRATION 
 

Table 7.2 shows the description of the fabricated 4H-SiC MOSFETs to optimize the 

accumulation channel. Fig. 7.4 shows the cross-sectional SEM image of MOSFETs with a channel 

length (Lch) of 0.5 µm and channel doping of 3×1016 cmī3. Fig. 7.5 shows the designed implant 

profile for different channel doping concentrations. Although channel depth is one of the important 

factors in channel potential, in this case, the effect of channel depth was included in that of the  

 

Table 7.2.  Device Description of the fabricated 4H-SiC MOSFETs. 

 
Gox 

thickness 

Channel doping 

(#/cm3) 

Lch 

(µm) 

D1 Thermal (50nm) 3×1016 0.5 

D2 Thermal (50nm) 5×1016 0.5 

D3 Thermal (50nm) 7×1016 0.5 

D4 Thermal (50nm) 3×1016 1.0 

D5 Thermal (50nm) 3×1016 0.4 

D6 Thermal (50nm) 3×1016 0.3 

D7 Deposited (50nm) 3×1016 0.5 

D8 Deposited (25nm) 3×1016 0.5 

  *Gox=gate oxide, Lch=channel length. 

 

Fig. 7.4. The cross-sectional SEM image of 1.2 kV accumulation channel mode MOSFETs with 

a channel length of 0.5 µm and channel doping of 3×1016 cmī3. 

Channel depth
(doping)Channel length

Channel depth (doping) was determined by JFET implants.
Channellengthwas determined by design.
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Fig. 7.5. Designed implant profiles for channel region and P-well for different channel doping 

using SPROCESS. 

 

    (a)                                                               (b) 

Fig. 7.6. Measured (a) output and (b) transfer characteristics of MOSFETs with different channel 

doping. 

 

channel doping. In other words, the channel depth is determined by various doping concentrations 

with a fixed P-well profile. 

Measured forward conduction behaviors of the fabricated 1.2 kV MOSFETs with different  

channel doping (Lch of 0.5 µm) are shown in Fig. 7.6 (a). MOSFETs were measured at gate-source 

biases of 0 to 20 V with 10 V steps. The increase in channel doping provides better conduction 

behaviors. In terms of channel doping of 3, 5, and 7×1016 cmī3, the resultant Ron,sp is 4.54, 4, and 

3.83 mÝ-cm2, respectively (specific on-resistance was extracted from output characteristics at Vgs  
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    (a)                                                               (b) 

Fig. 7.7. Measured (a) third quadrant behaviors and (b) forward blocking mode at Vgs of 0 V of 

MOSFETs various channel doping. 

 

of 20 V and Vds of 0.1 V). Increased JFET doping and thus channel doping reduces the channel 

resistance as well as the JFET resistance. Fig. 7.6 (b) shows the transfer characteristics of 

MOSFETs with different channel doping. For D1, D2, and D3, Vth is 2.5, 2.2, and 1.7 V, 

respectively (Vth was extracted at Vds of 0.1 V and Ids of 5 mA).  

Measured third quadrant behaviors and forward blocking mode of MOSFETs with various 

channel doping are shown in Fig. 7.7 (a) and (b), respectively. Lch of 0.5 µm was used to examine 

the impact of channel doping. Due to the accumulation mode channel, MOSFETs provide current 

conduction with a knee voltage of 1~1.5 V under third quadrant mode as shown in Fig. 7.7 (a); the 

criteria of usable unipolar channel diode current was defined at a power density of 500 W/cm2 

[10], [11]. The high channel doping results in the reduction in the knee voltage and the forward 

voltage drop under third quadrant behaviors due to the decrease of channel potential. However, 

low channel potential results in high leakage current, contributing to low breakdown voltage, as 

shown in Fig. 7.7 (b). The criteria to determine whether the low leakage current or high leakage 

current is 1 ɛA at Vds of 1200 V. Channel doping of 3×1016 cmī3 for Lch of 0.5 µm provides high  
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(a) 

 
(b)                                                          (c) 

Fig. 7.8. (a) Simulated current density at Vds of -1.5 V and -4.5 V, (b) drain current density, and 

(c) electron current density from N contact and P contact of MOSFETs with low and high P 

contact resistance. 

 

breakdown voltages with low leakage current. Although channel doping of 5×1016 cmī3 has high 

leakage current, it allows blocking of >1.2 kV. However, it is difficult for channel doping of 7×1016 

cmī3 to be used in SiC MOSFETs with a 1.2 kV rating due to low breakdown voltage. It is 

discovered that the optimized channel doping allows MOSFETs to provide low knee voltage and 

high conduction behaviors under the third quadrant mode with high breakdown voltage. 

In order to elucidate the decreasing slope of the current under the third quadrant after operating 

the PN body diode, Sentaurus 2D TCAD simulation was conducted. Fig. 7.8 (a) shows the 

simulated current density of MOSFETs with low and high P contact resistance at Vds of -1.5 V 

and -4.5 V, which are before and after operating the PN body diode, respectively. Fig. 7.8 (b)  
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Fig. 7.9. Simulated electrostatic potential at channel region of MOSFETs with various channel 

doping concentrations. 

 

  
(a)                                                           (b) 

 
(c)                                                            (d) 

Fig. 7.10. (a) Measured output characteristics of MOSFETs with channel doping of 7×1016 cm-3 

at different temperatures, (b) summary of experimental Ron,sp at different temperatures, and 

measured third quadrant behaviors at (c) 100 oC, and (d) 175 oC. 
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shows the drain current density of MOSFETs with low and high P contact resistance. Before PN 

body diode operation, drain current density is identical regardless of P contact resistance. 

However, MOSFETs with low P contact resistance allow current density to be high after the PN 

body diode turns on.  

Fig. 7.8 (c) shows the electron current density from N contact and P contact of MOSFETs 

with low and high P contact resistance. Not only is higher channel current density (i.e. current 

density from N contact) observed, but also higher body diode current density (i.e. current density 

from P contact) are achieved in MOSFETs with low P contact resistance when compared to 

MOSFETs with high P contact resistance, as shown in Fig. 7.8 (a) and (c). When the PN body 

diode turns on, the potential barrier in the channel is adjusted depending on P contact resistance, 

resulting in the change of electron conduction.  

Fig. 7.9 shows simulated electrostatic potential near the surface, starting at the N+ source, 

proceeding through the channel, and ending in the JFET region of MOSFETs with various channel 

doping. It can be seen that the built-in potential between the channel and JFET decreases for the 

operation of the third quadrant when the channel doping increases. Moreover, the width of the 

potential barrier decreases with the increase of the channel doping. It clearly shows there is trade-

off relationship between the third quadrant mode and blocking mode.  

Fig. 7.10 (a) shows measured output characteristics of MOSFETs with channel doping of 

7×1016 cm-3 at different temperatures. At room temperature, MOSFETs provide better conduction 

behaviors. This is because operation at high temperature results in a reduction in mobility, reducing 

the overall current conduction between drain and source. Fig. 7.10 (b) summarizes experimental 

Ron,sp at different temperatures and channel doping concentrations. Regardless of channel doping, 

Ron,sp increases with temperature. Fig. 7.10 (c) and (d) show measured third quadrant behaviors at 
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100 oC and 175 oC. The high temperature results in a decrease in knee voltage, but the forward 

voltage drop increases due to the reduction in mobility. Regardless of operating temperature, high 

channel doping provides better third quadrant behaviors. 

 

7.4.2. CHANNEL LENGTH 
 

Various Lch (1.0, 0.5, 0.4, and 0.3 µm) were designed to examine the impact of Lch on channel 

diode behavior. Due to the decrease of channel resistance, shorter Lch provides better conduction 

behaviors, resulting in lower specific on-resistance (Ron,sp). For Lch of 0.3, 0.4, 0.5, and 1.0 ɛm, 

the resultant Ron,sp is 4.02, 4.27, 4.54, and 6.54 mÝ-cm2, respectively. Transfer characteristics of 

MOSFETs with different Lch are shown in Fig. 7.11 (a). For Lch of 0.3, 0.4, 0.5, and 1.0 ɛm, Vth is 

1.9, 2.2, 2.5, and 3.4 V, respectively (Vth was extracted at Vds of 0.1 V and Ids of 5 mA).  

Measured third quadrant behaviors of MOSFETs with different Lch are shown in Fig. 7.11 (b). 

At a power density of 500 W/cm2, D1, D5, and D6 operate in the unipolar mode only using electron 

current. Shorter Lch provides low knee voltage, resulting in better conduction behaviors. This is 

because shorter Lch forms thinner and lower potential barrier in the channel region. In contrast to 

shorter Lch, D4 turns on the body diode from -2.7 V. It is observed that due to the unoptimized 

contact resistance of P+, the current slope is reduced when the operation of the body diode begins 

[12]; Fig. 7.11 (b).  

Fig. 7.11 (c) shows the measured forward blocking mode of MOSFETs with various Lch. 

Shorter Lch (D5 and D6) has high leakage current and low breakdown voltage under blocking 

behaviors. Due to low channel potential, leakage current flows through the channel under high 

drain voltage, reaching a high leakage current before avalanche breakdown occurs. However, D1 

and D4 provide high breakdown voltage with low leakage current, since Lch of > 0.5 µm forms a  
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(a)                                                           (b) 

 
(c)                                                            (d) 

Fig. 7.11. Measured (a) transfer characteristics, (b) third quadrant behaviors, (c) forward 

blocking mode at Vgs of 0 V, and (d) simulated electrostatic potential at channel region of 

MOSFETs with various channel lengths. 

 

sufficiently high channel potential that suppresses current conduction in the channel under high 

drain voltage. When the potential barrier in the channel supports high voltage, the breakdown 

voltage is then governed by the avalanche phenomenon at the end of the P-well region or edge 

termination, not leakage current. 

Simulated electrostatic potential at the channel region of MOSFETs with different Lch is 

shown in Fig. 7.11 (d). In the same manner as channel doping, Lch shows trade-off relationship 

between barrier for the third quadrant and blocking mode. However, the potential between the N+ 

source and channel for blocking mode is affected by not only barrier height but also barrier 
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thickness. Long Lch provides a thicker and higher potential barrier, providing a low leakage current 

under blocking mode. For the improvement of the trade-off relationship between the third quadrant 

and blocking mode, an appropriate channel length (e.g. D1) is required to operate MOSFETs that 

utilize the channel diode. 

 

7.4.3. GATE OXIDE 
 

For the optimization of channel potential, MOSFETs with different thicknesses and types of 

gate oxide were fabricated. Different gate voltages were applied with different thicknesses of gate 

oxide; 50 nm (20 V) and 25 nm (12 V). Regardless of the gate oxide condition, conduction 

behaviors are almost identical. For D1, D7, and D8, the resultant Ron,sp is 4.54, 4.73, and 4.57 mÝ-

cm2, respectively. 

Transfer characteristics of MOSFETs with different gate oxides are shown in Fig. 7.12 (a). 

D8 shows a reduced Vth because of the increased specific oxide capacitance (Cox). Fig. 7.12 (b) 

shows a simulated Vth of MOSFETs with thermal gate oxide of 50 nm. It shows that Vth increases 

with gate oxide thickness. D1 has a lower Vth when compared with D7 which might be originated 

from a larger positive fixed charge. Fig. 7.12 (c) shows capacitanceïvoltage (CïV) characteristics 

of MOS capacitor with different gate oxides. It is shown that thermal gate oxide was more shifted 

in C-V measurement due to a larger positive fixed charge. The measured Dit for thermal and 

deposited gate oxide at EC-E of 0.125 eV is approximately 4×1011 cm-2eV-1 and 3×1011 cm-2eV-1, 

respectively. Fig. 7.12 (d) shows measured input capacitances of MOSFETs with different gate 

oxides. Since input capacitances are largely affected by gate oxide thickness, a gate oxide thickness 

of 25 nm causes higher input capacitances when compared with MOSFETs with a gate oxide 

thickness of 50 nm. 
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 (a)                                                               (b) 

  

(c)                                                            (d) 

Fig. 7.12. (a) Measured transfer characteristics of MOSFETs with different gate oxides, (b) 

simulated Vth of MOSFETs with thermal gate oxide of 50nm, (c) measured capacitance-voltage 

(C-V) characteristics of MOS capacitor with different gate oxides, and (d) measured input 

capacitances of MOSFETs with different gate oxides. 

  

(a)                                                               (b) 

Fig. 7.13. (a) Measured third quadrant behaviors and (b) forward blocking mode at Vgs of 0 V of 

MOSFETs with Lch of 0.5 µm with different gate oxides. 
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(a)                                                           (b) 

Fig. 7.14. Simulated electrostatic potential at channel region of MOSFETs with (a) different gate 

oxide thickness, (b) different fixed charges in the gate oxide. 

 

Fig. 7.13 (a) shows measured third quadrant behaviors of the fabricated 4H-SiC MOSFETs 

with different gate oxides. Different gate oxides provide different third quadrant behaviors, when 

accounting for the same channel doping and Lch conditions across MOSFETs. The difference in 

third quadrant conduction behavior originates from the potential barrier in the channel region. D1 

has low knee voltage due to a larger fixed charge, resulting in a decrease in the channel potential. 

Although different gate oxides produce different knee voltages under third quadrant behaviors, 

blocking behavior remains identical, as shown in Fig. 7.13 (b). This is because despite D1 having 

the lowest knee voltage, these MOSFETs still maintain a high enough channel potential to block 

high drain voltage (>1.5 kV). 

In order to clarify channel potential, Sentaurus 2D TCAD simulation was conducted. The 

thinner gate oxides result in lower channel potential, as shown in Fig. 7.14 (a). However, in 

contrast to channel length and doping variations, thinner gate oxide maintains the width of the 

potential barrier. As a result, the reduced thickness of gate oxide can improve the trade-off 

relationship between 3Q conduction and blocking behaviors. Moreover, the fixed charge in the 

gate oxide determines the change in the channel potential, as shown in Fig. 7.14 (b). A larger fixed  
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Fig. 7.15. Summary of the simulated channel potential for 3Q and blocking behaviors. 

 
Fig. 7.16. Summary of the plot when potential barrier of BV divided by potential barrier of 3Q. 

 

charge causes a low potential barrier. The fixed charge found within the gate oxide differs 

depending on the process or recipe used to form it. In this case, thermal gate oxide possesses a 

larger fixed charge when compared with deposited gate oxide, and as a result has a lower channel 

potential barrier, providing better conduction behavior under third quadrant mode. 
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Fig. 7.15 compares various approaches discussed earlier with respect to simulated channel 

potentials in the blocking mode and 3Q mode of operations. Fig. 7.16 plots the blocking potential 

barrier divided by the potential barrier for the 3Q operation. It is clearly discovered that the gate 

oxide thickness serves as an effective knob to control the blocking channel potential keeping 

smaller changes in the channel potential during 3Q operation.  In other words, the change of gate 

oxide and channel length has a better trade-off relationship between 3Q and blocking behaviors. 

Moreover, the change of gate oxide thickness is the better way to improve the trade-off relationship 

as the width of the potential barrier is identical regardless of the thickness. However, it should be 

noted that a certain level of the blocking channel potential should be maintained to suppress the 

leakage current (The channel potential for BV of >~0.8 V is required to obtain high BV with a low 

leakage current; The channel potential value of 0.8 V is selected to ensure the leakage current does 

not exceed 100 ɛA at 1200 V). 

 

7.5. RESULTS AND DISCUSSIONS: DYNAMIC CHARACTERISTICS 
 

7.5.1. REVERSE RECOVERY CHARACTERISTICS 
 

Fig. 7.17 (a) shows the simulated test circuit for the reverse recovery characteristics. MOSFET 

óBô in Fig. 7.17 (a) is used as a freewheeling diode to evaluate the reverse recovery characteristics. 

Fig. 7.17 (b) shows the simulated reverse recovery characteristics of MOSFETs with different 

channel lengths. MOSFETs with short channel provide a small reverse recovery charge (QRR); For 

Lch of 0.3 ɛm, 0.5 ɛm, and 1.0 ɛm, QRR of 0.97 ɛC/cm2, 1.06 ɛC/cm2, and 1.24 ɛC/cm2 were 

extracted, respectively. MOSFETs with low knee voltage under third quadrant behaviors offer a 

small QRR. 
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7.5.2. SWITCHING CHARACTERISTICS 
 

Fig. 7.18 (a) and (b) show simulated switching waveforms of MOSFETs with different 

channel lengths in turn-on and turn-off, respectively. The MOSFETs with Lch of 0.3 ɛm have the 

fastest turn-on switching transient due to the largest transconductance [13]. For Lch of 0.3 ɛm, 0.5 

ɛm, and 1.0 ɛm, energy loss for turn-on transient of 173 ɛJ, 298 ɛJ, and 335 ɛJ were calculated as 

 

 

(a)                                                     (b) 

Fig. 7.17. (a) Test circuit for reverse recovery characteristics and (b) simulated reverse recovery 

characteristics of MOSFETs with different channel lengths. 

 

(a)                                                             (b) 

Fig. 7.18. Simulated switching waveforms of MOSFETs with different channel lengths in (a) 

turn-on and (b) turn-off. 
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shown in Table 7.3. The switching energy for the turn-on transient is calculated at 10% Vgs to 10% 

Vds. The energy loss for the turn-off transient is almost identical regardless of channel length. 

Fig. 7.19 shows simulated switching waveforms of MOSFETs with different gate oxides. The 

MOSFETs with gate oxide of 25 nm have a slow turn-on switching transient due to the large Ciss.  

 

 

(a)                                                             (b) 

Fig. 7.19. Simulated switching waveforms of MOSFETs with different gate oxides in (a) turn-on 

and (b) turn-off. 

Table 7.3.  Summary of experimental and simulated results. 

 D1 D2 D3 D4 D5 D6 D7 D8 

Ron,sp 

[mÝ-cm2] 
4.54 4.00 3.83 6.54 4.27 4.02 4.73 4.57 

Vth [V]  2.5 2.2 1.7 3.4 2.2 1.9 3.5 1.9 

BV [kV]  1.56 1.42 1.24 1.58 1.53 0.91 1.56 1.56 

Ileakage  
9.2 

nA 

37 

ɛA 
0.5mA 5.7 nA 19 ɛA N/A 

14.8 

nA 

8.4 

nA 

-VF [V]  3.51 3.21 2.92 5.9 3.02 2.78 4.26 3.74 

QRR 

[ɛC/cm2] 
1.06 - - 1.24 - 0.97 - - 

Eon [ɛJ] 298 - - 335 - 173 299 305 

Eoff [ɛJ] 32.7 - - 32.3 - 33.2 32.6 34.8 
 *Ron,sp was extracted at Vgs of 20V (12V for 25nm) and Vds of 0.1V.  

 V th was extracted at Vds of 0.1V and Ids of 5mA.  

 BV was extracted at Ids of 1mA. 

 I leakage was extracted at Vds of 1200V. 

 VF was extracted at Ids of -10A. 

 Eon was extracted at 10% Vgs to 10% Vds. 

 Eoff was extracted at 90% Vgs to 90% Vds. 
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However, energy loss for the turn-on transient was almost identical; For thermal 50 nm, deposited 

50 nm, and deposited 25 nm, energy loss for turn-on transient of 298 ɛJ, 299 ɛJ, and 305 ɛJ were 

calculated, as shown in Table 7.3.  This is because a small inrush current compensates for the slow 

switching speed in MOSFETs with 25 nm. The energy loss for the turn-off transient is also almost 

identical regardless of gate oxide; For thermal 50 nm, deposited 50 nm, and deposited 25 nm, 32.7 

ɛJ, 32.6 ɛJ, and 34.8 ɛJ were extracted, as shown in Table 7.3. 

Table 7.3 summarizes the experimental and simulated results. It turns out that short channel 

length improves switching characteristics as well as reverse recovery characteristics. However, 

MOSFETs with thin gate oxide cause increased input capacitance, resulting in a slow switching 

speed. The optimum way for channel diode is the optimization of channel length by reducing the 

channel length. 

 

7.6. CONCLUSION 
 

1.2 kV SiC MOSFETs achieving a low knee voltage, as well as low forward voltage drop, 

under the third quadrant mode of operation are proposed and experimentally demonstrated. This 

paper provides MOSFET designers with a more manageable fabrication process by removing the 

regrowth process. Also, the optimization of channel potential was investigated in terms of trade-

off between blocking mode and third quadrant behaviors. The reduced Lch or increased channel 

doping results in the reduction in channel potential, contributing to the decrease of knee voltage 

under the third quadrant mode. Moreover, shorter Lch or increased channel doping provide low 

Ron,sp due to low channel resistance or JFET resistance. Too shorter Lch and high channel doping 

result in low breakdown voltage due to high leakage current from the channel, but Lch of 0.5 ɛm 

(channel doping of 3×1016 cmī3) have high breakdown voltage with extremely low leakage current. 
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The effect of thickness and fixed charge of gate oxide for channel potential was also discussed. It 

is demonstrated thinner thickness and larger fixed charge provide better third quadrant behaviors 

due to the low channel potential. 1.2kV MOSFETs with channel diode are successfully fabricated 

using the optimization of channel doping, Lch, and gate oxide. Moreover, the simulated reverse 

recovery characteristics and switching characteristics are discussed. MOSFETs with short channel 

lengths improve not only reverse recovery characteristics but also switching characteristics. 

Consequently, the optimized 4H-SiC MOSFETs with channel diode are promising and suitable 

power semiconductor devices for power electronics. 
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Chapter 8  
 

Demonstration of 1.2 kV 4H-SiC MOSFETs with Superior 

Short-circuit characteristics 
 

8.1. INTRODUCTION 
 

SiC MOSFETs have been improved in regards to specific on-resistance (Ron,sp) and breakdown 

voltage (BV) with improvement in the gate oxide recipes [1] and edge termination efficiencies [2], 

respectively. However, 4H-SiC MOSFETs still elicit reliability and ruggedness concerns [3], [4]. 

Specifically, 1.2 kV 4H-SiC MOSFETs provide shorter short-circuit withstand time (SCWT) due 

to high electric fields at the PN junction within the MOSFET structure and higher current densities 

when compared to Si insulated gate bipolar transistors (IGBTs). Lower channel/JFET density [5], 

source doping reduction [6], and the use of lower gate bias [7], [8] have been proposed to enhance 

short-circuit (SC) ruggedness. However, increased SCWT using these approaches results in 

increased Ron,sp. 

In this paper, a novel approach to improve the trade-off relationship between SCWT and Ron,sp 

is proposed using MOSFETs with a deep P-well structure utilizing channeling implantation. The 

concept of channeling implantation has been reported to form deep junctions using low implant 

energy [9-13]. In order to conduct the channeling implantation, a tilt angle of 4 degrees was 

adjusted to <0001> direction of 4H-SiC in 4H-SiC (0001) substrates with 4 ° off-cut towered <11-

20> direction [10]. Extremely high energy is required to form deep junctions during conventional 

implantation (random implantation), where the thickness of the hard mask or crystal damage 

during random implants are problematic. On the other hand, channeling implants with low energy 

provide deep junctions without any additional nor complicated processes. Although the concept of  
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(a)                                                          (b) 

Fig. 8.1. The cross-sectional view of (a) conventional and (b) proposed 1.2 kV MOSFETs. 

 

channeling implantation has been introduced earlier, the application and demonstration of 

channeling implantation in SiC MOSFETs have not been achieved. This paper reports the 

successful fabrication and demonstration of MOSFETs with deep P-well structures using 

channeling implantation. 

 

8.2. DEVICE STRUCTURE AND FABRICATION TECHNOLOGY 
 

Fig. 8.1 (a) and (b) show the cross-sectional view of the conventional and proposed 

MOSFETs, respectively. The same channel length of 0.5 ɛm was designed and the JFET region 

was optimized to minimize the JFET resistance. To form the deep P-well regions, room-

temperature channeled implants were conducted at a tilt angle of 4 degrees with Al and P dopants 

at 350 keV and 960 keV, respectively. It is important to note that there are no additional photo 

mask processes to fabricate the proposed MOSFETs with deep P-well. In order to form the deep 

JFET and P-well, an additional channeling implant was conducted during each implantation. The 

channeling implant, which enables the formation of deep junctions using low implant energy, is  
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Fig. 8.2. Implant profiles for conventional and proposed P-wells based on SIMS and SPROCESS 

[14]. The proposed P-well is composed of conventional random implant as well as channeling 

implant. The channeling implant schedule was designed based on the SIMS profile. 

 

vital to achieve improved SCWT in the proposed MOSFET structure. The implant profiles for the 

P-well of the conventional and proposed MOSFETs are shown in Fig. 8.2. The depth of channeling 

implants provides around 2.5 times deeper implant than that of the random implants using similar 

energy of Aluminum.  

The MOSFETs were fabricated by SiCamore Semi, OR, U.S.A. A 10 ɛm thick drift layer with 

an N-type doping concentration of 8×1015 cmī3 on an N+ 4H-SiC substrate was used for the 

fabrication of the 1.2 kV MOSFETs. Two wafers were used to fabricate both the conventional and 

proposed MOSFETs for a fair comparison. For the conventional MOSFETs, random implants for 

Aluminum and Nitrogen were used to form the P-well/P+ source/JTE, and JFET/N+ source, 

respectively. In order to fabricate the proposed MOSFETs, additional channeling implants for 

Aluminum and Phosphorus during the P-well and JFET implants were conducted for the formation 

of the deep P-well and JFET regions, respectively. Since Nitrogen only provides a small 

channeling effect in SiC [12], Phosphorus was utilized for the formation of the deep JFET region.  



177 

 

 

 

 

Fig. 8.3. Typical output characteristics of conventional and proposed 1.2 kV MOSFETs. The 

measured threshold voltages (Vth) were extracted from transfer characteristics at a drain voltage 

of 1 V and drain current of 5 mA. Vth, for the conventional and proposed MOSFETs are 2.6 V 
and 2.7 V, respectively. 

 
Fig. 8.4. Forward blocking characteristics of fabricated 1.2 kV MOSFETs. 

 

At the conclusion of all the implantation steps, a 1650 °C, 10-min activation anneal with a carbon 

cap was conducted. A 50 nm thick gate oxide was formed, followed by a post oxidation anneal 

(POA). N-type polysilicon was deposited and patterned for the formation of the gate. After 

interlayer dielectric (ILD) was deposited, the ILD was then patterned and etched to make ohmic 

contact regions. Nickel (Ni) was deposited on the frontside, followed by an RTA for the silicidation 
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process. Next, unsilicided Ni metals were removed and annealed by RTA. Ni was then deposited 

on the backside, followed by the same RTA process. The source and gate metal based on Al were 

deposited, patterned, and etched. For the passivation, Silicon nitride was deposited, patterned, and 

etched. Finally, a solderable metal stack was deposited on the backside. 

 

8.3. EXPERIMENTAL RESULTS AND DISCUSSIONS 
 

Fig. 8.3 shows measured output characteristics of the fabricated 1.2 kV ïrated SiC MOSFETs. 

Under the application of a Vgs of 20 V and a Vds of 1 V, the conventional and proposed MOSFETs 

have almost identical behaviors; Ron,sp at Vgs of 20 V and Ids of 10 A are 4.13 mÝĿcm
2 and 4.25 

mÝĿcm2 for the conventional and proposed MOSFETs, respectively. However, it was discovered 

that for Vgs of <20 V, the drain current of the proposed MOSFETs starts to saturate at a lower drain 

voltage when compared to that of the conventional MOSFETs. It should be noted that the depletion 

region in the JFET region of a MOSFET has different behaviors as a function of gate voltage. The 

proposed MOSFETs have a deeper p-well junction, resulting in a larger depletion region during 

the forward conduction. At low gate voltages, a much larger depletion region occurs within the 

proposed MOSFETs. This larger depletion region constricts the current flow due to the reduction 

in the effective JFET width. The reduced effective JFET width of the proposed MOSFETs prevents 

the movement of electrons, resulting in the current reduction at lower gate voltages and thus higher 

Ron,sp. However, at Vgs of 20 V, the effective JFET width is sufficient to accommodate high current 

in the proposed MOSFETs, and thus a lower Ron,sp is achieved to match that of conventional 

MOSFETs. This mechanism of lower saturation current results in the improvement of SC 

ruggedness with no negative effect on Ron,sp. 
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Fig. 8.5. Short-circuit waveforms of the proposed MOSFETs. SC condition was Rg of 20 ɋ, Vgs 

of 20 V, and Vds of 800 V. The proposed MOSFETs achieved SCWT of 8 ɛs. 

 
Fig. 8.6. Drain currents of the conventional and proposed MOSFETs under SC conditions. The 

maximum drain current decreases by ~2.7 times using the proposed MOSFETs. 

 

The measured forward blocking mode characteristics of the conventional and proposed 

MOSFETs are shown in Fig. 8.4. The high breakdown voltages with low leakage currents were  

achieved thanks to the efficient edge termination technique (Hybrid-JTE) and expertly optimized 

cell structures. 

The short-circuit waveforms of the proposed MOSFETs are shown in Fig. 8.5. The 

measurement for short-circuit was conducted under the following conditions: Rg of 20 ɋ, Vgs of 

20 V, and Vds of 800 V. Fig. 8.6 shows the drain current of the conventional and proposed 

MOSFETs under SC condition. The maximum drain current decreases by ~2.7 times, compared  
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(a)                                           (b) 

Fig. 8.7. Current density distribution of simulated conventional and proposed MOSFETs under 

(a) forward conduction and (b) SC conditions. 

 

to conventional MOSFETs, when using the proposed structure due to a deeper P-well, resulting in 

the reduction in junction temperatures in the SiC MOSFET. Due to lower junction temperatures, 

resulting in the small positive temperature feedback, the drain current of the proposed MOSFETs 

exhibits a gentle slope after the maximum drain current is reached during the SC event. This low 

junction temperature contributes to the improvement of SC ruggedness, which is ~4 times longer 

than conventional MOSFET structure; Proposed MOSFETs achieved SCWT of 8 ɛs.  

Fig. 8.7 shows the current density distribution of the simulated MOSFETs under (a) forward 

conduction (Vgs of 20 V and Vds of 1 V) and (b) SC conditions (Vgs of 20 V and Vds of 800 V). 

The proposed MOSFETs have a deeper junction, resulting in a larger depletion region during the 

forward conduction. Although the proposed MOSFETs have a narrower JFET width, the current 

density is almost identical to that of the conventional MOSFETs during the conduction behaviors, 

as shown in Fig. 8.7 (a). However, during short-circuit conditions, a much narrower and deeper 

JFET region is achieved in the proposed MOSFETs, as shown in Fig. 8.7 (b). This significantly 

increases JFET resistance, which suppresses the saturation current under SC conditions.  
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The trade-off relationship between Ron,sp and SCWT was significantly improved by the 

proposed structure with a deep P-well. A novel approach to improve SCWT with no impact on 

Ron,sp enables the decrease of the saturation current under high drain bias. Thus, the channeling 

implantation resolves the previous limitation of conventional MOSFETs and improves the trade-

off between Ron,sp and SCWT. 

 

8.4. CONCLUSION 
 

1.2 kV SiC MOSFETs achieving long SCWT with no negative effect on Ron,sp was firstly 

proposed and demonstrated by applying channeling implantation to form a deep P-well.  Under 

the operation condition for forward conduction, the conventional and proposed MOSFETs have 

almost identical Ron,sp. However, the maximum drain current of the proposed MOSFETs during 

the SC event was reduced by ~2.7 times, resulting in the increase of SCWT, which is ~4 times 

longer than the conventional MOSFETs. Chiefly, the trade-off relationship between Ron,sp and 

SCWT was significantly improved. 
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Chapter 9  
 

Development of 1.2 kV 4H-SiC MOSFETs with Short 

Channel Length 
 

9.1. INTRODUCTION 
 

The research direction for 4H-SiC MOSFETs has mainly focused on reducing the specific on-

resistance (Ron,sp) through improved channel mobility. The post oxidation annealing in nitric oxide 

(NO) ambient [1], accumulation mode channel [2], and high-quality epitaxial channel [3], [4] have 

been successfully implemented to improve channel mobility. However, the channel resistance still 

accounts for a large portion of the total on-resistance of 1.2 kV SiC MOSFETs despite many efforts 

to increase channel mobility [5]. To further improve the channel resistance, short channel lengths 

are preferable. However, short channel lengths result in high leakage current from the channel 

under blocking-mode operation, causing a reduction in breakdown voltage (BV) [5]. Additionally, 

shorter channel lengths result in poor short-circuit characteristics (e.g. short-circuit withstand time, 

SCWT) due to the larger saturation currents. In order to break the conventional trade-off 

relationship between Ron,sp, and BV or SCWT, SiC MOSFETs with short channel (0.3 ɛm) and 

deep P-well (1.8 ɛm) are proposed. 

This paper presents 1.2 kV 4H-SiC MOSFETs with deep P-well utilizing channeling 

implantation to enable short channel length [6]. The channeling implantation was used to form 

deep junctions without using MeV high energy implantation [6ï8]. A deep P-well structure 

suppresses the leakage current from the channel under the blocking-mode of operation, resulting 

in the improvement of the trade-off relationship between Ron,sp, and BV. Moreover, long SCWT 

was achieved from the MOSFETs with deep P-well despite the short channel lengths. Output,  
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(a)                                                 (b) 

Fig. 9.1. The cross-sectional view of (a) conventional and (b) proposed 1.2 kV MOSFETs. 

 

Table 9.1. Design description of the fabricated 1.2 kV MOSFETs 

 P-well depth Channel length 
Ron,sp 

[mɋ-cm2] 

BV 

[V]  

D1 ~0.7 ɛm 0.3 ɛm 3.25 263 

D2 ~0.7 ɛm 0.4 ɛm 3.47 992 

D3 ~0.7 ɛm 0.5 ɛm 3.74 1669 

D4 ~1.8 ɛm 0.3 ɛm 3.35 1609 

D5 ~1.8 ɛm 0.4 ɛm 3.76 1608 

D6 ~1.8 ɛm 0.5 ɛm 4.12 1615 
*Ron,sp  was extracted at V gs of 20V and V ds of 0.1V.  BV was extracted at I ds of 1 mA.  

 

blocking, and short-circuit characteristics measured from fabricated 1.2 kV 4H-SiC MOSFETs are 

presented. In addition, Sentaurus 2D TCAD was used to support and clarify the experimental 

results. 

 

9.2. DEVICE STRUCTURE 
 

Fig. 9.1 (a) and (b) show the cross-sectional view of the conventional and proposed 

MOSFETs, respectively. The channel length (Lch) was varied to investigate the trade-off between 

Ron,sp and BV or SCWT. Lch of 0.3, 0.4, and 0.5 ɛm were designed keeping other design rules the  
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Fig. 9.2. Net doping profile (A-Aô shown in Fig. 9.1) for the conventional MOSFETs using 

SPROCESS [9]. The conventional MOSFETs are composed of the conventional random implant. 

The accumulation mode channel and current spreading layer (CSL) were designed 

 
* The depth of channeling implants offers approximately 2.5 times deeper implant than 

that of the random implants using similar energy of Aluminum. 

Fig. 9.3. Net doping profile (B-Bô shown in Fig. 9.1) for the proposed MOSFETs using 

SPROCESS [9]. The proposed P-well is composed of the conventional random implant as well 

as the channeling implant. The accumulation mode channel and CSL were designed. 

 

same for both the conventional and proposed MOSFETs, as shown in Table 9.1. 

The net doping profiles for the conventional and proposed MOSFETs are shown in Fig. 9.2 

and Fig. 9.3, respectively. There are no additional photo mask processes to fabricate the proposed 

MOSFETs with deep P-well. For the fabrication of the deep JFET and P-well, the channeling 
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Fig. 9.4. The SEM cross-sectional view of the proposed 1.2 kV MOSFETs. 

 

implant was added during the same implantation step as the conventional random implantation. 

The 4H-SiC (0001) substrates used in this study are with 4 degrees off toward <11-20> direction. 

Therefore, to conduct the channeling implantation, a tilt angle of 4 degrees was applied to align Al 

implants with <0001> direction of 4H-SiC [6ï8]. Fig. 9.4 shows the SEM cross-sectional view of 

the proposed 1.2 kV MOSFETs. 

 

9.3. FABRICATION TECHNOLOGY 
 

The MOSFETs were fabricated at SiCamore Semi, OR, U.S.A [6]. A 10 ɛm thick drift layer 

with an N-type doping concentration of 8×1015 cmī3 on an N+ 4H-SiC substrate was used for the 

fabrication of the 1.2 kV MOSFETs. Two wafers were used to fabricate both the conventional and 

proposed MOSFETs for a fair comparison. For the conventional MOSFETs, random implants for 

Aluminum and Nitrogen were used to form the P-well/P+ source/JTE, and JFET/N+ source, 

respectively. In order to fabricate the proposed MOSFETs, additional channeling implants for 

Aluminum and Phosphorus during the P-well and JFET implants were performed to form the deep  
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Fig. 9.5. Measured forward blocking characteristics of the fabricated 1.2 kV MOSFETs. 

 

P-well and JFET regions, respectively. At the conclusion of all the implantation steps, a 1650 °C, 

10-min activation anneal with a carbon cap was conducted. A 50 nm thick gate oxide was formed, 

followed by a post oxidation anneal (POA) in NO ambient. N-type polysilicon was deposited and 

patterned for the formation of the gate. After, borophosphosilicate glass (BPSG) was deposited as 

interlayer dielectric (ILD), then patterned and etched to make ohmic contact regions. Nickel (Ni) 

was deposited on the frontside, followed by an RTA for the silicidation process. Next, unsilicided 

Ni metals were removed. Ni was then deposited on the backside, followed by RTA process at 

1000 °C for 2 mins. The source and gate metal, based on Al, were deposited, patterned, and etched. 

For the passivation, Silicon nitride was deposited, patterned, and etched. Finally, a solderable 

metal stack was deposited on the backside.  

 

9.4. EXPERIMENTAL RESULTS AND DISCUSSIONS 
 

The measured forward blocking characteristics of the conventional and proposed MOSFETs 

are shown in Fig. 9.5. For the proposed MOSFETs, the high breakdown voltages with the low  




















































































































