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Abstract 
 

    Silicon carbide (SiC) has higher breakdown field strength than silicon (Si), which enables 
thinner and more highly doped drift layers compared to Si. Consequently, the power losses can 
be reduced compared to Si-based power conversion systems. Moreover, SiC allows the power 
conversion systems to operate at high temperatures up to 250 oC. With such expectations, SiC is 
considered as the material of choice for modern power semiconductor devices for high 
efficiencies, high temperatures, and high power densities. Besides the material benefits, the type 
of the power device also plays an important role in determining the system performance. 

    Compared to the SiC metal-oxide semiconductor field-effect transistor (MOSFET) and bipolar 
junction transistor (BJT), the SiC junction field-effect transistor (JFET) is a very promising 
power switch, being a voltage-controlled device without oxide reliability issues. Its channel is 
controlled by a p-n junction. However, the present JFETs are not optimized yet with regard to 
on-state resistance, controllability of threshold voltage, and Miller capacitance. 

    In this thesis, the state-of-the-art SiC JFETs are introduced with buried-grid (BG) technology. 
The buried grid is formed in the channel through epitaxial growth and etching processes. 
Through simulation studies, the new concepts of normally-on and -off BG JFETs with 1200 V 
blocking capability are investigated in terms of static and dynamic characteristics. Additionally, 
two case studies are performed in order to evaluate total losses on the system level. These 
investigations can be provided to a power circuit designer for fully exploiting the benefit of 
power devices. Additionally, they can serve as accurate device models and guidelines 
considering the switching performance. 

    The BG concept utilized for JFETs has been also used for further development of SiC junction 
barrier Schottky (JBS) diodes. Especially, this design concept gives a great impact on high 
temperature operation due to efficient shielding of the Schottky interface from high electric 
fields. By means of simulations, the device structures with implanted and epitaxial p-grid 
formations, respectively, are compared regarding threshold voltage, blocking voltage, and 
maximum electric field at the Schottky interface. The results show that the device with an 
epitaxial grid can be more efficient at high temperatures than that with an implanted grid. To 
realize this concept, the device with implanted grid was optimized using simulations, fabricated 
and verified through experiments. The BG JBS diode clearly shows that the leakage current is 
four orders of magnitude lower than that of a pure Schottky diode at an operation temperature of 
175 oC and 2 to 3 orders of magnitude lower than that of commercial JBS diodes. 

    Finally, commercialized vertical trench JFETs are evaluated both in simulations and 
experiments, while it is important to determine the limits of the existing JFETs and study their 
performance in parallel operation. Especially, the influence of uncertain parameters of the 
devices and the circuit configuration on the switching performance are determined through 
simulations and experiments. 

 
Key words: Silicon carbide (SiC), junction field-effect transistors (JFETs), junction 
barrier schottky (JBS), schottky barrier diode (SBD), buried-grid (BG) technology, 
simulation, implantation, epitaxial growth.    



 

iv 

 

  



 

v 

 

 

 

Sammanfattning 
 
Kiselkarbid (SiC) har en högre genombrottsfältstyrka än kisel, vilket möjliggör tunnare och mer högdopade 
driftområden jämfört med kisel. Följaktligen kan förlusterna reduceras jämfört med kiselbaserade 
omvandlarsystem. Dessutom tillåter SiC drift vid temperatures upp till 250 oC. Dessa utsikter gör att SiC anses 
vara halvledarmaterialet för moderna effekthalvledarkomponenter för hög verkningsgrad, hög temperature och 
hög kompakthet. Förutom materialegenskaperna är också komponenttypen avgörande för att bestämma 
systemets prestanda. 
 
Jämfört med SiC MOSFETen och bipolärtransistorn i SiC är SiC JFETen en mycket lovande component, 
eftersom den är spänningsstyrd och saknar tillförlitlighetsproblem med oxidskikt. Dess kanal styrs an en PN-
övergång. Emellertid är dagens JFETar inte optimerade med hänseende till on-state resistans, styrbarhet av 
tröskelspänning och Miller-kapacitans.  
 
I denna avhandling introduceras state-of-the-art SiC JFETar med buried-grid (BG) teknologi. Denna 
åstadkommes genom epitaxi och etsningsprocesser. Medelst simulering undersöks nya concept för normally-on 
och normally-off BG JFETar med blockspänningen 1200 V. Såvä statiska som dynamiska egenskper undersöks. 
Dessutom görs två fallstudier vad avser totalförluster på systemnivå. Dessa undersökningar kan vara värdefulla 
för en konstruktör för att till fullo utnyttja fördelarna av komponenterna. Dessutom kan resultaten från 
undersökningarna användas som komponentmodeller och anvisningar vad gäller switch-egenskaper.  
 
BG konceptet som använts för JFETar har också använts för vidareutveckling av så kallade JBS-dioder. 
Speciellt ger denna konstruktion stora fördelar vid höga temperature genom en effektiv skärmning av Schottky-
övergången mot höga elektriska fält. Genom simuleringar har komponentstrukturer med implanterade och 
epitaxiella grids jämförst med hänseende till tröskelspänning, genombrottspänning och maximalt elektriskt fält 
vid Schottky-övergången. Resultaten visar att den epitaxiella varianten kan vara mer effektiv än den 
implanterade vid höga temperaturer. För att realisera detta concept optimerades en komponent med implanterat 
grid med hjälp av simuleringar. Denna component tillverkades sedan och verifierades genom experiment. BG 
JBS-dioden visar tydligt att läckströmmen är fyra storleksordningar lägre än för en ren Schottky-diod vid 
175 oC, och två till tre storleksordningar lägre än för kommersiella JBS-dioder. 
 
Slutligen utvärderas kommersiella vertical trench-JFETar bade genom simuleringar och experiment, eftersom 
det är viktigt att bestämma gränserna för existerande JFETar och studera parallelkoppling. Speciellt studeras 
inverkan av obestämda parametrar och kretsens konfigurering på switchegenskaperna. Arbetet utförs bade 
genom simuleringar och experiment. 
 
 
Nyckelord: Kiselkarbid (SiC), JFET, JBS-diod, Schottky-diod, SBD, buried-grid (BG) teknologi, 
simulering, implantation, epitaxi. 
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Chapter 1  

Introduction 

1.1. Background 

Electric energy is one of the most important issues in our modern society. The more intelligent and 
information-oriented society becomes, the more the society will depend on efficient and reliable 
electric energy supply. Recently, we have faced major challenges. The first is how to develop and 
secure reliable and stable electrical energy from the future energy sources such as wind power, solar 
cells, and fuel cells. The second is necessity to save energy by using it efficiently, i.e. how to generate 
and supply electric energy with minimum energy losses. During transmission of electricity from 
energy sources to consumers, the entire conversion chain has to be more efficient and economical 
than what present-day technology can offer. The final target is to suppress increases in CO2 (carbon 
dioxide) emissions, which cause the greenhouse effect and the associated global warming. These 
challenges are combined over time and requirements are increasing for almost all power electronics 
applications. For the achievement of these needs, advanced power electronics systems must be 
provided in the near future.  
    Modern power electronics systems effectively convert the electrical energy with power semi-
conductor devices such as thyristors, transistors, and diodes from a source to the consumer. There are, 
basically, four different types of such conversions as schematically shown in Fig. 1.1. 
 

 

Figure 1.1 Examples of power conversion. 
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    Present day power semiconductor devices used in these conversions are typically based on silicon 
(Si) technology. Si-based device technology has been developed together with integrated circuits (IC) 
technologies such as memories, microprocessors, and so on. Thanks to that, Si-based processing 
technology has been more stable and less expensive, thus providing extensive range of process 
possibilities for specific device concepts. However, despite these benefits, the performance of Si-
based power devices is close to the material limits concerning high voltage, efficiency, and high 
temperature operation. 
    To improve the performance of power devices, alternative semiconductor materials such as silicon 
carbide (SiC) and gallium nitride (GaN), referred as wide-bandgap (WBG) semiconductors, were 
introduced and have been successfully developing during last two decades. In particular, SiC is more 
suitable for the high-voltage power devices (≥ 1200 V) due to vertical device structure as well as 
superior material quality compared to GaN. Additionally, SiC has a higher thermal conductivity than 
GaN, enabling higher power densities.  
    In general, SiC exists in a variety of polymorphic crystalline structures, so-called polytypes (3C-
SiC, 6H-SiC, and 4H-SiC) as presented in Table 1.1. Among those, 4H-SiC is preferably used to 
manufacture discrete power devices which require the high quality bulk material. In this thesis, all the 
devices are based on the 4H-SiC substrate and epitaxial material. 

Table 1.1 Electrical properties of SiC and other semiconductors [1-4]. 

Property Si GaN 3C-SiC 6H-SiC 4H-SiC 

Bandgap, Eg 
(eV at 300 K) 

1.1 3.4 2.36 3.02 3.19 

Critical field, Ec 
(V/cm) 

2.1×105 3.0×106 2.0×106 3.0×106 2.6×106 

Thermal Conductivity, λ 
(W/cmK at 300 K) 

1.5 1.3 3-4 3-4 3-4 

Saturated electron  
drift velocity, νsat 

(cm/s) 
1.0×107 2.5×107 2.7×107 2.0×107 2.7×107 

Electron mobility, µn 

(cm2/V·s) 
1400 900 800 460 1000 

Relative dielectric constant, εr 11.9 9.5 9.7 10.0 10.0 

 
    Compared to Si-based power devices, four main advantages of SiC-based power devices can be 
identified:  

• 3×higher bandgap (Eg) results in much lower intrinsic carrier concentration at any given 
temperature (ex. ni 4H-SiC is 103 cm-3, ni Si is 1015 cm-3 at 250 oC), thus leading to very low 
leakage currents at high operating temperatures. Due to this, SiC-based power devices can 
potentially operate at temperatures up to 600 oC, whereas Si-based power devices can only 
operate up to approximately 175 oC. 

• 10×higher breakdown field strength (Ec) results in 10 times thinner drift region thickness, 100 
times higher doping drift region, and 1000 times lower on-state resistance compared to Si-
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based power devices. A lower on-state resistance brings lower conduction losses. Therefore, 
substantially higher overall power system efficiencies are possible. (Note that there is a trade-
off between breakdown voltage rating and on-state resistance, especially for unipolar device.) 

• 3×higher saturated electron drift velocity (νsat) enables high-frequency switching capability. 
Furthermore, SiC-based power diodes have a benefit of faster charge extraction from the 
depletion region than in Si-based power diodes. As a result, the reverse recovery time is 
shorter. 

• 3×thermal conductivity (λ) improves heat dissipation characteristics of a power device. It 
means that heat is easily transferred out of the device during operation, thus leading to less 
cooling requirements. 

• Furthermore the size and the weight of the power electronics systems can be greatly reduced 
due to the increased commutation frequency made possible by combination of the above 
parameters.            

 
    Basic structures of SiC-based power devices are shown in Fig. 1.2.  
    SiC Schottky Barrier Diodes (SBDs) have continuously progressed since 1993. Nowadays, all 
SBDs have Al+ or B+-implanted P-type grids formed around N-type channels. This type of device is 
commonly referred to as Junction Barrier Schottky (JBS) diode. A low barrier height of the Schottky 
contact is desirable for achieving a lower voltage drop in forward-bias mode, while the P-type grid is 
used to deplete the N-channel for reducing the leakage current in reverse-bias mode. However, due to 
implantation depth limitations, the electrical screening of the Schottky contact interface is not efficient, 
resulting in high leakage currents at high temperature operation above 250 oC.  
    SiC Metal-Oxide Semiconductor Field Effect Transistors (MOSFETs) are normally-off type 
devices. Their operation requires no specific driving conditions. Conventional Si MOSFET or IGBT 
drivers can be used for SiC MOSFET operation, however higher positive gate voltage is used in the 
on-state in order to increase charge and compensate for low channel mobilities compared to silicon. 
Moreover, all the fabrication technologies can be adopted from silicon technologies except for the 
diffusion process. However, a big challenge exists for this device. Typically, the SiC/SiO2 interface 
quality is poorer than that of Si/SiO2. This problem generates long-term stability issues at high 
temperature operation. The implanted P-well region can also be problematic for the channel mobility 
due to crystal defects induced by the ion-implantation process. For these reasons, the trench-channel 
MOSFET may be a good alternative targeting the reduction of on-state resistance, minimizing the 
channel length and pitch size. Additionally, P-well and N-source regions in the device of this type can 
be formed with epitaxial processes rather than by means of ion-implantation. However, the fabrication 
processes to make an etched trench structure and additional structures may be complex if the target is 
to prevent electrical field crowding at the corner of the bottom trench. 
    SiC Bipolar Junction Transistors (BJTs) have a major advantage in low on-state resistance due to 
the conductivity modulation and good high temperature operation relying on p-n junctions controlled 
injection of charge carriers [5, 6]. The Emitter, the Base, and the Collector layers are continuously 
epitaxially grown with minimum crystal defects. However, being a current-controlled device, the BJT 
requires significant base current during its operation resulting in a comparably high power 
consumption of the base-drive unit. Despite the absence of an oxide layer in main active cell, a good 
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oxide quality of surface passivation on the side wall between emitter and base regions is required. 
This still remains one of the critical issues limiting the current gain. Also, the on-state voltage 
degradation caused by crystal stacking faults, i.e. basal plane dislocations is still an issue in device 
reliability [7, 8].  
    SiC Junction Field Effect Transistors (JFETs) have no oxide reliability issue because of the absence 
of the MOS structure. Simple fabrication processes are required to make a P/N junction in a channel 
region. Compared to the SiC BJT, the SiC JFET is a voltage-controlled device like the SiC MOSFET. 
Depending on the source and gate locations, a body diode can be utilized in some types of JFET 
structures, similar as in the SiC MOSFET. The normally-on JFET is more attractive than the 
normally-off JFET due to lower on-state resistance and a higher saturation current. However, the 
normally-on JFET requires a special care regarding the gate-driver. To address this problem, various 
solutions were suggested. A normally-off JFET could be realized using both implantation and 
epitaxial technologies [9]. Besides, low fabrication yields and high temperature packaging still remain 
problematic for all SiC power devices. 
  

 

Figure 1.2 Basic structures of a) SiC JBS-type SBD, b) SiC planar MOSFET, c) SiC trench 
MOSFET, d) SiC BJT, e) SiC Lateral-Channel JFET [PAPER IV], f) SiC Recessed-Gate JFET, 
g) SiC Buried-Gate JFET [PAPER IV]. 

1.2. Research Motivation and Objectives 

In SiC power electronics applications, it is usually expected to have high efficiency and high power 
density with high operating temperature of approximately 250 oC and less cooling requirements. For 
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achieving such purposes, the SiC JFET is a good candidate among alternative power device types, as 
identified in the previous section. Several different types of SiC JFETs especially with 1200 V 
blocking capability already exist on the market. However, the existing SiC JFETs are still to be 
improved in terms of device performance with regard to on-state resistance, controllability of 
threshold voltage, and Miller capacitance. These parameters can be optimized by improvements of the 
design and fabrication processes.  
    In this thesis, a state-of-the art SiC JFET is proposed using the buried grid technology (BG), known 
from silicon technology and SIT devices [10]. This concept was first introduced in SiC devices in 
order to reduce the extremely high electric field in the gate region of the 1.2 kV trench MOSFET [4]. 
    Comprehensive physical-based simulations for on-state, blocking, and transient switching 
characteristics and device design optimization of the state-of-the-art BG JFET (Buried-Grid JFET) for 
1200 V blocking capability are performed with MEDICI, 2D-Device simulator. These studies are 
necessary to suggest a guideline and design rule in order to develop, fabricate, and evaluate a new 
concept. Moreover, comparison of the conduction and switching power losses of the simulated BG 
JFETs is performed with other interesting switch candidates on a system level. In addition, the 
simulated BG JFETs with 3.3 kV and 4.5 kV blocking capability for high-power multilevel converters 
are designed and their power losses are estimated by simulations. These simulation results can be 
provided to a circuit designer for fully exploiting the benefit of power devices used in power 
electronics applications. As a prototype stage, it is very important to provide an accurate device model 
in order to evaluate the device performance and a guideline concerning switching performance for 
given power electronics application.  
    To study the performance and limitations of the existing vertical trench JFET (VT) JFETs, parallel-
connected VT JFETs are evaluated by simulations and experiments. The critical parameters of the 
devices and circuit configurations that can influence the switching performance are extracted using 
MEDICI. For obtaining accurate device models, the devices used in the experiments are analyzed by 
Scanning Electron Microscopy (SEM) and reproduced using simulations, and static characteristics 
obtained from simulations and measurements. Switching characteristics are also simulated using 
mixed-mode simulations in MEDICI. Compared to circuit-based simulation tools (e.g. SABER, Spice, 
Simplorer, etc), a physical-based simulation tool provides more understanding of the phenomena 
inside a device along with the circuit parasitic elements. By means of these simulation studies, the 
identification of critical parameters helps to select a proper SiC JFET and optimize a circuit layout 
with SiC JFETs for fast switching. 
    A buried-grid (BG) concept used in JFETs is also applied to the JBS-type SiC Schottky diode. The 
BG concept gives a great advantage especially for high temperature operation. This specific design 
concept is optimized through simulation and verified in experiments. The implementation of the 
buried-grid technology confirms that the concept leads to the improvement of SBD device 
performance. 
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1.3. Summary of Included Papers 

Paper I 

This paper presents the concept of the JFET with buried grid (BG) technology and the analysis of the 
prospects for normally-on and normally-off performance based on simulations. The normally-on and -
off concepts in the proposed BG JFET are achieved with the variation of the channel doping level and 
width. The static characteristics such as blocking voltage, specific on-state resistance, current density 
are compared for both device types. The switching performance trade-offs and limitations are 
investigated at high temperature operation (250 oC). The simulation results show that the proposed 
BG JFET can be a good candidate for a power switch combining advantages in conduction and 
switching properties. Especially, the concepts based on epitaxy facilitate both low on-resistance and 
high current capability since the channel and drift region are designed and formed independently. 
Switching properties and losses are investigated in relation to the device channel parameters such as 
doping and width. These estimations are very important for comparing different switch alternatives, 
facilitating calculation of the total losses in different applications, and evaluating the expected system 
efficiency.     
    The main contribution to this paper: the author has performed all the device simulations with 
respect to static and dynamic characteristics and written the manuscript. 
 
Paper II 

This paper presents an additional analysis of switching performance with respect to different threshold 
voltages for normally-on and normally-off BG JFETs presented in Paper I. The gate to source and 
gate to drain capacitances are obtained from small signal analysis at a gate voltage corresponding to 
the Miller plateau during turn-off. Simulation results show that the charging time of the BG JFET 
capacitances depends on the available gate-drive voltage, which is related to the threshold voltage 
with a conventional gate drive. The normally-on type BG JFETs have significantly lower turn-on and 
turn-off losses compared to the normally-off design. For a practical device, these estimations include 
the channel length optimization and the influence of the device layout on internal resistances and 
capacitances.    
    The main contribution to this paper: the author has performed all the device simulations with 
respect to static and dynamic characteristics and written the manuscript. 
 

Paper III 

This paper presents the investigation and the comparison of total losses of simulated 1.2 kV SiC BG 
JFETs and BJTs including gate driver configuration on the system level. JFETs and BJTs are good 
alternative device candidates instead of MOSFETs, since they do not rely on the SiC/SiO2 interface 
and the gate insulator. On the other hand, both these devices require more complicated gate/base 
drivers. To determine the use of JFETs or BJTs in power electronics applications, the expected system 
efficiency and total losses should be estimated and investigated. For comparison of both devices via 
simulation, BG JFETs with threshold voltages of -50 V and -10 V (as presented in Papers I and II) are 
compared to BJTs with ideal semiconductor and passivating insulator interface and an interface with 
surface recombination velocity corresponding to the reported experimental current gain values. 
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Simulations and estimations show that the conduction losses of both types of devices are independent 
of the switching frequency while the switching losses are proportional to the switching frequency. 
The driver losses are proportional to the switching frequency in the JFET device but to a large extent 
independent of the switching frequency in the BJT device. The surface recombination model has a 
significant impact on conduction losses and gate driver losses in the simulated BJT devices.    
    The main contribution to this paper: the author has performed all the device simulations with 
respect to static and dynamic characteristics, extracted the values for a calculation of total losses, and 
written the manuscript. 
 
Paper IV 

This paper presents examples and benefits of the use of buried grid technology for SiC devices such 
as the JFET, diode, junction terminations, and an avalanche UV detector. The author contributes with 
a simulation of the device performances of JBS-type SBDs for high temperature operation. The 
conventional JBS-type SBD has a temperature limitation of approximately 150 oC due to the surface 
grid technology, which is not efficient in providing shielding of the Schottky contacts from the 
electric field which gives high leakage current at reverse-biased voltage and high temperatures. The 
proposed JBS-type SBDs with buried-grid technology are expected to have much lower leakage 
current than conventional JBS-type SBDs and plain SBD due to efficient shielding of the Schottky 
contact areas. In order to estimate the shielding effect in the devices, considering different fabrication 
approaches such as implantation and epitaxy, the simulations are performed for devices with 
implanted grids and epitaxial grids. The simulated blocking characteristics, on-state characteristics 
and calculated barrier height are compared for different grid spacings. The results show that JBS-type 
SBDs with epitaxial grids are more efficient at high temperatures than those with implanted grids.  
    The main contribution to this paper: the author has performed all the device simulations on JBS-
type SBDs and plotted the simulation results.  
 
Paper V 

This paper presents a design study of a high-power modular multilevel converter that is partly 
experimentally verified using commercial Si-based MOSFETs and SiC-based JFETs. Based on this 
experimental concept, the theoretical estimation of the total losses is performed for a 300 MW 
modular multilevel converter for high-voltage direct current transmission. For this purpose, the author 
contributed with a design of an ideal high-voltage (HV) normally-on BG JFET structure with the 
voltage ratings of 3.3 kV and 4.5 kV in simulations. Based on the 1.2 kV BG JFETs reported in 
Papers I and II, drift thicknesses and doping concentrations are correspondingly obtained with the 
required blocking capabilities of 3.3 kV and 4.5 kV. Simulations and estimations show that the 
switching losses are significantly lower than the conduction losses in both cases. In particular, the 
total power losses for the 4.5 kV BG JFETs are higher than for 3.3 kV BG JFETs even if a lower 
number of submodules are used with the 4.5 kV BG JFETs. The difference in power losses of a 
complete converter at 350 MW was found to be 30 %.  
    The main contribution to this paper: the author has performed the device designs for 3.3 kV and 4.5 
kV BG JFETs, simulated static and dynamic characteristics and extracted the on-state resistances and 
switching energies for the estimation of power losses. 
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Paper VI 

This paper presents experimental results for the BG JBS-type SBDs designed in Paper IV. The aim of 
this device is to operate with a low leakage current at temperatures of 200 - 250 oC. The fabricated 
BG JBS diodes with 1.7 kV blocking capability and 10 A current have leakage current at least three 
orders of magnitude lower as compared to the commercial devices. At 250 oC, the leakage current is 
of the same order of magnitude as that of the commercial devices at 175 oC. It is demonstrated that the 
embedded grids create an efficient shielding of the electric field at the Schottky contact. Forward and 
reverse characteristics are electrically characterized on bare die level. 
    The main contribution to this paper: the author has performed all the device simulations and 
electrical characterizations.  
 

Paper VII 

This paper presents the modelling of experimental results of parallel-connected VJFETs from 
SemiSouth. Parallel operation of discrete power devices is necessary in order to increase the current 
handling capability to the levels adequate for power applications. Unbalanced current waveforms in 
two parallel-connected VJFETs have been experimentally observed. In order to investigate this 
phenomenon, the measured devices are reproduced in simulation. Particularly two hypothetical 
critical design parameters in the simulated device structures are studied with respect to variation in 
emitter breakdown voltage. The case with the variation of p-gate doping shows a good agreement 
between measurements and simulations. Based on these results, the switching performances are also 
reproduced with parasitic inductances and compared to experiments. It is clearly shown that 
unbalanced current sharing is caused both by spread in critical device parameters and by parasitic 
inductances in the measurement set-up.   
    The main contribution to this paper: the author has performed all the device simulations with 
respect to static and dynamic characteristics, supported the experiments, and written the manuscript. 
 
Paper VIII 

This paper presents the analysis of transient current sharing in parallel-connected SiC JFETs based on 
simulations and experiments. In combination with Paper VII, the simulation studies demonstrated that 
the switching performances in parallel-connected SiC JFETs are influenced by spread in the device 
parameters and circuit parasitics. The devices used in the measurements have parameter spread in on-
state resistance, gate-source breakdown voltage, and threshold voltage. The features of the p-gate 
formed by an angular implantation technique are fully reproduced in the simulation. Furthermore, the 
parasitic inductances are introduced in the simulations in order to reproduce the switching waveforms 
with different gate driving configurations and compared to the measurements. As a result, the 
simulation results clearly show that 1) the modelling of the transient performances relies on good 
reproduction of the static device characteristics and circuit parasitics, 2) current sharing in parallel 
connection is influenced by device parameter spread and parasitic elements in the circuit 
configuration, and 3) parasitic circuit elements can mask and distort the effect of parameter spread in 
a real system.        
    The main contribution to this paper: the author has performed all the device simulations with 
respect to static and dynamic characteristics, supported the experiments, and written the manuscript. 
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Paper IX 

This paper presents the analysis of electrical evaluation of fabricated buried grid JBS diodes based on 
simulation. Based on the design concept of the BG JBS Diodes presented in Papers IV and VI, 1.7 kV 
diodes with implanted grids are fabricated with two anode areas for achieving 1 A (0.24 mm2) and 10 
A (2.4 mm2). The diodes were encapsulated in TO-220 packages and electrically evaluated. The 
forward I-V characteristics were measured by a curve tracer and then compared with the simulations. 
The best fit was obtained with an active area of approximately 60 % and 70 % of the anode area of 
large and small devices, respectively. It might be due to a straggle of implantation, thus leading to 
difference in channel width between design and fabrication. The capacitances are approximately 1000 
pF (10 A device) and 100 pF (1 A device), respectively. The recovery behavior is compared to that of 
the commercial devices and reproduced by simulations.  
    The main contribution to this paper: the author has performed all the device simulations, electrical 
characterizations, supported a double-pulse test, and written the manuscript. 
 
Paper X 

This paper presents the electrical evaluation of buried grid JBS diodes in TO-254 packages for high 
temperature operation. When compared to the diodes presented in Paper IX, the diodes presented in 
this paper are fabricated with a compensation for the implantation straggle in the implantation mask 
layout. Electrical evaluations are performed for bare dies and TO-254 packaged devices at 
temperatures from 25 oC to 250 oC. Leakage currents and forward I-V characteristics are compared 
with commercial devices and a pure SBD. 
    The main contribution to this paper: the author has performed all the device simulations, electrical 
characterizations, supported a double-pulse test, and plotted the measured results. 
 
Paper XI 

This paper presents the temperature-dependent characteristics of BG JBS diodes with highly-doped 
channels. Based on the measured results presented in Paper IX and X, new BG JBS diodes are 
fabricated with channel dopings from 7.0×1015 cm-3 (nominal case) to 3.0×1016 cm-3. Experimentally, 
BG JBS diodes with lower on-state resistances due to increased channel dopings are demonstrated 
since this concept enables to control the doping of the Schottky contact region, grid spacing (channel) 
region, and drift region independently. Temperature-dependent forward and reverse characteristics are 
measured in TO-254 package from 25 oC to 250 oC. In addition, further optimization and influence of 
manufacturing tolerances on a trade-off between the conduction and voltage blocking performance are 
studied by simulation. Specifically, influence of variation in the length of highly doped channel 
(CASE 1) and p-type grid doping (CASE 2) are investigated. 
    The main contribution to this paper: the author has performed all the device simulations, electrical 
characterizations, and written the manuscript. 
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2.1. Power Device Requirements 

When defining the performance of power electronic converters, several properties must be considered 
[11], i.e. power device types, voltage and current ratings, switching frequency, controllability of the 
gate, system layout (related to parasitic elements of the commutation circuit for example), topology, 
EMI generation and cooling requirements (including the device package). Among these, the choice of 
power devices (transistors and diodes) is the most important factor in defining the performance of the 
converter. They control the flow of power from input (dc side of the inverter for instance) to output 
(ac side). This flow is regulated by a gate signal having a specific controlled frequency and pulse 
width. During this repetitive switching operation, the power devices will exhibit power losses both 
during conduction and during each switching transition. These two main loss mechanisms are referred 
to as on-state (or conduction) losses and switching losses, respectively. Also in the off-state power 
devices will exhibit losses. These losses are, however, substantially lower in magnitude than the 
conduction and switching losses.  
    Fig. 2.1 illustrates the typical static characteristics of an ideal and a real diode. In the ideal case, a 
zero voltage drop is obtained for any amount of current in the forward-biased mode, and zero leakage 
current is obtained for any blocking voltage in the reverse-biased mode. However, in the real case, a 
forward voltage drop VON for a forward current ION is present due to the energy barrier between the n- 
and p-type semiconductor material or between metal and semiconductor and due to the on-state 
resistance RON of the device in the forward-biased mode, and a leakage current IOFF for a blocking 
voltage VOFF (Blocking voltage) is present in the reverse-biased mode.  
    Similarly, in a transistor, these device losses are created in the on-state and off-state as shown in 
Fig. 2.2. Unlike the diode, the transistor is operated in both ohmic and active regions. The switching 
action is performed in the active region by means of a gate or base signal. As already described above, 
each switching transition (in Fig. 2.3) is associated with a power loss both during turn-on and turn-off. 
The total losses of a power device can, therefore, be expressed as in [1] 

 ������ =  ���	
���� +  ��	
���� +  �����	�� +  �����	� 
 

(2.1.1) 
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Figure 2.1 Forward and reverse characteristics 
of power diode (dotted line: ideal case, solid 
line: actual case). Modified from [1]. 

 

Figure 2.2 Conduction and blocking charac-
teristics of power transistor (dotted line: ideal 
case, solid line: actual case). Modified from [1]. 

 

Figure 2.3 Typical switching waveforms during turn-on and turn-off. 

    In conclusion, the properties of used power devices determine conduction losses and switching 
losses. Their characteristics should be first considered with respect to the practical range of each 
particular power electronics application. It means that the inherent characteristics of the power devices 
should be sufficiently understood for the selection of proper power devices used in power electronic 
converters. For substantially minimizing these losses, the power device itself should be developed and 
improved as close as possible to ideal performance. Besides, controllability of threshold voltage 
(related to driving losses) and avalanche and surge current capability can be distinctly considered in 
power device requirements. 

2.2. General Design Considerations for Unipolar SiC Power 

Devices 

For any power device with a certain blocking voltage, the thickness and doping level of the drift 
region are chosen such that the maximum field strength is lower than the critical one and that the 
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space charge layer will never extend through the whole drift region (unless punch-through is desired). 
Below, this design procedure is explained along with the resulting on-state resistance of the structure. 
To start with, it is assumed that two uniformly doped regions of n- and p-type are attached to each 
other. It is also assumed that in this abrupt pn junction the p-region has a much higher doping density 
than the n-region. Fig. 2.4 shows the electric field distribution in a drift region of thickness, WD. By 
Poisson’s equation (Eq. 2.2.1) [1] for the n-type doped region, a triangular electric field is obtained for 
a depletion region within a drift region. The reverse voltage, VR is the integral of the electric field over 
the depletion region, which is equal to the area of a triangle [12, 13]. The gradient of the electric field 
is given by  
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��
= −
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(2.2.1) 

 
where V is the applied voltage, E is the electric field, Q (x) is the charge (ionized donors) within the 
depletion region, εsic is the dielectric constant for silicon carbide, and ND is the donor concentration in 
a drift region.  
     

 

Figure 2.4 Electric field distribution in drift region. Modified 
from [1]. 

 
    When the maximum electric field, Emax, reaches the critical electric field, Ec, at reverse bias, 
avalanche breakdown occurs at the junction. In the depletion region, the charge carriers (electrons or 
holes) that come by diffusion from adjacent quasi-neutral regions accelerate under influence of the 
electric field. In the vicinity of the critical electric field their kinetic energy is sufficient for electron-
hole generation (impact ionization). Newly generated carriers drift towards opposite electrodes under 
influence of electric field thus leading to an increase of the leakage current. Furthermore, they acquire 
sufficient energy, which contributes to the ionization of other atoms, leading to the avalanche process. 
When reaching the critical electric field, the multiplication factor exceeds 1 and an avalanche 
breakdown occurs. 
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    Under the condition mentioned above, the breakdown voltage is defined as 
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As the critical electric field of SiC is approximately 10 times higher than that of Si, then from Eq. 
2.2.2 it is expected that the thickness of the drift region of SiC can be 10 times thinner than that of Si 
for the same breakdown voltage.     
 
According to Poisson’s equation (Eq. 2.2.1), the critical electric field can be expressed as 
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The specific on-state resistance of the drift region can be expressed as: 
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For obtaining VBR, the doping concentration in the drift region must satisfy 
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From Eq. 2.2.5, it is found that the doping concentration of SiC can be 100 higher than that of Si for 
the same breakdown voltage because the doping concentration is directly proportional to the square of 
the critical electric field. 
 
Substituting Eq. 2.2.2 and Eq. 2.2.5 into Eq. 2.2.4, the ideal specific RON of the drift region is 
extracted as 
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(2.2.6) 

 
In Eq. 2.2.6, the specific on-state resistance is inversely proportional to the cube of the critical electric 
field. This means that the specific on-state resistance of SiC may be possible l000 times lower than 
that of Si for the same breakdown voltage (assuming equal electron mobility).  
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2.3. Device Simulation 

Device simulation is frequently and widely used to predict the electrical behavior of power devices. 
There are two main purposes: 1) design of the concepts for new power devices and 2) investigation of 
the performance of the proposed power devices.   
    Many simulation studies relevant to SiC power devices have been performed and reported: SiC 
BJTs [14-19], SiC MOSFETs [20-25], SiC JFETs [26-31], and SiC JBS diodes [32-36]. Generally, 
analytical device models are based on the drift-diffusion method which is probably the most important 
carrier transport model. For a simulation, a device structure is usually defined by dimensions and 
doping concentrations which are originating from a realistic device layout and fabrication conditions. 
Such models can be beneficial through providing very high accuracy of the electrical behavior of the 
simulated power devices and possibility of applying more detailed information of the fabrication to 
the physically-based structures (ex. Gaussian doping profile, abrupt channel doping variation, and so 
on). These detailed definitions can help to analyze non-uniform current distributions and non-linear 
capacitances. Furthermore, in order to accurately predict the switching behavior, it is necessary to 
provide an accurate device and circuit models. However, structures with dense mesh nodes for higher 
accuracy require long calculation times.  
   In contrast, the circuit-based models such as PSPICE, SABER, and Simplorer make use of 
equation-based descriptions of the device behavior. With these tools it is easy to define device 
parameters and conveniently extract and modify model parameters. They require much less time for 
the simulation with reasonable results. However, due to the simplified formulation of the device 
model, it is not possible to model the gradual transition of drain current from linear to saturation and 
internal capacitances with great accuracies. Moreover, it is pre-required that the model parameters of 
the newly developed devices are provided by device manufacturers or are based on extensive 
electrical characterization. Regarding new SiC power devices, only a few types of devices are 
available from the device suppliers. Also, their models have certain limitations for analysis and 
definition of diverse phenomena inside the devices. 
    In this thesis, a numerical modelling for SiC power JFETs and Schottky JBS-diodes has been 
presented with static characteristics and dynamic characteristics. Device parameter extractions are 
performed for different types of devices.     
  

2.3.1 MEDICI, 2D-Device Simulator 

In this thesis, the Avant! MEDICI software is used for device simulations. In MEDICI, three groups 
of fundamental partial differential equations are solved. These are: 1) Poisson’s equation, 2) the 
Continuity equations, and 3) the Current equations. This software performs 2-dimensional device 
simulations and provides the capability to solve the semiconductor equations for anisotropic materials. 
Anisotropy is an inherent property for 4H-SiC and in MEDICI is realized through the so-called 
Anisotropic Material Advanced Application Module (AM-AAM) [4, 37].  
    The three groups of equations will be described separately below. Poisson’s equation determines 
the electrostatics of the semiconductor device. For a material with the ionized impurity concentration 
of  ��

 and �!
 , the electrostatic potential " is given by 
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where ε is the semiconductor dielectric constant, q is the electric charge, &
  is the surface charge 
density, and n and p are the electron and hole concentrations. For SiC-based device simulations, the 
dielectric tensor term ε is considered time invariant in Poisson’s equation [38]. The term &
 contains 
fixed charges in insulating materials or charged interface states. This parameter is defined by the 
INTERFACE statement and should be considered in the simulations of SiC BJTs due to surface 
recombination and in simulations of SiC MOSFETs due to interface traps at the semiconductor-
insulator interface, respectively.   
    The electron and hole continuity equations are given by 
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where +� and  +- are the electron and hole current densities, and ,� and ,- are the net electron and 

hole recombination rates. The term U describes generation phenomena such as the rates of generation 
and recombination of mobile carriers. In MEDICI, the term U consists of Shockley-Read-Hall (USRH), 
Auger (UAuger), and direct recombination (Udir) related to band-to-band or optical recombination. For 
SiC-based simulations, direct recombination is not considered in the model. Due to the extremely low 
intrinsic carrier concentration levels of SiC, the thermal generation of carriers is impossible at room 
temperature. Accordingly, this parameter can be neglected in the recombination mechanism. 
Recombination terms in bipolar devices such as SiC BJTs can dominate at the junctions. In order to 
consider this phenomenon, accurate doping concentration and lifetime parameters are determined in 
the simulation. 
    The electron and hole current equations are given by 

+� = −�/���% + �0�∇%  
 

(2.3.4) 

+- = −�/-�-$ − �0-∇$, 
 

(2.3.5) 

 
where /� and /-are the electron and hole mobilities and 0� and 0-are the electron and hole diffu-

sivities. From Boltzmann transport theory, the Einstein relation gives a simplified relation between the 
mobility and diffusivity, where the temperature is a variable. For SiC-based device simulations, the 
anisotropic nature of hexagonal polytypes of SiC is also considered in the carrier mobility either 
perpendicular to the c-axis or in parallel with the c-axis. As a consequence, the carrier mobility is a 
straightforward controllable factor for the current and is a crucial parameter for the accuracy in 
simulations of SiC MOSFETs or SiC JFETs. 
    With these fundamental semiconductor equations described above, a device simulation is 
performed as follows: (1) the device structure is defined by MESH, REGION, ELECTRODE, and 
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PROFILE statements. Here should be settled all available parameters such as doped regions, uniform 
doping concentrations, Gaussian doping profiles at the specified junctions, grid spacing and a place of 
electrodes, and their types of properties. All these items are performed in the setup phase of the 
simulation, as shown schematically in Fig. 2.5. (2) The geometry specified in 1 is discretized with a 
grid. This discretization process gives rise to a set of coupled nonlinear algebraic equations. These 
must be solved by nonlinear iteration methods [39]. (3) With initial guess for electric potentials, the 
first approach, Gummel’s method is performed. (4) For obtaining more accurate simulation, the 
second approach, Newton’s method is performed. The solutions are carried out over the entire grid in 
the device structure until a convergence is achieved.     
 

 

Figure 2.5. Modeling procedure in MEDICI (left side) and JFET device model without mesh and 
with mesh (right side). 

 

2.3.2. 4H-SiC Physical Models  

The anticipated simulation result is strongly dependent on the physical models and parameters used. 
For this purpose, fundamental material properties and parameters for 4H-SiC are collected from the 
literature. Some physical properties of 4H-SiC have, however, not been verified experimentally. In 
such cases, the physical parameters are taken from 6H-SiC, as described below. 
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    The different steps of the device simulation can be controlled by means of specific MEDICI 
commands. A number of semiconductor materials can be specified by built-in parameters that can 
easily be selected by the MATERIAL statement. The semiconductor physics are defined by the 
MODELS statement. Fundamental physics are preferentially specified: Fermi-Dirac statistics for 
carriers, incomplete ionization of impurities, Shockley-Read-Hall recombination, Auger recombin-
ation, Band-gap narrowing, concentration and temperature dependent mobility, transverse field-
dependent mobility model, and impact ionization. 
    To support the semiconductor physics for 4H-SiC material properties, additional material properties 
are specified by the MATERIAL statement and MOBILITY statement which allow constant 
parameters. These models and parameters are described below. 
 
Energy Band Gap 

In the device properties, the energy band gap is related to the built-in potential of the p-n junction and 
determines the intrinsic carrier concentration. From [4, 40], the energy band gap of 4H-SiC at T ≈ 
4.2 K is 3.285 eV as obtained by combining a measured exciton band gap, Egx of 3.265 eV and a 
measured exciton binding energy, Ex of 0.020 eV. The energy band gap is temperature dependent and 
tends to decrease with increasing temperature. Accordingly, the temperature dependence of the energy 
gap must be considered. For 4H-SiC, this temperature derivative is adopted from 6H-SiC [41, 42]: 

 
4/ 3.3 10

g
dE dT

−= − ⋅  [eV/K],              300K ≤ T ≤ 700K 

 
(2.3.6) 

 
    In order to obtain a useful description of the bandgap of 4H-SiC, the approximate model of the 
bandgap can be combined with the temperature derivative of the bandgap of 6H-SiC as described in 
(2.3.6) [4]:  

 
4( ) 3.19 3.3 10 ( 300 )

g
E T T K

−= − ⋅ ⋅ − [eV]. 

 
(2.3.7) 

   
   From (2.3.7), the energy band gaps at 0 K of 3.289 eV and at 300 K of 3.19 eV are obtained. In 
MEDICI, the temperature dependence of the bandgap can be defined in two ways, which are 
expressed as [39]: 

 
2

( ) (0)g g

EGALPH T
E T E

T EGBETA

⋅
= −

+
 [eV], 

 
(2.3.8) 

 
2 2300

(300) EGALPH
300g

T
E

EGBETA T EGBETA

 
= + ⋅ − + + 

 [eV], 

 
(2.3.9) 

 
where the bandgap at 0 K of Eg (0) is set to 3.289 eV, the bandgap at 300 K of Eg (300) is set to 
3.19 eV as obtained from Eq. 2.3.7, EGALPH is set to 0.33 meV/K from Eq. 2.3.6, and EGBETA is set 
to 0 K. Additionally, the band-gap narrowing effect due to heavy doping is also included by 
specifying the BGN parameter in the MODELS statement. However, the specific parameters of this 
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model could not be defined because no publications exist on a model for doping-induced band gap 
narrowing for any SiC polytype. Thus, due to the absence of such a model for SiC, default parameters 
for Si [43] are taken into account for 4H-SiC. 
 
Intrinsic Carrier Concentration and Effective Density of States  

The intrinsic carrier concentration is given by  

  ( ) exp
2

g

i C V

B

E
n T N N

k T

 
= ⋅ − 

 
 [cm-3], 

 
(2.3.10) 

 
where NC and NV are the effective density of states in the conduction band and valence band, 
respectively. kB is Boltzmann’s constant of 1.38×10-23 JK-1 (8.617×10-5 eVK-1), Eg is the energy band 
gap of 3.19 eV at 300 K. It is strongly dependent on temperature since the energy band gap and the 
effective density of states are represented as functions of temperature in Eq. 2.3.10. The effective 
density of states are expressed as [39] 

  

3
2

( ) 300
300C

T
N T NC

 =  
 

 [cm-3], 
 

(2.3.11) 

   

3
2

( ) 300
300V

T
N T NV

 =  
 

 [cm-3], 

 
(2.3.12) 

 
where, 300NC  and 300NV  are user-defined parameters in MEDICI. They are given by 

   
3

19 2300 2.50945 10 ( )deNC m= ⋅ ⋅   

 
(2.3.13) 

   
3

19 2300 2.50945 10 ( )dvNV m= ⋅ ⋅  

 
(2.3.14) 

 
where, the electron and hole density-of-states effective masses, mde and mdv for 4H-SiC have been 
obtained from band structure calculations [44]. For the electron density-of-states effective masses, mde, 
three equivalent conduction band minima are considered at the M-point in the Brillouin zone of the 
hexagonal lattice. The respective calculated effective masses are mc (MΓ) = 0.57, mc (MK) = 0.28, 
and mc (ML) = 0.31 for one valley of conduction band. Finally, these values lead to mde of 0.76 at 
300 K (detailed equation described in [4]). For the hole density-of-states effective masses, mdv, three 
separate bands, v1 (uppermost band), v2 (2nd band), and v3 (3rd band) exist at the top of the valence 
band. From each band, the hole density-of-states effective masses are obtained as mdv1 of 0.84, mdv2 of 
0.79, and mdv3 of 0.78. Finally, these values lead to mdv of 1.20 at 300 K (detailed equation described 
in [4]). Using the values given above for the energy band gap and effective density of states, the 
intrinsic carrier concentration at 300 K is obtained as 3.733×10-8 [cm-3]. In the literature slightly 



 

20 

Chapter 2  

SiC Power Device Characterization 

different values can be found [45, 46]. The reason for this is that slightly different values of mde and 
mdv are used. 
 
Incomplete Ionization: Dopants   

The ionized impurity concentrations of donors and acceptors are given by [39] using Fermi-Dirac 
statistics with appropriate degeneracy factors. Thus, 

 
1 exp[ / (kT)]

D
D

Fn C

N
N

GCB E E

+ =
+ −

 [cm-3], 
 

(2.3.15) 

 
V1 exp[E / (kT)]
A

A

Fp

N
N

GVB E

+ =
+ −

 [cm-3], 

 
(2.3.16) 

 
where 

DN
+ and 

AN
+ are included in Poisson’s equation (2.3.1). In the MEDICI statement, degeneracy 

factors, GCB = 2 (in the case of nitrogen dopant for n-type doping and GVB = 4 in the case of 
aluminum dopant for p-type doping) are taken from [41], respectively. To determine the ionization 
energy of nitrogen dopants (for n-type doping) in SiC, a single level of 65 meV is assumed from [4, 
41] for simplicity. In fact, in the case of nitrogen dopant, two different energy levels below the 
conduction band exist, which create two different ionization energies:, 52.1 meV (Ec – Ed1) in the 
hexagonal (h) site and 91.8 meV (Ec – Ed2) in the cubic (k) site [4]. It should be noted that the large 
binding energy gives rise to a high probability of incomplete ionization. For aluminum as an acceptor 
impurity there is no difference in ionization energy arising from two inequivalent sites. Accordingly, 
65 meV of donor ionization energy is assigned as EDB (= EC – ED) and 0.191 eV of acceptor 
ionization energy is assigned as EAB (= EA – EV) in the MEDICI statement. 
 
Recombination: Shockley-Read-Hall (SRH) and Auger Recombination  

Even if the scope of this work mainly concerns devices with unipolar properties, in some cases 
bipolar operation is inevitable. Such cases are, for instance operation at high current densities of JBS 
diodes and BJTs, and forward-biased junctions in JFETs. It is, therefore, necessary to have a realistic 
representation of the recombination mechanisms in the simulations.  
    Under certain thermal conditions, carriers are generated by external energy and recombined for 
returning to the equilibrium condition. This transition rate between generation and recombination is 
governed by the minority carrier lifetime.  

    For Shockley-Read-Hall recombination rate, USRH in Eq. 2.3.17 [39], the lifetimes n
τ and 

pτ of 

electrons and holes are depending on the doping level through the Scharfetter relation [37]  

2

[ exp( )] [p exp( )]

ie
SRH

p ie n ie

pn n
U

ETRAP ETRAP
n n n

kT kT
τ τ

−
=

−
+ + +

 

 
(2.3.17) 
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where nie is the effective intrinsic concentration, ETRAP in the MEDICI statement represents the 
difference between the trap energy level, Et, in the gap and the intrinsic Fermi energy, Ei. This model 
is defined through the SRH command in the MODELS command. Instead of defining the specific 
physical parameters, the conventional SRH recombination model is selected, in which the trap level is 
in the middle of the band gap [39]. In cases where strictly unipolar operation models are simulated, 
fixed lifetimes of electrons and holes can be used by using the commands TAUN0 and TAUP0. 
    The Auger recombination rate is given by [39] 

2
, ,( ( ) ( ))( )

Auger Aug n Aug p ie
U nC T pC T pn n= + −  

 
(2.3.18) 

 
where ,Aug nC and ,Aug pC are user-defined parameters. According to [47], the values for the Auger 

coefficients are obtained as ,Aug nC = 2.8×10-31 [cm6/sec] and ,Aug pC = 1.0×10-31 [cm6/sec]. In MEDICI 

they are assigned with AUGN and AUGP, respectively. This process becomes important at high 
injection levels (typical for bipolar devices) [37].  
 
Generation: Impact Ionization 

As mentioned earlier in Section 2.2, the impact ionization process occurs at high electric fields, which 
gives sufficient energy to carriers. At high field strengths, the carriers scattering on the phonons can 
result in excitation of electrons from the valence band to the conduction band. As a consequence, 
electron-hole pairs are generated. This mechanism is referred as impact ionization. The generation 
rate in this case can be expressed by: 

, ,
pII n

n ii p ii

JJ
G

q q
α α= ⋅ + ⋅ .  

 
(2.3.19) 

  
    Then, newly generated carriers contribute to the creation of other electron-hole pairs. Consequently, 
this process is a multiplicative phenomenon which leads to a cascade of mobile carriers in the 
depletion layer. At a distance χ from the junction, the total number of electron-hole pairs (called 
multiplication coefficient) is given by 

0

0 0

exp[ ( ) ]
( )

1 exp[ ( ) ]

x

n p

W x

p n p

dx
M x

dx

α α

α α α

−
=

− −

∫

∫ ∫
. 

 
 

(2.3.20) 

 
    Avalanche breakdown occurs when M(x) approaches infinity. This condition is attained when the 
ionization integral becomes equal to unity, i.e.  

0 0
exp[ ( ) ] 1

W x

p n p
dxα α α− =∫ ∫ .  

 
(2.3.21) 
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    In (2.3.19), (2.3.20), and (2.3.21), the impact ionization coefficients n
α and 

pα are defined to 

characterize the avalanche breakdown effect and are expressed below [48]: 

     exp( )n
n n

b
a

E
α

−
= ⋅ , 

 
(2.3.22) 

      exp( )p

p p

b
a

E
α

−
= ⋅ , 

 
(2.3.23) 

 

where E is the projection of the electric field in the direction of the current. The quantities n
a , n

b , 
pa , 

and 
pb are the fitting parameters for the impact ionization coefficients. For 4H-SiC, these parameters 

are adopted from 6H-SiC because these polytypes are similar in this physical property. In MEDICI, 

all the fitting parameters are assigned by N.IONIZA of 4.95×106 [cm-1] for n
a  , P.IONIZA of 

2.16×107 [cm-1] for 
pa , ECN.II of 2.58×107 [V/cm] for n

b , and ECP.II of 1.90×107 [V/cm] for 
pb

according to [4, 49, 50]. Based on the defined model, the holes initiate the avalanche effect at room 
temperature. This is a quite reasonable consideration because the valence band structure of 6H-SiC is 
rather similar to that of 4H-SiC. In the case of high temperature, the contribution of carriers to initiate 
the avalanche effect is dominated by electrons which have quite different band structure than the holes. 
Analysis of avalanche breakdown at high temperatures should consider this effect. In addition, the 
positive temperature dependence is taken into account for the design of the breakdown voltage in 

power devices. Furthermore, n
α and 

pα are both diagonal tensors (X, Y, Z) with diagonal components, 

nα
�
, n
α ⊥ ,

pα
�
, and 

pα ⊥ [51] in AM-AAM due to anisotropic property of SiC. They are modelled as 

      , , 3.5 ,n n p p n n p pa aα α α α α α⊥ ⊥= = = =
� �

 
 

(2.3.24) 

 

    Considering (2.3.24), the tensor of impact ionization can be derived as (0.286, 1, 0.286) for n
α and 

(1.0, 1.0, 1.0) for
pα .  

 
Low-field Mobility and High-field Mobility (Velocity Saturation) 

To characterize unipolar current transport in devices, the majority carrier mobilities of electrons or 
holes should be considered with respect to the electric field strength. The carriers can achieve an 
average velocity determined by the scattering mechanism (such as lattice scattering and impurity 
scattering) [1]. Fundamentally, the mobility is expressed as the proportionally constant between the 
electric field and the average carrier velocity. Thus, 

v Eµ= ⋅
� ��

. 
 

(2.3.25) 
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    At low electric fields, the mobility is almost constant because the electron velocity increases 
linearly with the increase of the electric field. An analytical mobility model for electron and hole 
mobilities in SiC was derived by Arora, et al. [52]. This reads 

      ,

n,p

,min
, ,

,

( )
3001 ( )

n p

delta

n p

n p n p
D A

n p

T

N N K

N

α

µ

µ
µ µ

ϒ
= +

+
+

. 

 
(2.3.26) 

 
     From the parameters of 4H-SiC and 6H-SiC measured in [53], the parameters of doping 

dependence ( ,n p
N

µ
 , n,pϒ ) and temperature dependence ( ,n pα ) are obtained and summarized with 

other parameters in Table 2.3.1. This model is performed in the absence of electron-hole scattering. In 
addition, anisotropic properties are also considered in the values of the electron and hole carrier 
motilities for nitrogen-doped (n-type) and aluminium-doped (p-type) SiC. They are described below:  

      1.2 , , ,n n p p n n p pµ µ µ µ µ µ µ µ⊥ ⊥= = = =
� �

. 
 

(2.3.27) 

 

Considering Eq. 2.3.27, the tensor of mobility can be derived as (1.0, 1.205, 1.0) for n
µ and (1.0, 1.0, 

1.0) for 
pµ . 

Table 2.3.1 Summary of parameters for ARORA model.  

Parameter in Eq. 2.3.26 Parameter in MEDICI Electron (Hole) 
min min( )
n p

µ µ
 [cm2/Vs] 

MUN1.ARO (MUP1.ARO) 0 (15.9) 

( )delta delta

n p
µ µ

 [cm2/Vs] 
MUN2.ARO (MUP2.ARO) 947 (108.1) 

- EXN1.ARO (EXP1.ARO) 0 (0) 
( )n pα α  

EXN2.ARO (EXP2.ARO) -2.15 (-2.15) 

- EXN3.ARO (EXP3.ARO) 0 (0) 
- EXN4.ARO (EXP4.ARO) 0 (0) 

n p( )ϒ ϒ  
AN.ARORA (AP.ARORA) 0.61 (0.34) 

( )
n p

N N
µ µ

 [cm-3] 
CN.ARORA (CP.ARORA) 1.94×1017 (1.76×1019) 

 
    In Figs. 2.6 and 2.7, electron and hole motilities as a function of doping concentration at different 
temperatures are illustrated using Eq.2.3.26 with the parameters described in Table 2.3.1.     
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Figure 2.6. Electron mobility as a function of 
doping concentration at different temperatures 
from Eq. 2.3.26 with the parameters in Table 
2.3.1. 
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Figure 2.7. Hole mobility as a function of 
doping concentration at different temperatures 
from Eq. 2.3.26 with the parameters in Table 
2.3.1. 

 
    At high electric field, the mobility tends to decrease and is limited by the saturated velocity. For this 
phenomenon, reliable models do not exist in 4H-SiC. Alternatively, the specific values for sat

nV and 
sat

p
V are defined as 2.5×107 cm·sec-1 assuming that the saturation of the electron drift velocity occurs 

at an electric field of approximately 2.0×105 V/cm. 

2.4. Summary 

• The general design considerations for power devices (transistors and diodes) have been 
reviewed in this chapter. Their typical static characteristics have been compared with those for 
the ideal case. Furthermore, the conduction losses and switching losses of the devices are 
discussed, and how these losses can be minimized. 

•  The basic properties of unipolar SiC power devices have been described. The critical electric 
field of SiC is approximately 10 times higher than that of Si, which results in specific on-state 
resistances that may be l000 times lower for SiC than for Si with the same breakdown voltage. 
These properties of SiC make it an attractive material for utilization in advanced power 
electronics systems.  

• Finally, an overview of 4H-SiC physical models used in the device simulations has been 
presented. The anticipated simulation result is strongly dependent on the physical models and 
parameters used. For this purpose, fundamental material properties and parameters for 4H-SiC 
are collected from the literature. 
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In this chapter, the potential benefits of 4H-SiC buried-grid (BG) JFETs are studied by means of 
simulations using the MEDICI 2D-device simulator. For the JFET, the buried-grid technology [4] is 
adopted due to the following reasons: 

• The BG JFET requires a comparably simple manufacturing process with certain fabrication 
tolerances. 

• The device fabrication can be realized solely through epitaxial technology without 
implantations. A wide range of design parameters such as length, width, and doping of the 
channel region can be accomplished through the process.  

•  The BG technology has already been proven to improve the device performance in various 
applications with the double-gate normally-off JFET, the JBS diode for high temperature 
operation, junction terminations for effective field distribution, and the avalanche UV detector 
for achieving multiplication [Publication IV]. This means that the BG technology has been 
demonstrated to be successful in various different applications.   

• Compared to other types of JFETs, the BG JFET is not commercialized yet even though the 
device has many advantages. This technology has been studied by only AIST and a few other 
groups. Therefore, since the BG JFET is one of the most promising candidates for high-
efficiency power conversion, the investigation of this device is of great interest. 

3.1. SiC Junction Field Effect Transistors (JFETs) 

The SiC JFET has been suggested as a promising candidate for a power switch. Because it is a 
majority carrier (unipolar) device, high switching speed is possible and bipolar degradation issues can 
be neglected in contrast to the SiC BJT [54, 55]. Moreover, the SiC JFET does not rely on the 
formation of a high-quality SiO2/SiC interface as compared to the SiC MOSFET. Also from a circuit 
point-of-view, the SiC JFET has advantages: it does not require any significant input current to the 
gate, which means that the gate-drive unit is simpler than for a current-controlled device such as the 
SiC BJT. In the JFET, the main function is simply controlled by a doped channel being built in the 

The information presented in this chapter is based on Publications I, II, III, and V. 
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bulk material of the device (conduction mode) and a reverse-biased P/N junction (blocking mode). 
This inherent advantage of the structure can be realized with comparably less fabrication steps. 
    Generally, each layer of the JFET structure is optimized with the adjustment of doping 
concentration and thickness for the targeted power application. The source region is normally thin 
and heavily doped (N+, approximately (1–3)×1019 cm-3) to minimize the contact resistance and to  
obtain a good ohmic contact with the metal. The thickness should not be too thin, and a reasonable 
choice is approximately 0.5 µm for allowing a nickel silicide formation. The drift region is a lightly 
doped n-type layer (N-) and very thick compared to the source region. The thickness and doping 
concentration are parameters that depend on the required blocking capability. A buffer layer can be 
used at the interface between the drift region and the substrate. Finally, the channel region is the most 
important parameter that determines current and voltage capabilities of the required design 
specification. 

Table 3.1 Comparison of device parameters which mainly influence electrical characteristics [56]. 

 Channel region Drift region Source region 
 

Electric characteristics 
Doping Thickness Width Doping Thickness Doping Height 

Nch tch Wch Ndrift tdrift Nsource Lsource 

Breakdown voltage, 
BVGD 

√  √ √ √   

Breakdown voltage, 
BVGS 

√     √  

Blocking voltage √ √ √ √ √   
Turn-off voltage, Voff √ √ √     

On-resistance, Ron √ √ √ √ √   
Current capacity,  

Idss or Imax 
√ √ √     

Transconductance, gm √ √ √     
Gate-drain capacitance, 

CGD 
√   √ √   

Gate-source capacitance, 
CGS 

√     √ √ 

 
    The channel and drift regions are continuously epi-grown, thus avoiding crystal defects. Both 
regions can have constant doping. In this case, the same low doping density can be used both for the 
drift region and the channel. This allows for a high electron mobility due to lower scattering on 
ionized donors [56]. However the overall resistance is reduced as the doping concentration is 
increased. In a JFET, a conduction loss is greatly influenced by a channel resistance. Therefore, since 
dopings in both regions can be independently controlled, the channel doping level should be kept as 
high as possible to obtain a low channel resistance. Independently controlled doping density in the 
channel and in the drift region is required for the optimization: the high current capability can be 
improved by a highly-doped channel region, and a high blocking voltage capability can be secured by 
a low-doped drift region. Besides the channel length and width have to be controlled since they 
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influence the trade-off between the channel resistance and blocking capability. The electrical 
parameters of the JFET device are strongly dependent on these structural parameters. Table 3.1 shows 
a comparison of the structural parameters of the device that have a major influence on the electrical 
characteristics. In the device design, these properties are always considered to enhance device 
performance.  
    Generally, a p-type gate region is formed on a low-doped n-type drift layer using epitaxial or ion-
implantation processes as shown in Fig.3.1. 
 
 

 

Figure 3.1 Comparison of epitaxial and implantation processes for embedding a p-type grid into 
an n-type channel region.  

    The ion-implantation process is most commonly used to form a heavily doped p-type region into a 
lightly doped n-type region. In SiC materials, forming a heavily doped p-type material by implanting 
Al or B is extremely difficult and requires high temperature treatment during implantation (up to 1000 
oC). Besides, the dopant diffusivities are almost negligible. After implantation, SiC lattice damage and 
a non-abrupt junction are introduced [9]. Furthermore, it is difficult to have a deep implantation depth 
due to implantation energy limitations, resulting in a shallow channel. Another problem is the lateral 
straggling of the implantation profile that causes a mismatch between a drawn design and a real 
implanted area. In normally-off JFET design, a strict alignment is required. On the other hand, a 
junction termination area can be fabricated through use of ion-implantation of dopants in the same 
process as p-gate. This reduces the number of fabrication steps needed.  
    The epitaxial process is also considered for forming the main voltage controlling p-n junction in 
JFET technology. This technology is preferred for the design of normally-off JFETs. When using 
epitaxial technology, both uniform doping and precise thickness are achievable, especially in the 
channel region. This means that the channel parameters (length, width, and doping) can be controlled 
accurately. The gate region can be obtained highly doped, which enables formation of a good ohmic 
contact and at the same time without any crystallographic damage. In contrast to the case of ion 
implantation, epigrown p-type islands need an additional etching process in order to define the buried 
grid areas. Complex process steps, such as the planarization process or conventional chemical 
mechanical polishing (CMP), may be required [9] for removing the undesired material introduced by 
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the re-growth step. Moreover, the junction terminations may require additional process steps when 
epitaxial technology is used. 
 
Buried-Grid JFET 

    The schematic cross-section of the buried-grid JFET is shown in Fig. 3.2. Due to the fact that the 
channel is vertical, a large portion of the vertical cross-sectional area can be used for the current 
conduction, which results in very low values of RDS(on). For the optimization of the BG SiC JFET, 
each layer of the device can be controlled separately in terms of doping concentrations and 
thicknesses. Particularly, p-type regions can be formed either by epitaxial growth or by ion-
implantation. Regardless of the way of processing of the p grid, the first layers, i.e. those of the buffer 
and of the drift region, are always realized by epitaxial growth. 
    Implanted p-type islands are formed inside the drift region using epitaxial overgrowth. Then, a 
heavily doped n-type source region is epitaxially grown on top. The channel doping can be realized 
uniformly. However, the channel width may vary due to a straggle of implantation. 
    On the other hand, epigrown p-type islands require an additional etching process. Continuous 
epigrowth is performed from buffer layer to p-type layer, and then trenched pillars are formed by 
means of etching. After that, an n-type region is epitaxially filled in between the trenched pillars of p-
type islands.  
 

 

Figure 3.2. Cross-section of SiC Buried-Grid JFET 
[PAPER IV]. 

    With this process both the channel width and the channel doping can be controlled precisely. Such 
a type of JFET is not available on the market, yet. However, on research level some results have been 
reported in [57-62]. Normally-off JFETs with a blocking voltage of 980 V and RonS of 1.89 mΩcm2 
[58] and normally-on JFET with a blocking voltage of 1270 V and RonS of 1.21 mΩcm2 [59] have 
been developed as prototypes.  
    In this thesis, the potential of 1.2 kV BG JFETs with normally-on and normally-off concepts have 
been analyzed using simulations in order to ascertain the performance of the BG JFET. Particularly, 
the device performance is considered with a high temperature operation up to 250 oC. The idealized 
design concepts have been also investigated and evaluated [Publication I, and II]. 
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Lateral-Channel JFET 

    The schematic cross-section of the lateral-channel JFET is shown in Fig. 3.3. This JFET is similar 
to SiC Double-Implanted-MOSFET (DMOSFET). In the lateral-channel JFET, however, the oxide 
layer for a control of the inversion layer underneath the gate contact is replaced with a bulk material. 
This type of JFET was successfully manufactured and commercially introduced by SiCED [28]. In 
[63], two different structures are proposed according to the source and gate position. One of these 
structures is shown Fig. 3.3. This structure provides the important advantage of an integral body diode 
[64-68] which can be used as an anti-parallel diode in power electronic circuits since the p-type gate is 
directly connected to source contact. Due to this source contact, a p-n junction is formed between 
source and drain. Also, the Miller capacitance related to the switching performance is low. For these 
reasons, this structure has become popular. To fabricate this JFET, the p-type gate is implanted 
selectively into the first epitaxial layer and then a second epitaxial layer of 2 µm is grown forming the 
top layer. Doping and thickness of the first epitaxial layer contribute to a desired breakdown voltage. 
The second epitaxial layer is kept identical regardless of the desired blocking capability [28, 29].  
 

 

Figure 3.3. Cross-section of SiC Lateral-Channel JFET 
[PAPER IV]. 

    The fabrication process of this structure is simpler than other structures in the sense that it involves 
fewer steps of etching and fill-in, or alternatively angular implantation. In this concept, however, 
normally-off operation is impossible because only the top gate acts as the controlling electrode. 
Furthermore, this concept has the disadvantage of a relative high specific on-resistance which is 
related to lateral channel. The explanation to this is associated with the cell pitch which ranges from 
10 µm to 16 µm [9]. To overcome this inherent drawback caused by the device structure, the on-state 
resistance is improved as the doping underneath and between the buried p-regions is enhanced [26]. 
However, the underlying cell pitch with a large lateral channel makes the saturation current levels 
prohibitively low, a fact which is also explained in [26]. 
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Recessed-Gate JFET 

    The schematic cross-section of the recessed-gate JFET is shown in Fig. 3.4. This type of JFET was 
developed in three different research groups. These are SemiSouth Laboratories [69], Northrop 
Grumman Electronic Systems [70], and SiCLAB [71]. Among those, only the JFET by SemiSouth 
Laboratories was commercially released. In that case, the structure was referred to as vertical trench 
JFET similar to the BG JFET: the optimal channel parameters of doping and thickness are indepen-
dently controlled in order to achieve desired blocking and conduction capabilities. For a blocking 
voltage of 1200 V, the drift region doping is approximately 6.0×1015 cm-3 with a thickness of 10 µm. 
A heavier channel doping towards the drain and a more lightly–doped channel region near the source 
contact (nch2 = 3·nch1) are set to improve the saturation current [72]. To form this structure, an 
epitaxially grown channel region is etched to create the vertical channel array structure. Then a p-type 
gate is created by an ion-implantation process [73-76]. The physical spacing between the p-type gates 
can be adjusted in two ways, either through an implanted doping concentration or an etched width of 
source pillars. Depending on the dose and energy of the implantation, deep (high dose and energy) 
and shallow (low dose and energy) implantations can create normally-off and normally-on devices, 
respectively. Furthermore, the physical channel width can be modified by etching of source pillars 
[76]. To achieve a long channel length, angular implantation is utilized for this type of JFET [69, 73]. 
The implantation of the side-wall and bottom of the trench are carried out with the wafer tilted by a 
certain angle. The implantation doping can be nonuniform depending on the implantation angle 
variations [74]. It means that the fabrication tolerance cannot be disregarded. A device parameter 
spread is inevitably obtained on wafer and wafer-to-wafer scale in the fabrication process. This 
investigation has been performed in Publication VII and VIII. Static and dynamic characteristics are 
compared in simulations and experiments.  
 

 

Figure 3.4. Cross-section of SiC Recessed-Gate JFET. 

 
    Finally, Table 3.2 summarizes a comparison of fabrication processes to be applied for different 
types of JFETs. Table 3.3 summarizes measured values of blocking voltage and specific on-state 
resistance for different types of JFETs. 
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 Table 3.2 Comparison of fabrication processes and design concept according to different types of 
JFETs.  

Type 
Drift  

/ Channel 
Gate Source 

Possibility of  
n-on and n-off type 

Fabrication 
complexity 

BG JFET Epitaxy 
Implantation 

or epitaxy 
Implantation 

or epitaxy 
N-on / N-off Moderate 

LC JFET Epitaxy Implantation Implantation N-on Simple 

RG JFET Epitaxy Implantation 
Implantation 

or epitaxy 
N-on / N-off Complex 

Table 3.3 Comparison of blocking voltage and specific on-resistance in different types of JFETs.  

 BG JFET LC JFET RG JFET 
Type N-on 

[59] 
N-off 
[58] 

N-on  
[63] 

N-on 
[77] 

N-off 
[69] 

Blocking Voltage [V] 1270  980 1200 1200 1200  
Specific on-resistance, RonS [mΩ·cm2] 1.21 1.89 24 / 14 2.47 2.80 

 

3.2. Design Concepts for Buried-Grid JFETs 

Based on the advantages of the buried-grid JFET (BG JFET) described in Section 3.1, several new 
improved concepts for normally-on and normally-off epitaxial SiC BG JFETs are proposed in this 
work as illustrated in Fig. 3.5. The device structure consists of an n+-buffer layer, an n--drift region, a 
p+-type gate region, an n-channel region, and an n+ -type source region. All layers are subsequently 
epitaxially grown on a highly-doped 4H-SiC substrate. For a 1.2 kV blocking capability, the drift 
region doping and thickness are set to 1.2×1016 cm-3 and 6.3 µm corresponding to a 1.2 kV PiN diode 
[78].  
    Particularly in this concept, the n-type channel is formed epitaxially (regrowth process) in between 
and above the gate areas after patterning and etching of the p+ gate layer. The thickness and doping 
concentration of the buried grid are 1.2 µm and 1.0×1019 cm-3, respectively. The expected benefits of 
this fabrication process are the high quality of the epitaxial channel and the good control of the 
channel parameters such as dimensions and doping concentration compared to the ion-implantation 
process.  
    For simulation, a Gaussian tail of 0.2 µm [79] is assumed around the gate islands in order to 
approximate the doping profile obtained during the epitaxial growth processes. This gives a channel 
length, Lch of 1.6 µm and the slightly over-etched depth of 0.3 µm in the channel is considered. The 
half width of the gate is kept at 1.2 µm in all simulated structures.      
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Figure 3.5. Cross-section of the simulated 1.2 kV SiC Buried-Grid JFET. 
Modified from [PAPER I]. 

    For the design of normally-on and normally-off type JFET, a simplified one-sided N-channel p-n 
JFET is considered. The channel width between the p+ gates is Wch, and the induced depletion region 
width for the one-sided p+n junction is d when the drain-to-source voltage is zero. Based on these 
assumptions, the depletion width is given by 

1/2
2 ( )sic o bi GS

ch

V V
d

eN

ε ε −
=  
 

, 

 
 

(3.1) 

 
where VGS is the gate-to-source voltage (a negative voltage for a reverse-biased pn junction), Vbi is the 
built-in potential barrier, and Nch is the channel doping concentration. 
    So called pinch-off condition is reached when the channel is fully depleted (d=Wch) and we can 
write 
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where Vpo is the internal pinch-off voltage. This voltage is not the gate-to-source voltage to obtain the 
pinch-off condition. From (3.1) and (3.2), the pinch-off voltage (threshold voltage) is defined by 
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    For 4H-SiC material, the built-in potential is approximately 2.5 V at room temperature. The highest 
threshold voltage in the forward direction is given by the built-in potential of the gate-to-source 
junction in the absence of bipolar injection. The lowest threshold voltage in the reverse direction is 
given by Vpo ≥ Vbi. 
    Eq. 3.4 is the basis for designing the channel of the JFET. For a channel width, Wch, and threshold 
voltage, Vth, the channel doping has to be chosen according to Eq. 3.4. In Table 3.4, the channel 
dopings for different values of Wch and Vth are given for a 1200 VJFET. Note that for a certain value of 
Wch, different values of Vth can be obtained by varying Nch. 

Table 3.4 Optimized channel doping concentration, Nch, for 1.2 kV BG JFETs with normally-on 
design with Vth = -50 V, normally-on design with Vth = -10 V and normally-off design with Vth = 0 V 

for specified channel width values, Wch [PAPER I and II]. 

Wch (µm) 
Channel doping, Nch (cm-3) 

Vth = -50 V Vth = -10 V Vth = 0 V 

2.14 µm 1.20 × 1016 - - 
1.50 µm 3.98 × 1016 2.80 × 1015 - 
1.00 µm 1.20 × 1017 1.90 × 1016 3.00 × 1014 
0.70  µm 2.40 × 1017 5.40 × 1016 4.60 × 1015 
0.50 µm 3.98 × 1017 1.03 × 1017 1.60 × 1016 
0.30 µm - 2.20 × 1017 4.40 × 1016 

3.3. Static Characteristics 

In this section, a detailed investigation of the most important device parameters is presented, i.e. the 
blocking characteristics, specific on-state resistance, forward and transfer characteristics, and 
capacitances. 
 
Blocking Characteristics 

For the required blocking voltage of 1.2 kV, a typical avalanche breakdown analysis is performed at 
elevated junction temperature of 250 oC in order to prevent a convergence problem (numerical 
instability). It is due to the fact that SiC has very low intrinsic carrier concentration. However, if 
considered at too high junction temperature, the analyzed breakdown voltage will be overestimated 
because the avalanche junction breakdown increases with the temperature increase. To achieve a 
proper estimation of the breakdown voltage, the leakage current limit is set to 1 µAcm-2.  
    From Eq. 3.1, the equation is modified considering the case when the gate and drain voltages are 
applied. Then, the depletion width is given by 
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sic o th DS

ch drift

V V
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 +
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(3.5) 
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    When considering the simplified geometry of a p+n gate junction, the depletion widths at the source 
end and at the drain terminals are functions of Vth and of VDS, respectively. Considering Eq. 3.5 with 
Eq. 2.2.2, the avalanche breakdown voltage is strongly related to the doping concentration. In the 
proposed JFET structures, the technical design parameters such as the doping concentrations of the 
channel and the drift region are separately controlled. As mentioned before, the doping concentration 
of the drift region is set to 1.2×1016 cm-3 in all the simulated structures. In Table 3.4, only the channel 
doping concentration is varied for a given channel width in order to achieve the specific threshold 
voltages of -50 V, -10 V, 0 V. All the structures are designed for 1.2 kV blocking capability with 1 
µAcm-2 leakage current at 250 oC. The sensitivity of the blocking characteristics on the gate voltage is 
shown in Fig. 3.6.   
 

   

Figure 3.6. Reverse blocking characteristics of 1.2 kV-class normally-on and normally-off BG 
JFETs with the specified threshold voltages of -50 V, -10 V, and 0 V [PAPER I]. 

 

   

Figure 3.7. Reverse blocking characteristics as a function of the channel doping concentration of 
1.2 kV-class normally-on and normally-off BG JFETs with the specified threshold voltages     
of -50 V, -10 V, and 0 V [PAPER I]. 

   
    As shown in Fig. 3.7, the breakdown voltages, at the specified threshold voltages, depend on the 
channel doping concentrations. A high channel doping is desirable because it gives a lower on-state 
resistance. However, too highly doped channels result in reduced blocking voltages. For this reason, 
doping dependence has to be taken into account in determining the optimum channel doping 
concentration. As illustrated by Fig. 3.7, the optimum channel doping concentration for a given 
threshold voltage corresponds to the highest doping density that ensures the required blocking voltage 
of 1.2 kV. 
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Specific On-state Resistance  

Using the optimal channel doping concentrations described above, the specific on-state resistances are 
obtained as shown in Fig. 3.8. The gate-to-source voltage is 2 V in the presented cases. Generally, the 
specific on-state resistance is related to the mobility of the device material and the doping 
concentration in Eq. 2.2.4. The results in Fig. 3.8 indicate that the lowest values of the specific on-
state resistance can be achieved with the N-on design having a threshold voltage of -50 V. However, 
the values for Wch = 0.5 µm require a very high channel doping (4×1017 cm-3). At present, this may not 
be a desired design value. Moreover, it may be hard to realize the channel width of 0.5 µm. A more 
realistic value is Wch = 1.0 µm. In this case, specific on-state resistances of 0.7 mΩcm2 at 400 K are 
possible. This is indeed a very low value. For the design with Vth = -10 V, the specific on-state 
resistance would be approximately 1.5 mΩcm2 using a 1 µm channel width. For the N-off design, 
values of approximately 2 mΩcm2 are obtained. The specific on-state resistance increases with 
increasing temperature. It is because the carrier mobility is decreasing with increasing temperature as 
illustrated in Figs. 2.6 and 2.7.  
 

 

Figure 3.8. Specific on-state resistance as a function of temperature for 1.2 kV-class normally-on 
and normally-off BG JFETs with the specified threshold voltages of -50 V, -10 V, and 0 V 
[PAPER I]. 

 
    In Fig. 3.9 the specific on-state resistance as a function of the channel width is illustrated. The 
values are extracted at a temperature of 250 oC and the gate-to-source voltage of 2 V. The possibility 
of a high temperature device operation is important for eliminating costly cooling systems in power 
electronics converters. In particularly, the on-state resistance is a very sensitive parameter, which 
contributes to the increased conduction losses of the devices.  
    For normally-off type JFET, a submicron channel below 0.5 µm is necessary due to high channel 
doping required for low on-state resistance. The proposed structures of normally-off JFETs can 
achieve specific on-state resistances lower than 3 mΩcm2 provided that the channel width is smaller 
than 0.3 µm. On the other hand, the normally-on JFETs with the threshold voltages of -50 V and -10 
V can achieve the specific on-state resistance of 2 mΩcm2 provided that the channel widths are 
smaller than 1.5 µm and 0.7 µm, respectively. In conclusion, for the specified threshold voltages, the 
specific on-state resistance decreases with decreasing channel width, due to the corresponding 
increase in the channel doping concentration. 
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Figure 3.9. Specific on-state resistance as a function of the channel width for normally-on and 
normally-off BG JFETs with different threshold voltages (VGS = 2 V at 250 oC) [PAPER I and II]. 

Forward and transfer characteristics 

The ideal curve of the current-voltage characteristics is shown in Fig. 3.10. To define the current-
voltage relationship, the differential resistance in the channel is given by 
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where, ρ is the channel resistivity (=1/eµnNch) and A(x) is the cross-sectional area of the channel. 
    The differential voltage across a differential length dx and the current of the channel can be written 
using Eq. 3.6 as: 

      1( )
( )

CH

n ch ch ch

I dx
dV x

eµ N Z W d
=

−
 

 
(3.7) 

      1

( )
( )CH n ch ch ch

dV x
I eµ N Z W d

dx
= −  

 
(3.8) 

 
    The depletion width of the channel is given by 
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    The total current can be obtained by substituting d into Eq. 3.8 and integrating over the channel 
length, LCH. In the non-saturation region, the channel current is given by     
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Using Eq. 3.10, the transconductance (gmL) in this region is derived as 

       ( )3
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I V
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V V V V
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−
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(3.11) 

 

where, ( )CH nonsatI is directly proportional to CH
V and inversely proportional to GS

V . 

    When CH
V  increases beyond the saturation region, ( )CH satI  is saturated regardless of the drain-to-

source voltage. From Eq. 3.10, the current at the saturation region is given by 
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Using Eq. 3.12, the transconductance ( mS
g ) in this region is derived as 
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(3.13) 

 

where, ( )CH satI is directly proportional to GS
V . 

 

    

Figure 3.10. Ideal current-voltage characteristics of JFET and schematic cross section 
of BG JFET. Modified from [80]. 

    All the equations introduced above are valid for an ideal JFET. If non-ideal effects are considered 
in the model, Eq. 3.10 and Eq. 3.12 can be modified by additional terms, LCH-∆L for the channel 
length modulation and νsat for the velocity saturation effect. The detailed equations are described in 
[80]. 
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     The boundary condition between the linear region and the saturation region is shown in Fig. 3.10 
and is given by     

      ( )CH sat po bi GSV V V V= − +  
 

(3.14) 

 
    Based on these models, the current throughput for the investigated device structures (see Table 3.4) 
is determined by simulations for the drain-to-source voltages of 1 V (linear region) and 10 V 
(saturation region), respectively. In addition, the maximum controllable current densities are obtained 
for the temperatures from 27 oC to 250oC. 
    As seen in Table 3.5, for a certain value of VDS, the current density increases with decreasing 
channel widths for all three JFET types. In order to achieve the required current density, the channel 
width must be narrower than a certain value. For the current density ≥ 400 A/cm2, the channel width 
should be 2.5 and 1.2 µm for normally-on type JFETs with Vth = -50 V and -10 V, respectively, and 
narrower than 0.3 µm for normally-off type JFET. 

Table 3.5 Drain current densities in linear region and saturation region of normally-on and 
normally-off type JFETs (VGS = 2 V) [PAPER I]. 

 

 
Internal Device Capacitances 

For the dynamic performance of BG JFETs, two device capacitances, CGD (gate-drain capacitance) 
and CGS (gate-source capacitance) are analyzed using the AC Small-Signal Model at high frequency 
in MEDICI. Fig. 3.11 shows the corresponding small-signal equivalent circuit, whereas Fig. 3.12 
shows a simplified equivalent circuit overlayed on to the cross section of BG JFET.  
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Figure 3.11. A small-signal equivalent circuit with 
capacitances at high frequency. Modified from [80]. 

 

Figure 3.12. Schematic cross section of 
BG JFET with an overlay of a simplified 
equivalent circuit. 

 
    The drain current is determined by the gate-to-source voltage and the drain-to-source voltage iD = f 
(vG, vDS). The input current, ig (small-signal ac current) at the applied vg (ac gate voltage) is defined as 

      ( )g G GS GD gs

dq dv
i C j C C v

dt dt
ω= = = +  

 
(3.15) 

 
The output current, id (small-signal ac current) is defined as 

      
d m gsi g v=  , 

 
(3.16) 

 
where, gm is the transconductance.  
    In order to investigate the frequency limitation factor (the capacitance charging time), the cut-off 
frequency condition is considered (that is, the dependent current source, gmvgs is equal to the input 
current). Accordingly, the maximum cut-off frequency is derived by 
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(3.17) 

 
The cut-off frequency is inversely proportional to the sum of internal device capacitances. These 
capacitances are nonlinear and depend on the device geometry, doping concentrations, and vDS. 
    On the other hand, MEDICI makes use of 2-port analysis. MEDICI applies an input of given 
amplitude and frequency with a DC bias to the designed device structure. As a result, sinusoidal 
terminal currents and voltages are calculated [39]. Then, the relationship based on the admittance 
parameters of the 2-port model (in Fig. 3.11) is expressed by 
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    The frequency dependent admittance matrix, which is a linear combination of capacitances and 
conductances, can be extracted at each terminal. To compute the admittance parameters, MEDICI 
applies the excitation at one port and creates a short circuit at the other port. When VGS is applied, VDS 
is shorted (VDS = 0). Accordingly, 
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When VDS is applied, VGS is shorted (VGS = 0). Accordingly, 
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From the calculated device admittances as described above, the drain-to-source and drain-to-gate 
capacitances are extracted. 
    For the device structure shown in Figs. 3.10 and 3.12, these parasitic capacitances can be derived 
from the design parameters.  
    The Gate-Source capacitance is expressed by 
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    The Gate-Drain capacitance is expressed by 
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where the  respective depletion regions and areas at source and drift region are given by 



 

41 

Chapter 3  

Potential Benefits of Buried-Grid JFETs 

      

1/2
2 ( )sic o bi GS

S

ch

V V
d

eN

ε ε −
=  
 

, 2 ( )
GS ch ch ch ch

A W Z W W d= ∆ ⋅ ∆ = +   

 
 

(3.25) 

      

1/2

2 ( )
sic o bi GS CH

D

drift

V V V
d

eN

ε ε − +
=   
 

, 
GD drift chA W Z= ⋅  

 
 

(3.26) 

 
    For calculating the capacitances of the designed BG JFETs, the AC small-signal simulation is 
performed at 1 MHz as the applied voltage is swept from 0 V to 1200 V. 
    Figs. 3.13 and 3.14 show the device capacitances calculated with gate voltage VG = Vplateau = -45.5 
V. At these gate biasing conditions the channel is almost totally depleted. This means that the gate-
source capacitances are related to the geometrical dimensions of the channel. As can be seen in Fig. 
3.13 the smallest channel width gives the largest value of capacitance as expected. On the other hand, 
the gate-drain capacitance is almost identical due to the equal doping concentration and dimensions of 
the drift region. 
 

 

Figure 3.13. Gate-source capacitance of BG 
JFET with different channel width and Vth  = -
50 V at VGS = Vplateau and junction temperature 
of 250 oC. 

 

Figure 3.14. Gate-drain capacitance of BG 
JFET with different channel width and Vth = -50 
V at VGS = Vplateau and junction temperature of 
250 oC. 

    In Figs. 3.15 and 3.16, the gate-source and gate-drain capacitances are shown for three structures 
with identical geometry and channel width of 0.5 µm but different Vth voltages of -50 V, -10 V and 0 
V. The gate-source and gate-drain capacitances are calculated using small-signal AC analysis under 
gate bias conditions corresponding to Miller plateau, i.e. VGS = Vplateau and equal to -45.5 V, -7.2 V and 
1.6 V for device structure with Vth = -50 V, -10 V and 0 V, respectively.  The gate-source and gate-
drain capacitance values are very close to each other under these conditions. VGS = Vplateau corresponds 
to almost depleted channel giving similar source-gate capacitance values for all the three structures 
regardless of differences in channel doping. The gate-drain capacitances are similar due to the 
identical structure and drift region doping.  
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Figure 3.15. Gate-source capacitance of BG 
JFET with different Vth and Wch = 0.5 µm at 
VGS = Vplateau and junction temperature of 250 
oC. Partially from [PAPER II]. 

 

Figure 3.16. Gate-drain capacitance of BG 
JFET with different Vth and Wch = 0.5 µm at 
VGS = Vplateau and junction temperature of 250 
oC. Partially from [PAPER II]. 

 
    The differences in gate-source capacitances reflecting the differences in channel region doping 
between the structures are clearly visible when the same gate voltage value is used for all the 
structures as demonstrated in Fig. 3.17. The structure with highest channel doping has highest CGS 
values. 
 

 

Figure 3.17. Gate-source capacitance of BG JFET with different Vth and Wch = 0.5 µm at 
VGS = 0 V and VGS = 2 V and junction temperature of 250 oC. 
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Model Validation 

For validation of the device models used in this thesis, the published experimental results are 
reproduced in simulations based on the device structure parameters obtained from [58] and 4H-SiC 
physical models described in Chapter 2.  
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Figure 3.18 Comparison of BG JFET forward characteristics between simulation and published 
data [58]. 

    In Fig. 3.18, a good agreement of forward characteristics between the simulation and the published 
results is observed. This means that the 4H-SiC physical models used in MEDICI are appropriate for 
device modelling and that the estimated performance of the proposed BG JFETs are close to reality. 
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    The newly designed BG JFETs and the other types of SiC power devices are summarized in Table 
3.6 with respect to blocking voltage and specific on-state resistance RonS. 

Table 3.6 Summary of specific on-state resistance (RonS) for different types of SiC power devices 
(Typical substrate with doping of 5×1018cm-3 and thickness of 350 µm is not included in simulation 

structures).  

Device type Blocking voltage [V] Specific on-state resistance [mΩ·cm2] at 25oC 

BG JFET 
(in thesis) 

N-on 1200 V 

0.93 / 0.78 (VGS = 0V / 2V) at Wch = 2.14 µm, -50 Vth 
0.58 / 0.53 (VGS = 0V / 2V) at Wch = 1.50 µm, -50 Vth 
0.49 / 0.45 (VGS = 0V / 2V) at Wch = 1.00 µm, -50 Vth 
0.47 / 0.44 (VGS = 0V / 2V) at Wch = 0.50 µm, -50 Vth 

1.30 / 0.85 (VGS = 0V / 2V) at Wch = 1.00 µm, -10 Vth 
0.64 / 0.53 (VGS = 0V / 2V) at Wch = 0.50 µm, -10 Vth 

N-off 1200 V 
2.40 (VGS = 2V) at Wch = 0.50 µm, 0 Vth 

1.33 (VGS = 2V) at Wch = 0.30 µm, 0 Vth 

1.32 (VGS = 2V) at Wch = 0.20 µm, 0 Vth 

BG JFET 
N-on 1270 V [59] 1.21(VGS = 2.5 V), -12 Vth 
N-off   980 V [58] 1.89 (VGS = 2.5 V), 0 Vth 

LG JFET N-on 1200 V [63] 24 /14 (-16 to -26 Vth) 

RG JFET 
N-on 1200 V [77] 2.47 
N-off 1200 V [69] 2.80 

Planar MOSFET 
(Mitsubishi) 

1300 V 4 at 100 A/cm2, Chip size – 9×9 mm2 

Planar MOSFET 
(Cree) [81] 

1200 V (50 A) 
1700 V (50 A) 

1200 V (150 A) 

5.00 (VGS = 20 V), Active area – 0.179 cm2 
8.45 (VGS = 20 V), Active area – 0.211 cm2 

3.60 (VGS = 20 V), Chip size – 8×7 mm2 

Planar MOSFET 
Trench MOSFET 

 
Trench MOSFET 

(ROHM) 

1200 V (40 A) [82] 
1260 V [83] 

 
  630 V [83] 

 

4.50 (VGS = 18 V), Active area – 0.0918 cm2 
1.41, (tdrift: 8 µm, Ndrift: 7.5e15 cm-3) 

Chip size – 1.6×1.6 mm2 
0.79, (tdrift: 5 µm, Ndrift: 1.8e16 cm-3) 

Chip size – 1.6×1.6 mm2 

BJT 
(KTH, Transic) 

1000 V [6] 
1700 V [84] 
2300 V [85] 

6.0, Chip size – 9 mm2 
5.1, Chip size – 1.7 mm2 

4.5, Chip size – 15 mm2 
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3.4. Dynamic Characteristics 

Dynamic characteristics of the power devices are very important for the power electronics 
applications such as switch mode power supply (SMPS), power converter, power factor correction 
(PFC), which require high switching frequency. Analysis of the switching energy losses (turn-on 
energy, Eon and turn-off energy, Eoff) induced by the power devices can give a guideline for the 
operating frequency range on the system level and assessment of the expected system efficiency when 
comparing different power device alternatives. 
    Typical switching circuits showing the BG JFET at turn-on and at turn-off for analysis in MEDICI 
are illustrated in Figs. 3.19 and 3.20, respectively. In mixed-mode circuit simulation, a constant 
current source is used in reality instead of an inductor. When a transistor is turned on, the load current 
is transferred from the freewheeling diode to the transistor. At this instant, the operation of the 
freewheeling diode is changed from the forward-biased mode to the reverse-biased mode. The 
recovery behavior of this diode can then be observed. The recovery charge contributes to the peak 
currents of the freewheeling diode and the transistor that is turning on. This value can be translated 
into switching losses Eon (turn-on loss in the transistor) and Err (reverse recovery loss in the 
freewheeling diode) as shown in Figs. 3.21 and 3.23. When the transistor is turned off, the load 
current diverts from it to the freewheeling diode, again. At this instant, the diode demonstrates 
forward recovery behavior and the transistor generates the switching loss Eoff (turn-off loss) as shown 
in Figs. 3.22 and 3.24. 
 

 

Figure 3.19. Schematic diagram of the 
switching circuit with BG JFET in the on-state. 

 

Figure 3.20. Schematic diagram of the 
switching circuit with BG JFET in the off-state. 
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Figure 3.21. Example of turn-on waveforms 
with 600 V and 200 A at a transistor. 

 

Figure 3.22. Example of turn-off waveforms 
with 600 V and 200 A at a transistor. 

 

Figure 3.23. Example of turn-off waveforms 
with 600 V and 200 A at a freewheeling diode. 

 

Figure 3.24. Example of turn-on waveforms 
with 600 V and 200 A at a freewheeling diode. 

 
Turn-on Characteristics 

The gate-to-source voltage (VGS) controls the drain current (ID) flowing into the BG JFET by the 
voltage across the gate-to-source capacitance (CGS). This turn-on process of the normally-on BG JFET 
can be divided into three phases.  

1) Turn-on delay time tdelay (VGS < Vth): The gate-to-source voltage via a gate resistor (VGS = IGate× 

RGate) starts to rise exponentially below the threshold voltage. This voltage is governed by the 
discharge of input capacitances CGS (a function of VGS) and CGD (a function of VGD). During this 
time, the drain current does not exist (ID = 0) and the drain-to-source voltage is equal to the 
supply voltage (VDS = VDC). The delay time is expressed by 

( ) ln step

delay G GS GD

step th

V
t R C C

V V

 
= +  

−  
. 

 
 

(3.27) 
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2) Current rise time tir (VGS ≥ Vth): The device starts to conduct a current through gm (= ID / VGS) 
when the gate-to-source voltage reaches the threshold voltage which ends the turn-on delay 
time. The device starts to operate in the active region. The load current is transferred from the 
freewheeling diode to the BG JFET. Due to the freewheeling diode, the reverse recovery 
current is added to the switched current. As the gate-to-source voltage continuously increases, 
the drain current through the BG JFET increases. Since the diode is still full of charge and 
conducts current, the BG JFET supports the supply voltage (VDS = VDC) somewhat reduced by 
the voltage drop across the stray inductance. This phase ends when the load current is fully 
diverted from the freewheeling diode to the BG JFET.  

This time period is expressed by 

      ( ) ln step th

ir G GS GD

step plateau

V V
t R C C

V V

 −
= +  

−  
. 

 
 

(3.28) 

 
3) Voltage fall time tvf (VGS = Vplateau): all the load current has been transferred from the 

freewheeling diode (in a reverse-biased mode) to BG JFET. Thus, the drain-to-source voltage 
of BG JFET starts to decrease from the supply voltage to the on-state voltage drop 
(Von(drop) = Ron·ID) of the BG JFET. During this time, the gate-to-source voltage remains 
constant (VGS = Vplateau = Vth+Iload / gm) because the BG JFET is operating in the saturation 
region, thus resulting in the drain current equal to the load current (ID = Iload). Consequently, the 
input current flows into the Miller capacitance (CGD) which is discharged during this period. 
This current (IGD) is given by 

      GD DS
GD GD GD

dV dV
I C C

dt dt
= = . 

 
(3.29) 

 
This current is the product of the dv/dt at the drain terminal and the Miller capacitance. Therefore, 
both IGS and IGD must be provided to turn on the BG JFET (to discharge CGS and CGD) at the gate 
terminal. By applying the gate-to-source voltage, these currents are generated according to 

      Gate G GS G GD
V R I R I= × + × . 

 
(3.30) 

 
The time period including discharging time of CGD is expressed by   

      ( )L on drop

vf G GD

Gon plateau

V V
t R C

V V

 −
=  

−  
, 

 
 

(3.31) 

          where, VL is the supply voltage, Von is the on-state voltage drop of the BG JFET, VGon is the  
          gate voltage for the BG JFET to be turned on.  
      
    The entire turn-on time is the time from “0” (the start of the turn-on gate voltage pulse) until the 
voltage across the BG JFET is reduced to about 10 % of its original value (= tdelay + tir + tvf). The 
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power dissipation during the turn-on time must be known in order to estimate the switching losses. In 
order to reduce the turn-on power loss, the turn-on time period must be shortened, which is generally 
possible by reduction of the gate-drain capacitance in the device structure and reduction of a gate 
resistance in the gate driver.  
    From these points-of-view, switching simulation studies are performed for the newly designed BG 
JFETs (Table 3.4). The switching current and voltage waveforms of the BG JFETs with three 
different threshold voltages (Vth = -50 V, -10 V, and 0 V) are simulated for turn-on at 250 oC. All the 
structures have identical channel widths (0.5 µm) and the gate driving condition is determined by a 
gate resistor of 1 Ω, which gives a fast switching with a maximum dV/dt of approximately 10 kV/µs. 
In Fig. 3.25 it is clearly demonstrated that the normally-on type BG JFET with the highest negative 
threshold voltage Vth = -50 V has the fastest switching speed compared to the other BG JFETs with 
Vth = -10 V and Vth = 0 V. For this analysis regarding the threshold-voltage-dependent switching 
performance, the fall time of the switched voltage is defined as the time between 90 % and 10 % of 
VDS value during turn-on period as shown in Fig. 3.26. Using Eq. 3.31, Table 3.7 summarizes the fall 
times of VDS for different threshold voltages with a constant Wch = 0.5 µm. The switching time 
strongly depends on the threshold voltage (VGon - Vplateau) and moderately depends on the gate-drain 
capacitance. 

Figure 3.25. Current and voltage waveforms 
at a turn-on time with different threshold 
voltages (Switching conditions: IDS = 100 
A/cm2 and VDS = 600 V) [PAPER I and II]. 
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Figure 3.26. Switching time tf (VDS fall time at 
turn-on) of BG JFETs with different threshold 
voltages as a function of the channel width 
(Switching conditions: IDS = 100 A/cm2 and 
VDS = 600 V). Partially from [PAPER II]. 

Table 3.7 Summary on the ratio of the fall time of VDS with different threshold voltages and Wch = 0.5 
µm (When considering Eq. 3.31, VL = 600 V, VGon = 2 V, Vplateau = Vth + (IL / gm), Rg = 1 Ω, and 
gm = dIDS / dVGS).  

Vth Vplateau VGon-Vplateau tf (µsec) Ratio of (VGon-Vplateau) Ratio of tf times 

-50 -45.5 47.5 0.02 1 1 
-10 -7.20 9.2 0.10 5.2 5 
0 1.60 0.4 2.22 119 11 
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    As mentioned before, another possible solution for achieving fast switching speed is to minimize 
the gate resistance. In Fig. 3.27, the current and voltage waveforms during the turn-on time are shown 
for three different gate resistance values for the normally-on BG JFETs with Vth = -50 V and Wch = 0.5 
µm. The increase of the gate peak current generated in the gate driver can be obtained by reducing the 
gate resistor, thus leading to a short turn-on time. The turn-on switching losses will be reduced.  
    In conclusion, the proposed BG JFET can achieve a fast turn-on with a high negative threshold 
voltage and/or a low gate resistance.  
   

 

Figure 3.27. Turn-on of normally-on BG JFET structure with Vth = -50 V and Wch = 0.5 µm for 
three different gate resistance values [PAPER I]. 

    However, a very low resistance can cause a very high dV/dt, which may be undesirable from an 
EMI perspective. The following equation can be derived by using Eq. 3.29: 

GS

G input

dV V

dt R C
= . 

 
 

(3.32) 

 
This can also create undesirable voltage stress on windings, where the first turn may have to take the 
whole voltage during first 10 - 100 nanoseconds. 
 
Turn-off Characteristics  

Similar to the turn-on process, the turn-off process of the BG JFET can be divided into three phases. 
Initially, the load current is flowing through the BG JFET with the gate-to-source voltage (VGon) for 
the on-state mode and the freewheeling diode being in the reverse-biased mode to support the 
blocking voltage identical to the supply voltage.  

1) Turn-off delay time tdelay (VGS > Vth): The gate-to-source voltage via a gate resistor 
(VGS = IGate × RGate) starts to exponentially decrease due to the charging of the input 
capacitances CGS (as a function of VGS) and CGD (as a function of VGD). The drain-to-source 
voltage (RDS(on)Iload) will be slightly increased due to the increase of the channel resistance 
corresponding to the decrease of the gate-to-source voltage. The drain current stays constant 
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(ID = Iload). The BG JFET is operating in the saturation region. This time period can be 
expressed by 

( ) ln Gon
delay G GS GD

plateau

V
t R C C

V

 
= +  

  
.  

 
 

(3.33) 

 
2) Voltage rise period tvr (VGS = Vplateau): The gate-to-source voltage reaches a constant voltage 

level (Vplateau = Vth + Iload / gm). Beyond this point in time, the gate current (IGD) charges the 
Miller capacitance (CGD). The drain current will remain constant (ID = Iload), while the drain-
to-source voltage begins to rise towards the DC supply voltage. This occurs because the load 
current does not start to transfer from the BG JFET to the freewheeling diode until the drain-
to-source voltage exceeds the DC supply voltage (in forward-biased mode). This time period 
can be expressed by  

( )L on drop

vr G GD

plateau Goff

V V
t R C

V V

 −
=  

−  
. 

 
 

(3.34) 

 
3) Current fall period tif (VGS ≥ Vth): The load current starts to be transferred from the BG JFET to 

the freewheeling diode because the diode starts to operate in the conduction mode. The drain 
current decreases down to the leakage current of the BG JFET (ID = Ileak) while the gate-to-
source voltage exponentially decreases and finally reaches the threshold voltage. Here, a 
transient voltage spike can occur when the drain-to-source voltage is rising to the DC supply 
voltage. The overvoltage is determined by the product of the slope of the current times the 
stray inductance. The current fall time can be expressed by 

( ) ln plateau

if G GS GD

th

V
t R C C

V

 
= +  

 
. 

 
 

(3.35) 

   
    The entire turn-off time is the time from “0” (the start of the turn-off gate voltage pulse) until the 
voltage across the BG JFET is reduced to 90 % of the supply voltage (= tdealy + tvr + tif). As for the 
turn-on process, the power dissipation during the turn-off process must be known. In order to reduce 
the turn-off power losses, the turn-off time period must be short, which is generally possible to 
achieve by reducing the gate-drain capacitance in the device structure and reducing the resistance in 
the gate driver. In addition, the drain-to-source overshoot voltage must be handled carefully during 
the turn-off time. This is related to the magnitude of the stray inductance. In the simulation the stray 
inductance is assumed to be 100 nH which is introduced in the commutation circuit.  
    Similar to the turn-on analysis, turn-off simulation studies are performed with the newly designed 
BG JFETs (Table 3.4). The simulation conditions are described in the previous section of the turn-on 
process. In Fig. 3.28, it is clearly shown that the normally-on type BG JFET with Vth = -50 V is faster 
than the BG JFETs with Vth = -10 V and Vth = 0 V. The switching speed for the turn-off is slower than 
for the turn-on. The rise time of the switched voltage is defined as the time between the 10 % and 
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90 % of VDS during the turn-off period as shown in Fig. 3.29. Using Eq. 3.34, Table 3.8 summarizes 
the rise time of VDS for different threshold voltages with a constant Wch = 0.5 µm. As for the turn-on 
process, the switching time strongly depends on the threshold voltage (Vplateau - VGoff) and moderately 
depends on the gate-drain capacitance. 
 

 

Figure 3.28. Current and voltage waveforms 
at a turn-off time with different threshold 
voltages (Switching conditions: IDS = 100 
A/cm2 and VDS = 600 V) [PAPER I and II]. 
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Figure 3.29. Switching time tr (VDS rise time at 
turn-off) of BG JFETs with different threshold 
voltages as a function of the channel width 
(Switching conditions: IDS = 100 A/cm2 and 
VDS = 600 V). Partially from [PAPER II]. 

 
Table 3.8 Summary on the ratio of the rise time of VDS with different threshold voltages and Wch = 0.5 
µm (When considering Eq. 3.34, VL = 600 V, VGoff = -50 V or -10 V or 0 V according the threshold 
voltage of the device design, Vplateau = Vth + (IL / gm), Rg = 1Ω, and gm = dIDS / dVGS).  

Vth Vplateau Vplateau-VGoff tr (µsec) Ratio of (Vplateau-VGoff) Ratio of tr times 

-50 -45.5 4.50 0.27 1 1 
-10 -7.20 2.80 0.32 1.6 1.2 
0 1.60 1.60 0.59 2.8 2.2 

 
 
    The influence of the small gate resistance is investigated. In Fig. 3.30, the current and voltage 
waveforms during turn-off time are shown for three different gate resistance values for the normally-
on BG JFETs with Vth = -50 V and Wch = 0.5 µm. An increase of the gate peak current generated in 
the gate driver can be obtained by reducing the gate resistor, thus leading to a short turn-off time. The 
turn-off switching losses will be reduced.  
    In conclusion, the proposed BG JFET can achieve the fast turn-off switching transitions for high 
negative threshold voltage and/or the low gate resistances. 
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Figure 3.30. Turn-off of normally-on BG JFET structure with Vth = -50 V and Wch = 0.5 µm for 
three different gate resistance values [PAPER I]. 

 

    However, too fast switching with a small gate resistance can introduce a high surge voltage. This 
voltage can be expressed as 

      
stray stray

di
V L

dt
= × . 

 
(3.36) 

 

    This effect will appear during the turn-off time and can destroy the switching device due to the 
overvoltage. This transient voltage spike caused by high di/dt can be reduced by increasing the gate 
resistance.    
 
Switching Losses 

For the designed BG JFET structures, the energy losses are analyzed through transient and static 
simulations. The energy loss per pulse can be calculated by integrating the product of the switched 
VDS (t) and ID (t) as described below:     

      ( ) ( )
on

on DS D
t

E V t I t dt= ∫ �at turn-on�, ( ) ( )
off

off DS D
t

E V t I t dt= ∫ �at turn-off�. 

 
(3.37) 

 
    The simulations for the normally-on and the normally-off BG JFETs with different threshold 
voltages are performed with IDS = 100 A/cm2 and VDS = 600 V at 250 oC as shown in Fig. 3.31.  
    The turn-on energy decreases with reduced channel width for all the types of the structures. The 
turn-off energy, on the other hand, increases with reduced channel width for all the types of the 
structures. This apparent discrepancy is due to the impact of the changes in channel doping have on 
transconductance, gm. The channel doping is increasing with the reduction of channel width in order 
to keep the same value of Vth. From Eq. 3.11, it can be seen that the increased channel doping gives 
reduced value of gm due to the increased value of build-in voltage, Vbi. The reduced value of gm results 
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in larger (less negative) value of Vplateau which in turn gives larger voltage fall time, tvf, and smaller 
voltage rise time, tvr, values (Eq. 3.31 and Eq. 3.34) leading, finally, to larger turn-on energy losses 
and lower turn-off energy losses.   
    Furthermore, the turn-on and the turn-off energy losses are strongly dependent on the threshold 
voltages. For the turn-on energy losses, the difference between normally-on types of BG JFETs with 
Vth = -50 V and Vth = -10 V is one order of magnitude at Wch = 0.5 µm and the difference between 
normally-on and normally-off types of BG JFETs with Vth = -50 V and Vth = 0 V is two orders of 
magnitude at Wch = 0.5 µm. The difference in turn-off energy losses between a normally-on BG JFET 
with Vth = -50 V and normally-off BG JFET with Vth = 0 V is a factor of 2 with Wch = 0.5 µm. The 
conduction and switching properties are related to both channel doping level, Nch, and channel width, 
Wch.  
    The charging times of the BG VJFET capacitances depend on the available gate-drive voltage, 
which is related to the Vth value with a conventional gate drive. Because of that the N-on devices have 
significantly lower turn-on and turn-off losses compared to the N-off design. This can be explained 
with reference to Equations 3.31 and 3.34 and Tables 3.7 and 3.8. 
  

 

Figure 3.31. Turn-on energy Eon (filled symbols) and turn-off energy Eoff (empty 
symbols) per pulse for IDS = 100 A/cm2 and VDS = 600 V as a function of the 
channel width for the normally-on and normally-off BG JFETs with Vth = -50 V,   
-10 V, and 0 V (from Table 3.4). Modified from [PAPER I and II]. 

 
    As demonstrated above, the device performance can be characterized in terms of the static and 
dynamic characteristics through simulation. In this thesis, the characterization is also expanded 
towards the system level. In the design of the power electronic converter, the power devices are key 
components that determine the system performance (as mentioned in Section 2.1). For this reason, we 
have a significant need to evaluate device performance and applying it on the system level. 
Consequently, the expected performance of the power devices at certain operation conditions can 
provide guidelines for the design optimization of power electronic converters and evaluate expected 
system efficiencies (related to the total losses) when comparing different switch alternatives. In this 
thesis, two case studies are performed to address this issue. 
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3.5. Case Study (1)  

Device Design and Structure 

The 1.2 kV SiC BG JFET and BJT devices are analyzed and compared in terms of total losses 
including the gate driver losses in a DC-DC converter configuration. Similar to the inherent structure 
of SiC JFET, the SiC BJT does not rely on a good oxide quality of the gate insulator interface [9, 55, 
86]. This advantage makes these device types more attractive than SiC MOSFETs which require a 
good dielectric layer on the SiC. For this reason SiC JFET and BJT are evaluated. The proposed 
device structures are illustrated in Fig. 3.32. Two BG JFET structures with a fixed channel width of 
1.0 µm and threshold voltages of -50 V and -10 V are selected from Table 3.4. The only difference is 
the channel doping concentrations in both devices (see the values in Table 3.4). Two SiC BJT 
structures are considered without (ideal) and with (non-ideal) the surface recombination effect. It is 
because the SiC BJT is sensitive to the quality of the emitter junction passivation. The base doping 
and thickness are identically set to 0.5 µm and 2.6×1017 cm-3 in both devices. These are critical 
parameters in order to obtain a high current gain. A too thin layer and too low doping of the base 
region can create the punch-through effect, thus resulting in the loss of the blocking capability. 
 

 

Figure 3.32. Schematic cross-sectional view of a 1.2 kV SiC BG JFET 
(left side) and BJT (right side) [PAPER III].   

 
Surface Recombination Model 

Surface recombination is an additional recombination mechanism at specific insulator-semiconductor 
interfaces. In the SiC BJT, this effect is introduced for the oxide passivation region between the side 
wall of the emitter region and the etched surface of the base region. This is one of the current gain 
limiting factors together with the emitter width, emitter-base spacing, emitter thickness, and 
discontinuous epitaxial growth [54]. To suppress the effect, the quality of the oxide interface should 
be almost comparable with that of a SiC MOSFET. It means that the same effort should be put to 
enhance the oxide quality using either thermal oxidation [87], or thermal oxidation in nitric ambient 
[88], or post-oxidation annealing in nitric oxide [89] similar to an SiC MOSFET. 
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    To model the surface recombination, the surface recombination velocities for electrons and holes 
should be specified for the interface between the side wall of the emitter and the top of the base region. 
In MEDICI, the INTERFACE statement is used with the surface recombination velocity S.N for 
electrons and S.P for holes. The following equations for the effective SRH (Shockley-Read-Hall 
recombination) lifetimes for electrons and holes are given by [39]: 
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where, S.N and S.P are user-defined parameters for the surface recombination velocities [cm/sec], τn(i) 
and τp(i) are the regular SRH lifetimes at node i (dependent on doping), Ai is the device area related to 
node i, and di is the length of the interface related to node i. 
    The surface recombination velocities of S.N and S.P for electrons and holes, respectively, are 
assumed to be 4.5×104 cm/s. With these values, electron and hole lifetimes are set to 100 ns as 
obtained from the experiments [85]. For the validation of the defined model, the simulated current 
gains are compared with the experimental data. The simulated current gain (β) shows a good 
agreement with the measurements on BJTs [85].     
 
On-state Resistance and Current Gain 

Using the selected BG JFETs with Vth = -50 V and -10 V and the designed BJTs with SRV (surface 
recombination velocities for electrons and holes) and without SRV for 1200 V blocking capability, 
the static characteristics such as the on-state resistance and current gain are analyzed through 
simulations. The corresponding results are summarized in Table 3.9 and Fig. 3.33. The simulation is 
done at 150 oC to investigate the possibility for high temperature operation. 
    Regardless of the threshold voltage in Table 3.9, normally-on BG JFETs have lower on-state 
resistance than BJT due to small cell pitch and highly doped channel region. The higher negative 
threshold voltage results in a lower on-state resistance, especially with the applied gate-to-source 
voltage of 2 V. The surface recombination effect has a significant influence on the conduction 
characteristics of BJTs, which results in approximately two times difference in the on-state resistances 
between ideal and non-ideal devices. In Fig. 3.33, the simulated current gain values are compared for 
room temperature and 150 oC. At the elevated temperature, the current gain is similarly decreased in 
both ideal and non-ideal cases by approximately a factor of 3. Due to the surface recombination effect, 
the current gain is reduced by approximately 40 %. 
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Table 3.9 Summary of the on-state resistance for 
BG JFETs and BJTs at 150 oC [PAPER III].

 

 

Figure 3.33. Simulated common emitter 
current gain (β) as a function of collector 
current density (JCE) [PAPER III]. 

 
Gate Driving Condition 

The normally-on BG JFET and the BJT require more complicated drivers than most silicon devices 
due to either a high negative threshold voltage or a considerable base current, respectively. Generally, 
the switching speed is influenced by the device type itself, but it can be enhanced by an appropriate 
gate/base driver. For this purpose, the gate driving conditions are investigated using a simple circuit as 
shown in Fig. 3.34. Both driving conditions and energy losses (switching and conduction losses) are 
evaluated. Through such approach the optimum device performance and the optimized driving 
conditions can be determined in an efficient way.  
 

 

Figure 3.34. Switching test circuit for the 
analysis of the gate driving condition 
[PAPER III].  

 
    The supply voltage is chosen to 600 VDC and the drain current to be switched is chosen to 200 
A/cm2. For applying the simulation to a practical system application case, the switching time is set to 
200 ns and the operation temperature is set to 150 oC. According to the four types of the proposed 
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device types, the optimized driving parameters are summarized in Table 3.10. The same driving 
configuration is applied to the normally-on BG JFETs and to the ideal and non-ideal BJTs. 
Accordingly, the bypass capacitor of 22 nF for driving the BJT [85] is also used for driving the BG 
JFET. Only the two gate resistors R1 and R2 are optimized for a required switching time of 200 ns. 
Additional gate resistor R2 in RC network controls the switching time. It is used to rapidly 
store/remove the required gate/base charge. The main gate resistor R1 provides the peak gate/base 
current; its value strongly affect the switching time. 

Table 3.10 Summary of dynamic parameters including the driving conditions for the switching time 
of 200 ns [PAPER III]. 

1.2kV  
Device types 

JFET  
(Vth= -50 V) 

JFET  
(Vth= -10 V) 

BJT 
(ideal) 

BJT 
(non-ideal) 

Turn-on     
R1, [Ω] 1 0.2 0.20 0.13 
R2, [Ω] 15 1 0.20 0.13 

Qgate/base, [µC] 1.37 1.16 1.20 1.80 
Eon, [mJ] 6.30 6.51 5.74 5.00 

 
Turn-off 

    

R1, [Ω] 0.8 0.5 0.24 0.5 
R2, [Ω] 1 1 0.24 0.5 

Qgate/base, [µC] -3.50 -1.73 -1.28 -0.63 
Eoff, [mJ] 11.50 16.10 14.50 17.8  

 
Condition 

VGS, VBE [V] 
Capacitor [nF] 

    

 
-60 to 2 

22 

 
-15 to 2 

22 

 
0 to 5 

22 

      
0 to 5 (on) 

0 to 10 (off) 
22 

 
 
Analysis of total losses 

To compare the total power losses within a practical system, the operation condition of a DC-DC 
boost converter are assumed for the proposed four types of the devices. The input power of the 
converter is 60 kW (300 V / 200 A) and the output is 600 V and 100 A, thus giving 600 V and 200 A 
over the switch with a duty ratio of 0.5. Based on this assumption, the conduction loss (PCON), the 
switching loss (PSW), and the gate driver loss (PDRV) are calculated with the proposed four devices. 
The following equations can be derived: 

      2
CON RMS onP I R= ⋅  for JFET and BJT, 

 
(3.40) 

                 ( )SW SW on offP f E E= ⋅ +  for JFET and BJT, 
 

(3.41) 
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DRV GS gate swP V Q f= ⋅ ⋅  for JFET, 
 

(3.42) 
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(3.43) 

 
where the driver losses for the BJT consist of three parameters: one dynamic and two static 
contributions due to the base current and the base current at the base-emitter junction. For all the 
equations, the extracted values of the parameters are summarized in Table 3.10. 
    As shown in Figs. 3.35 and 3.36, the driver losses of the BG JFETs are more sensitive to the 
switching frequency than those of the BJTs. It is due to the high negative gate-to-source voltage 
which is needed to turn off the normally-on types of BG JFETs. The conduction losses of the BG 
JFETs and the BJTs and most of the gate driver losses of the BJT are independent of the switching 
frequency. The switching losses of the BG JFETs and the BJTs and the driver losses of the JFETs are 
proportional to the switching frequency. For the BJTs, the surface recombination has a significant 
impact on conduction losses and gate driver losses due to the reduction of the current gain and the 
increase of the on-state resistance.  
 

 

Figure 3.35. Comparison of driver losses for 
four types of SiC devices at 200 A/cm2 (at the 
operation temperature of 150 oC) [PAPER III]. 

 

Figure 3.36. Total losses for four types of SiC 
devices at 600 V / 200 A and 10 kHz (at the 
operation temperature of 150 oC) [PAPER III]. 

3.6. Case Study (2)  

In publication [V], a high-power modular multilevel converter is simulated and partially 
experimentally investigated. Particularly, in order to compare the system operation with Si-based and 
SiC-based devices, the submodules of the lab prototype with 300 V-class Si MOSFETs (device 
specifications: VDS = 300 V, ID = 46 A, and Ron = 46 mΩ) has been replaced by 1.2 kV-class SiC 
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JFETs (Device specifications: VDS = 1200 V, ID = 15 A, and Ron = 100 mΩ). The detailed experimental 
setup is described in publication [V]. The feasibility of this concept is proven with various steady-
state operation waveforms. Based on this experimental concept, the theoretical estimation of the total 
losses is performed under the assumption of 300 MW multilevel converter for high-voltage direct 
current transmission.  
    For this purpose, ideal HV (high-voltage) normally-on BG JFET structures are designed for the 
voltage ratings of 3.3 kV and 4.5 kV in MEDICI. From Table 3.4, the BG JFET with Vth = -50 V is 
selected for the design of the HV BG JFETs. The channel doping concentration and width is 
identically applied into all the HV BG JFETs. Only thicknesses and doping concentrations of the drift 
layer are correspondingly adjusted with required blocking capabilities. For the 3.3 kV BG JFET the 
drift doping concentration and thickness are set to 2.9×1015 cm-3 and 18 µm and for the 4.5 kV BG 
JFET the drift doping concentration and thickness are set to 1.0×1015 cm-3 and 24 µm, respectively. 
For the analysis of the power loss, transient simulations of the devices are performed with 200 A/cm2 
and a switching speed of di/dt = 500 A/µs. The simulated operation temperature is 150 oC in both 
cases. The extracted parameters of the static and dynamic performances are summarized in Table 3.11. 
The difference in on-state resistances between the 3.3 kV and 4.5 kV BG JFETs is due to a 25 % 
increased drift layer thickness and three times lower drift layer doping for the latter JFET. For the 
junction temperature of 150 oC, the estimated on-state resistances at VGS = 2 V for 3.3 kV and 4.5 kV 
ratings are lower than 10 mΩ·cm2 and close to 25 mΩ·cm2, respectively [78]. 

Table 3.11 Summary of the static and dynamic parameters on HV BG JFETs with 3.3 kV and 4.5 
kV voltage capabilities. 

Voltage rating [V] 3.3 kV BG JFET 4.5 kV BG JFET 

On-state resistance [mΩ·cm2] 
at room temp 

4.20 (VGS=0 V) 
3.90 (VGS=2 V) 

17.00 (VGS=0 V) 
14.33 (VGS=2 V) 

On-state resistance [mΩ·cm2] 
at 150 °C 

8.65 (VGS=0 V) 
7.80 (VGS=2 V) 

33.67 (VGS=0 V) 
29.00 (VGS=2 V) 

Turn-on energy [mJ] at 150 oC 65 57 
Turn-off energy [mJ] at 150 oC 75 74 

 
    Figs. 3.37 and 3.38 show the total power losses of the SiC multilevel converter for various output 
powers when 3.3 kV and 4.5 kV BG JFETs are used, respectively. It clearly shows that the switching 
losses are significantly lower than the conduction losses in both cases. In particular, the total power 
losses for the converter with 4.5 kV BG JFETs are higher than in case of 3.3 kV BG JFET even if a 
lower number of submodules are used with 4.5 kV BG JFETs. It is evident that comparably high on-
state resistance introduced by the device structure is the main cause of the increased total power losses 
for the 4.5 kV devices. The total power losses at 350 MW output power using 3.3 kV devices are only 
30 % of the corresponding power losses when using 4.5 kV BG JFETs.  
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Figure 3.37. Total power losses for different 
output power levels with 3.3 kV BG JFETs 
[PAPER V].  

 

Figure 3.38. Total power losses for different 
output power levels with 4.5 kV BG JFETs 
[PAPER V]. 

3.7. Summary 

• An overview of the JFET structure has been described here. Each layer of the structure is 
optimized with the adjustment of doping concentrations and thicknesses for the targeted 
power application. The structural parameters strongly influence the electrical performance 
of the device.      

• For the realization of SiC JFETs, either implantation or epitaxy has been proposed to form 
a p-type gate region on a low-doped n-type drift layer or on a heavily-doped n-type 
channel region. By considering the pros and cons of both fabrication methods, several 
types of SiC JFETs can be formed and some of them are already available on the market. 
The features of these devices have been presented and compared with respect to blocking 
voltages and specific on-resistances. 

• Several new improved concepts for normally-on and normally-off epitaxial SiC BG JFETs 
have been proposed and investigated through numerical simulations. 

• For the static characteristics, the channel doping and width are the most important design 
parameters for the optimization. For validation of the device models, the simulation results 
have been compared to published experimental results. For the dynamic characteristics, it 
is shown that the switching speed depends on the threshold voltage and the gate resistance. 
The charging times of the internal device capacitances depend on the gate-drive voltage 
and thus on threshold voltage. The turn-on and turn-off energies have also shown to 
depend on the doping and width of the channel. 

• Finally, two case studies have been performed in order to evaluate the device performance 
on the system level with respect to total losses including conduction losses, driving losses, 
and switching losses. One case study considers different types of power devices such as 
BG SiC JFETs and SiC BJTs. The other case study considers different high-voltage 
designs with voltage ratings of 3.3 kV and 4.5 kV.  
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As described in Chapter 3, the JFET fabrication process can be based on either epitaxial or 
implantation technology. Depending on the fabrication technology, the JFET may have certain 
advantages and disadvantages in device performance. In this chapter, we investigate the JFET with 
implanted grid (referred to as recessed gate) which was commercialized by SemiSouth Laboratories. 
The formation of the p-type gate in this device is completely different from that of the BG JFET. This 
evaluation is very important as it investigates and determines the limitations of existing devices. 
Furthermore, this type of device is also evaluated in terms of system level applications. For this 
purpose, two parallel-connected JFETs are configured and the possibility of symmetrical current 
sharing is investigated. The switching characteristics revealing the device properties are 
experimentally measured and then analyzed by means of simulations. The nonuniformly shared 
currents are observed at different driving conditions. 
    In this chapter, the device and circuit simulations are compared to the experimental data in order to 
understand the influence of the parameter spread on the transient current sharing:  

• Two hypothetical structures are studied with respect to parameter spread at the gate-source 
junction due to variation in doping profiles of the gate and the source regions (Publication VII).     

• Analysis and experimental measurements of the parallel-connected JFETs with the fabrication 
process tolerances and circuit parasitics  (Publication VIII)  

4.1. Necessity of Parallel Operation  

SiC power devices have been developed and successfully commercialized for at least a decade. In the 
beginning of this development, unexpectedly great challenges were faced in achieving high quality 
bulk material for power device applications. Thanks to the persisting and innovative efforts by 
numerous SiC material scientists [90], three types of the SiC devices, such as the SiC MOSFET (Cree 
and ROHM), the SiC BJT (Fairchild), and the SiC JFET (Infineon and SemiSouth) have recently been 
available on the market. Despite the rapid development, sufficiently large enough chips (comparable 
to Si-based IGBTs) will not be mass-produced in a close future due to the associated problems with 

The information presented in this chapter is based on Publications VII and VIII. 
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achieving reasonable production yields [78, 81]. High-current applications, therefore, must rely on 
parallel connection of several chips in a module or, alternatively, parallel connection of several single-
chips. Examples of this trend can be found in [65, 91, 92].  

4.2. Predicted Problems for Parallel Operation 

For parallel operation, the condition of identical properties of the power devices, gate-drive units, and 
commutation circuit is very important. However, undesirable current sharing is always introduced by 
the spread in device parameters and the parasitic elements of the circuit. The problem is far from 
trivial, especially, at high switching frequencies and high temperatures. For parallel-connected JFETs, 
initial studies have been performed in [93, 94]. It was found that at least four device parameters of the 
selected devices can influence the effectiveness of the parallel operation [94]. These are the on-state 

resistance (Ron), the gate-to-source threshold voltage (Vth), the transconductance (gm), and the 

breakdown voltage of the gate-source junction (BVGS). The problem can be partly solved by means of 
enhanced gate driving condition [94]. The underlying spread starts from the power device, and then 
accumulates in the circuit configuration. 

4.3. Parameter Spread of Recessed-Gate JFET 

    The selected JFET type has a recessed-gate as described in the Section 3.1. It was successfully 
fabricated and commercially released by SemiSouth Laboratories. As the BG JFET, this JFET has 
several advantages of a vertical channel and a continuous epigrowth process for the formation of the 
channel and drift region which can provide a small pitch, thus leading to low on-state resistance, and 
have a uniform channel doping, thus leading to a good conduction performance with uniform electron 
mobility. In contrast to the BG JFET, however, this JFET uses an angular ion-implantation 
technology (as shown in Fig. 4.1) in order to form a heavily doped p-type gate structure in the 
trenches [73-75]. It means that the implantations of the side-wall and bottom of the trenches are 
carried out with the wafer tilted by a certain angle from the vertical direction. 
 

 

Figure 4.1 Example of an angular implantation for vertical JFET. Reproduced from [73].  
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The fabrication tolerances of the implanted p-gate regions cannot be disregarded due to an inherent 
feature of the implantation (straggle) [74]. The variation of the implantation angle over the surface of 
the wafer in combination with the trench depth variation over the wafer influences the doping 
uniformity of the p-grid and the uniformity of the channel size. In conclusion, the spread in the 
threshold voltage values and in the gate-to-source breakdown voltage values depend on the precise 
control of the p-grid formation process. 
 

 

 

Figure 4.2 SEM image of SiC JFET [PAPER 
VIII].  

 

Figure 4.3 Cross-section of JFET in 
MEDICI (left) and SEM image (right) 
[PAPER VII].  

 
    For the investigation of the device parameter spread, one specimen of the JFETs used in the 
experiment (SemiSouth SJDP120R08, normally-on JFET with 1.2 kV/27 A/85 mΩ) is analyzed by 
SEM (as shown in Fig. 4.2) in order to investigate the dependence of the device parameter spread on 
the process tolerances. The device structures are reconstructed in MEDICI as shown in Fig. 4.3. 

4.4. Investigation of Device Parameters 

The device parameters are investigated in detail, i.e. the blocking capability, gate-source breakdown 
voltage, channel parameters, transfer and conduction characteristics, and capacitances. 
 

Drift Region with 1200 V Blocking Capability 

According to [69, 72], the thickness of the drift layer is set to 10 µm and the doping is 6.0 × 1015 cm-3. 
The drift layer thickness was confirmed by the SEM analysis. Based on these values, the simulated 
breakdown voltage is approximately 2000 V. The devices are specified as 1200 V devices according 
to the data sheets. The data sheets show also relatively high values of leakage current and an increase 
of leakage current above 700 V; all indicating an inefficient junction termination. 
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Different Gate-Source Breakdown Voltages 

The measured values of the gate-to-source breakdown voltages of the two JFETs under investigation 
were -19.2 V and -28.0 V for JFET 1 and JFET 2, respectively. The difference in the values of the 
gate-to-source breakdown voltage could be explained by a difference in doping concentrations in the 
gate and source regions. Two hypothetical cases of variation in device parameters are assumed to 
account for difference in the gate-to-source breakdown voltage as shown in Fig 4.4.  
 

 

Figure 4.4 Two different cases of the 4H-SiC JFET: (CASE1) differently doped p-type grid at 
uniformly doped n-type source, (CASE 2) uniformly doped p-type grid at differently doped n-
type source [PAPER VII]. 

    The first case assumed different p-type gate doping levels of 9×1018 cm-3 and 5×1018 cm-3 in JFET 
1 and JFET 2, respectively, due to the possible variation of the implantation angle during the 
formation of the gate. A uniformly doped n-type source region with a doping of 2×1019 cm-3 is 
assumed for both JFETs. The second case assumed different n-type source doping levels of 2×1019 
cm-3 and 8×1018 cm-3 in JFET 1 and JFET 2, respectively, due to non-uniform doping during the 
heavily doped n-type epigrowth, or alternatively wafer-to-wafer variation in n-type source doping. A 
p-type gate doing of 9×1018 cm-3 is assumed for both JFETs in the second case. The design of JFET 1 
is kept the same in both CASE 1 and CASE 2. The first case introducing variation in the p-type gate 
dopings shows better agreement in conduction and transfer characteristics than the second case. It can 
be concluded that the deviation in the gate-to-source breakdown voltages is mainly caused by the 
differences in the p-type grid doping. The dopings of the gate region and the source layer as stated 
above are implemented in the simulation models of JFET 1 and JFET 2. 
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Dependence of the Channel Parameters on the P-gate Formation Method 

The channel doping, the width, and the length play a crucial role for the transfer and forward 
characteristics and for values of threshold voltage and on-state resistance. These parameters are varied 
in simulation in order to find the set of parameters that give the same static characteristics as the 
measured ones. First of all, the main physical dimensions of the device structure are obtained from 
SEM analysis as shown in Fig. 4.3. The measured values of the channel width and length are 0.35 and 
2.35 µm, respectively. The observed variation in the measured parameters is approximately 0.15 µm. 
Such variations in channel width and length are used in the simulations to investigate their influence 
on conduction and transfer characteristics. 
    Fig. 4.5 illustrates the variation in implanted p-type gate depth tgrid respecting the channel region 
and drift region boundary in JFET 1. The implanted p-type gate that penetrates into the drift region 
could be affected by the tolerances of the trench etching and angular implantation process. The 
influence of the implantation depth variation on the conduction characteristics is shown in Fig. 4.6.  
 

 

Figure 4.5 Possible variations of the different implanted p+ grid depths in JFET 
1 [PAPER VIII]. 

    
    It is clearly demonstrated that small changes in critical design parameters related to processing 
tolerances may have a dramatic effect on the device characteristics. Moreover, it is specifically shown 
here that the p-type gate expansion into the drift region could lead to a transformation of the I-V 
characteristics from a triode-like mode into a pentode-like mode. It is due to the enhanced lateral and 
vertical expansion of the p-type gate associated depletion region into a drift region with lower doping 
than the channel region [72]. As the space charge region associated with the implanted p-type gate 
expands into the drift region with one order of magnitude lower doping than in the channel region, the 
channel width decreases abruptly. 
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Figure 4.6 Simulated and measured I-V characteristics of JFET 1 for different depths of the p-
grid relative to the channel and drift region boundary (0.10 µm over, and 0.15 µm and 0.30 µm 
under a channel and drift layer boundary) [PAPER VIII]. 

 

Comparison of Conduction and Transfer Characteristics 

The implanted p-type gate depths are identified from the previous simulation. Together, these values 
are used to determine the channel length. For JFET 1, the channel length is found to be 2.35 µm and 
for JFET 2 it is found to be 2.45 µm. The difference in the channel length for the two JFETs is 
assumed to originate from the difference in the implanted p-type gate length. The implanted p-type 
gate depths are assumed to be 50 nm over the channel and drift layer boundary in JFET 1 and 50 nm 
under the channel and drift layer boundary in JFET 2, respectively. This small variation (0.1 µm) of 
the implanted p-type gate depth results in 1 V difference between the threshold voltages of JFET 1 
and JFET 2 (-5.4 V and -4.5 V, respectively). These values are in a good agreement with the 
measured transfer and output characteristics shown in Fig. 4.7. In both JFETs, the channel doping 
concentration is determined to be 5.2×1016 cm-3. This value is also found to be realistic when 
comparing to the values given in [95]. The simulated current values are scaled to the actual device 
area of 3 mm2. 



 

67 

Chapter 4  

Parallel Operation of Recessed-Gate JFETs 

 

at V
DS

=1.0 V

Gate-to-source voltage VGS (V)

-6 -5 -4 -3 -2 -1 0

D
ra

in
 c

u
rr

e
n
t 

I D
 (

A
)

0

2

4

6

8

10

12

14

Measured J1

Measured J2

Simulated J1

Simulated J2 

 

Drain-to-source voltage VDS (V)

0 1 2 3 4 5

D
ra

in
 c

u
rr

e
n
t 
I D

 (
A

)

0

5

10

15

20
JFET 1 Simulation

Measurement

-5 VGS

-4 VGS

-3 VGS

-2 VGS

-1 V
GS

0 V
GS

 Drain-to-source voltage VDS (V)

0 1 2 3 4 5

D
ra

in
 c

u
rr

e
n
t 
I D

 (
A

)

0

5

10

15

20
JFET 2 Simulation

Measurement

-5 VGS

-4 VGS

-3 V
GS

-2 VGS

-1 VGS

0 VGS

 

Figure 4.7 Comparison of transfer (top) and output characteristics of JFET 1 and JFET 2 (bottom) 
[PAPER VIII]. 

 
    The simulated values of the on-state resistances are 70 and 75 mΩ for JFET 1 and JFET 2, 
respectively. The corresponding measured values are 78 and 81 mΩ, respectively, with VGS = 0 V and 
drain current of 20 A. The table 4.1 summarizes the doping levels of JFET 1 and JFET 2 used in the 
simulation. 

Table 4.1 Doping levels of the investigated JFETs as determined by simulation [PAPER VIII]. 

 JFET 1 JFET 2 
N+ Source 2.0 × 1019 cm-3 2.0 × 1019 cm-3 

P+ grid  9.0 × 1018 cm-3 5.0 × 1018 cm-3 
Channel 5.2 × 1016 cm-3 5.2 × 1016 cm-3 

Drift region 6.0 × 1015 cm-3 6.0 × 1015 cm-3 
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Comparison of Device Capacitances 

The simulated input capacitance (Ciss) is in a good agreement, whereas output capacitance (Coss) and 
reverse transfer capacitance (Crss) at high drain biases are close to the datasheet values as shown in 
Fig. 4.8. It is found that the differences in p-type gate doping and the implanted p-type gate depth of 
JFET 1 and JFET 2 have no influence on the simulated values of the capacitances. 
 

C= f(VDS), VGS= -15 V and f=100 kHz
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Figure 4.8 Comparison of input, output, and reverse transfer capacitances between simulated and 
measured datasheet values [PAPER VIII]. 

4.5. Simulated and Experimental Parallel Operation 

The device models of the two JFETs having different static output characteristics are used in the 
transient simulations and the results are compared with the experimental waveforms. The switching 
waveforms of parallel-connected JFETs are obtained using the double-pulse tester shown in Fig. 4.9. 
The parallel-connected JFETs are switched up to 300 V and 30 A. The experimental circuit 
configurations are also represented in the simulation as shown in Figs. 4.10 and 4.11, where the 
Schottky-barrier diode is designed with a reasonable drift region of 10 µm thickness and 8×1015 cm-3 
doping [95] for 1200 V and 30 A ratings. In order to investigate the current sharing dependence on 
gate driving condition [94], the parallel-connected JFETs are driven by single and double gate drivers. 
The only difference between the simulation and the measurement is that the main current in the 
simulation is provided by a constant current source instead of the load inductor in the experiment. The 
detailed parameters of the gate-drive circuits are summarized in Table 4.2. 
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Figure 4.9 Double-pulse test setup consisting of a direct voltage source VDC of 300 V, an inductor 
L of 200 µH, and SiC Schottky-barrier diode (SDP30S120 by SemiSouth) and the two parallel-
connected JFETs in the experiment [PAPER VIII]. 

 

Figure 4.10 Switching configuration for a 
single DRC network in simulation [PAPER 
VII and VIII]. 

 

Figure 4.11 Switching configuration for a double 
DRC network in simulation [PAPER VIII]. 

Table 4.2 Parameters of the gate-drive circuits in experiment and simulation [PAPER VIII]. 

 Double Single 

Gate-driver supply, VS -30 V -30 V 

Gate resistor, RG 5.0 Ω 1.7 Ω 

R1, R2, R 12 kΩ 12 kΩ 

C1, C2, C 22 nF 44 nF 
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Switched Waveforms with Only Device Parameter Spread 

A comparison of experimental switching waveforms and simulated waveforms is shown in Figs. 4.12 
and 4.13. To investigate the influence of the spread in device parameters on the current sharing, the 
switching simulations are done using identical parasitic inductances of 5 nH such as the gate-loop 
inductance LGS, the switching-loop inductance LDS, and the common source inductance to both the 
power circuit and the gate circuit LSS representing the wire connections. 
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Figure 4.12 Simulated turn-on and turn-off behaviors of JFETs with single gate driver with 
inductance (LGS) = 5 nH, common source inductance (LSS) = 5 nH, and switching-loop inductance 
(LDS) = 5 nH corresponding to measurement with balanced inductance values equal for both 
JFETs [PAPER VIII]. 
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Figure 4.13 Simulated turn-on and turn-off behaviors of JFETs with double gate driver with 
inductance (LGS) = 5 nH, common source inductance (LSS) = 5 nH, and switching-loop inductance 
(LDS) = 5 nH corresponding to measurement with balanced inductance values equal for both 
JFETs [PAPER VIII]. 

    With a single gate driver as shown in Fig. 4.12, JFET 1 conducts higher current due to its lower on-
resistance compared to JFET 2. The difference of the unbalanced drain currents is approximately 7 A. 
However, in the measurements the opposite is observed. The drain current of JFET 2 reaches initially 
higher value than the drain current of JFET 1 prior to reaching the value of 15 A equal for each JFET. 
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    With double gate driver as shown in Fig. 4.13, the measured waveforms show a big difference in 
current sharing. The difference between the unbalanced drain currents is approximately 10 A. 
Compared to the single gate driver, the delay time of 3 ns is slightly increased in the double gate 
driver during turn-on and turn-off. 
    General considerations are described below:  

- The measured behavior at turn-on does not agree with the behavior predicted by simulations. 
This means that there are other factors that have to be considered in order to explain the 
observed behavior. 

- The difference between measured turn-on current waveforms in the case of single and double 
gate driver, respectively, must be caused by the circuit parasitics such as inductance and 
resistance since the same device models are used in both cases. 

- In the measurement, the delay times of both JFETs are approximately 24 ns. The measured 
delay time during turn-off is 31 ns. A delay of approximately 7 ns between turn-on and turn-off 
is determined for the Rogowski coil from a separate experiment. The simulated waveforms in 
Figs. 4.12 and 4.13 have not been compensated with respect to this.  

 
    As a result, the comparison of measured and simulated switching results clearly show that the 
current sharing of parallel-connected JFETs cannot be modelled satisfactorily considering only 
parameter spreads and balanced inductance values in this simulation. Parasitic inductances may 
generally produce serious transient unbalances in the current distribution between the interconnected 
devices. 
 

 

Figure 4.14 A) Equivalent circuit with parasitic inductances (LSS, LGS and LDS) and B) Schematic 
of the proposed test-circuit layout with parasitic inductances [PAPER VIII]. 

 
Extraction of Parasitic Elements from Circuit Configuration  

Each stray inductance is given by wire connections between packaged chips and copper plates. The 
expected inductances are shown in Fig. 4.14 (A). The corresponding elements in the real experimental 
setup are shown Fig 4.14 (B).  
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    The gate-loop inductances LGS are formed in the gate current path between the gate node of a chip 
and the gate driver. The common source inductances to the ground are denoted LSS, and the switching-
loop inductances between the drain node of a chip and a freewheeling diode are denoted LDS. 
Accordingly, the gate-loop inductance LGS and the common source inductance LSS are assumed to be 
in a range of 5 nH up to 20 nH depending on the length of a package lead. In the experiment, the 
copper plates with dimensions 11.5×10×0.1 cm3 are used to connect source and gate nodes. It means 
that the parasitic inductances LSS and LGS should have the same values for both JFETs. Whereas the 
switching-loop inductances LDS must differ since SiC JFET 2 is positioned closer to the SiC Schottky-
barrier diode than SiC JFET 1. Accordingly, the switching-loop inductance LDS is assumed to be in 
the range of 5 nH up to 30 nH corresponding to the length of the copper plate. 
 
How to Determine the Parasitic Inductances 

① Suppressed VDS is introduced by the sum of Lstray+LDS+LSS inductances during the turn-on. On the 
other hand, during the turn-off the increase of the sum Lstray+LDS+LSS creates the overshoot voltage. 
There is a tradeoff between the turn-on and the turn-off waveforms. 
② During the turn-off, the parasitic capacitor introduced by the freewheeling diode is used to damp 
the peak of the overshoot voltage. Moreover, the increased parasitic capacitance results in the 
decreased slope of di/dt.    
③ For the turn-on, LSS in JFET 1 and JFET 2 are chosen by comparing the slope of di/dt between 
simulation and measurement. Then, the selected range of LSS can be used to assume LGS and LDS 

(around 5 nH, in this case). The Lstray is mainly modified with the determined LSS and LDS by 
considering the voltage waveforms. 
④ The difference of LSS in JFET1 and LSS in JFET 2 introduces the kink of VDS. Big difference in LSS 

between JFET1 and JFET 2 induces sudden decrease of VDS. On other hand, small difference in LSS 
between JFET1 and JFET 2 introduces the 2nd overshoot voltage of VDS. However, this difference can 
also be related to the slope of di/dt during the turn-off. 
 

 

Figure 4.15 Simulated waveforms at turn-on and turn-off. 
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Switched Current Waveforms with Device Parameter Spread and Circuit Parasitics  

(Single Driver) 

The increased LSS slows down the switching and consequently increases significantly the switching 
losses. This is due to the voltage drop across LSS which counteracts the change of the applied gate 
voltage during both rise and fall time during the turn-on and turn-off transients, respectively.  
    The delay time, on the contrary, is slightly decreased due to LSS but it is increased by the gate-loop 
inductance LGS during transients. The switching-loop inductance LDS has almost no influence on the 
switched current sharing.  
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Figure 4.16 Simulated and measured turn-on 
behaviors of JFETs with separately controlled 
gates [PAPER VIII].  
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Figure 4.17 Simulated and measured turn-off 
behaviors of JFETs with separately controlled 
gates [PAPER VIII].  

 
    JFET 1 is expected to conduct higher current due to its lower on-resistance compared to JFET 2. 
The measured performance is the opposite. This behavior could be explained first after introducing 
different values of common source inductances LSS of 7 nH for JFET 1 and 3.5 nH for JFET 2. It can 
be clearly seen that the unbalanced current sharing is controlled by both spreads of device parameters 
and by parasitic inductances as shown in Figs 4.16 and 4.17. 
 
Switched Current Waveforms with Device Parameter Spread and Circuit Parasitics  

(Double Gate Driver) 

The double-pulse test is performed using the same commutation circuit as for the case with the single 
gate driver. The only difference between single and double gate drivers is that the parasitics connected 
to the gate nodes of the two JFETs may be changed due to the separate gate-driver circuit boards and 
individually controlled gates.  
      If the gate resistance of JFET2 is increased (RG+∆RS), a significant influence on the current 
sharing is obtained as shown by the simulated results in Figs. 4.18 and 4.19. The results indicate that 
differences in resistances in the gate loop may have a large influence on the transient current sharing. 
When changing the circuit from using a single gate driver to using a double gate driver, the transient 
current sharing can be significantly changed. By the simulation, it is clearly demonstrated that the 
switched currents are strongly influenced by the gate resistances that are individually controlled in the 
double gate driver case. 
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Figure 4.18 Simulated turn-on behaviors of 
JFETs with double gate driver showing the 
influence of additional gate resistance ∆RS, in 
JFET2 gate circuit [PAPER VIII]. 
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Figure 4.19 Simulated turn-off behaviors of 
JFETs with double gate driver showing the 
influence of additional gate resistance ∆RS, in 
JFET2 gate circuit [PAPER VIII]. 
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Figure 4.20 Simulated and measured turn-on 
behaviors of JFETs with individually con-
trolled gates [PAPER VIII].  
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Figure 4.21 Simulated and measured turn-off 
behaviors of JFETs with individually controlled 
gates [PAPER VIII].  

 
    The simulated switching performance is reproduced correctly by introducing an additional gate 
resistance ∆RS of 2 Ω in JFET 2 with the identical parasitic inductances as in the single gate driver 
case. In Figs. 4.20 and 4.21, the experimentally obtained turn-on and turn-off transitions are compared 
to the simulated ones, where JFET2 has an additional gate-loop resistance RS of 2 Ω. Similarly to the 
single gate driver case, the measured delay time during turn-on is approximately 25 ns and is in an 
agreement with measurements. The measured delay time at turn-off is 2 times longer than in the 
simulations. The discrepancy in delay time of 5 ns between single and double gate driver cases is 
believed to be caused by the additional gate resistance ∆RS. 
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4.6. Summary 

• In this chapter, the performance and limitations of existing recessed-gate JFETs (VJFET) 
have been analyzed both by means of simulations and experiments. 

• VJFETs used in parallel connection have been reconstructed in MEDICI. The device 
parameter spread of two VJFETs has been investigated with respect to the on-state 
resistance, gate-source breakdown voltage, and threshold voltage. By introducing a 
variation in p-gate doping and implantation depth in the device models, the simulated and 
measured static characteristics of two VJFETs can be explained. 

• In a comparison of switching performance, the parallel-connected VJFETs have been 
tested experimentally using different gate driving conditions in double-pulse tests and 
compared with simulations in order to elucidate the unbalanced current sharing during 
switching. 

• Device parameter spread and circuit asymmetries are equally important for the transient 
current sharing of parallel-connected VJFETs. 

• Furthermore, it is shown that parasitic circuit elements can mask and distort the effect of 
parameter spread in a realistic set-up.   
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Buried-Grid Junction Barrier Schottky Diode 

 
As descried in Chapter 3, the buried grid (BG) technology has provided several benefits for the JFET. 
In this chapter, the beneficial technology is also applied to junction barrier Schottky (JBS) diode by 
replacing a heavily doped n-source region by a lightly doped n-epi layer with Schottky metal on top 
and providing contacts to the grids. The following expected advantages can be achieved: 

• Comparably similar processing steps as for the BG JFET can be utilized for JBS diode. 
Possible to have both devices on one die. 

• In the same manner as the BG JFET, only epitaxial technology without implantation can be 
applied in the device fabrication. A wide range of design parameters can be achievable. 

• The BG JBS diode consists of a Schottky barrier and a buried p-n junction, which protects the 
Schottky contact areas from high electric field at reverse bias. It results in a low leakage 
current level. For high temperature operation, this type of JBS with the BG technology is more 
attractive and effective than conventional JBS diodes. 

5.1. Introduction 

Power diodes are used as freewheeling diodes in most power electronic applications. During the 
switching time of a power transistor, the power diode protects the transistor and delivers a load 
current when the transistor is turned off. During this process, losses are generated by the switched 
transistor and the diode. Particularly, one main source among these losses is introduced by the reverse 
recovery charge of the diode which can severely impact the transistor as well as the whole converter 
system. The reverse recovery charge contributes to the introduction of a significant current peak when 
the load current is transferred from the transistor to the diode. The same amount of current is added to 
the turned-on transistor, which results in increased losses. 
    In order to improve the recovery behavior caused by the diode, SiC-based power diodes have been 
proposed and commercially introduced in 2001 [35]. Mainly due to the high critical electric field of 
SiC, the recovery charge can be potentially reduced by more than 90 % compared to Si-based diodes 
[96]. For this benefit, the SiC-based power diodes are strongly desirable in power electronics. 

The information presented in this chapter is based on Publications IV, VI, IX, X, and XI. 
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    Nowadays, all SiC-based power diodes for 1200 V blocking capability utilize the JBS concept [97], 
which combines Schottky-like behavior in the on-state and PiN-like behavior in the off-state modes. 
Figs. 5.1 and 5.2 show the typical forward and reverse characteristics of this concept.  
    When forward bias is applied, the Schottky regions conduct first. The forward current is only 
governed by the electrons of the n-type drift region until the holes are injected from highly-doped p-
type areas. In this region, relatively low voltage drop around 0.5 – 1 V is obtained at the potential 
barrier known as Schottky barrier at the metal-semiconductor interface (Schottky diode behavior). As 
the voltage drop further increases, the current increases slightly. When the junction voltage drop is 
close to 3 V that is similar to the bandgap energy in 4H-SiC, high current is achieved (PiN diode 
behavior). The p+ junction of the embedded grid begins injecting holes into the n-drift region, thus 
leading to conductive modulation [98, 99]. With reverse bias applied, the depletion region of the p+ 
junction is widely formed under the Schottky contact, and then spread downward toward the n-drift 
region. Finally, the depletion regions of the buried grid areas merge at a certain voltage (PiN diode 
behavior) and shield the low Schottky barrier contact (Schottky diode behavior) from high electric 
field, thus leading to a reduced leakage current [100, 101]. 
  

 

Figure 5.1 Comparison of Schottky, PIN, and 
JBS diodes in forward bias mode. Reproduced 
from [96]. 

 

Figure 5.2 Comparison of Schottky, PIN, and 
JBS diodes in reverse bias mode. Reproduced 
from [96]. 

5.2. Benefits of the Buried-Grid JBS Diode 

Conventional JBS-type SiC SBDs have been widely used in power electronics applications because of 
their advantages mentioned in Subsection 5.1. However, despite that, their inherent structures 
consisting of the Schottky barrier and the p-grid formed on the plain top surface set a limit for high 
temperature operation to below 150 oC as shown in Fig. 5.3. At higher operation temperatures the 
shielding of the Schottky contact areas from the electric field proves to be insufficient leading to 
barrier lowering under increasing reverse bias voltage. Both thermionic emission and generation-
recombination phenomena of the reverse leakage current are very sensitive to the temperature [102]. It 
means that more efficient field shielding of the Schottky contact areas is necessary in order to 
decrease the temperature-induced reverse leakage current. To enhance the shielding effect of the 
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electric field, a buried grid (BG) technology [4] is introduced in the JBS-type SBD as shown in Fig. 
5.4. This concept is expected to result in at least one order of magnitude reduced electric field 
compared to the plain Schottky contact. 
 

 

Figure 5.3 Cross section of conventional JBS-
type SBD diode with plain grid and electric 
field distribution under reverse bias of 600 V. 
Partially from [PAPER VI]. 

 

Figure 5.4 Proposed cross section of JBS-type 
SBD diode with buried grid and electric field 
distribution under reverse bias of 600 V. 
Partially from [PAPER VI]. 

    In this thesis, the buried-grid JBS-type SBDs for 1700 V blocking capability are proposed and 
realized by means of simulation, fabrication, and electrical evaluation. Particularly, its superior 
performance at high temperature operation up to 250 oC is demonstrated and compared with 
commercialized JBS-type SBDs. 

5.3. Design Concept and Fabrication of Buried-Grid JBS 

Diodes 

In the newly proposed concept of JBS-type SBD, the buried grids can be fabricated using either 
implantation or epitaxy as shown in Fig. 3.1. As mentioned earlier in Subsection 3.1, both processes 
have advantages and disadvantages of embedding p-type grids in the n-type channel region. 
    For the epitaxy process, the formation of p-type islands requires additional trench etching, regrowth 
and planarization processes. Continuous epigrowth is performed from buffer layer up to n-channel 
layer, and then trenched pillars are formed with an etching process. After that, p-type areas are 
epitaxially filled in. Complex process steps could be required with planarization process (Publication 
XXI) or conventional chemical mechanical polishing (CMP) [9] for removing the undesired layer 
introduced by the regrowth step, while channel parameters such as doping and width can be controlled 
precisely. At the end, the top n-layer is epitaxial grown.  
    For implantation process, p-type islands are formed inside the epigrown drift region by 
implantation. Then, additional n-type layer is grown epitaxially on top of the implanted surface. A 
channel doping can be uniformly built. However, the channel width can be variable due to a straggle 
of implantation. The implanted buried grid process is simpler compared to the epitaxial buried grid 
process since additional steps such as etching process and planarization can be avoided. However 
channel parameters can be more difficult to control depending on the implantation condition. 
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    Considering different fabrication approaches, two types of BG are analyzed with respect to the 
trade-off between the on-state and blocking capabilities. The corresponding structures are shown in 
Fig. 5.5. 
 

 

Figure 5.5 Simulated structures of buried-grid JBS diodes: implanted p-type grid (left) vs. 
epigrown p-type grid (right).  

It is very important to determine the device performance in relation to the fabrication technique. The 
drift region thickness and doping concentration of 10 µm and 7.5×1015 cm-3 are identical in both 
device types for 1700 V blocking capability [78, 103]. A field stop layer is formed with a thickness of 
0.6 µm and doping of 1.0×1018 cm-3 and a buffer layer is formed with a thicknesses of 0.3 µm and 
doping of  2.0×1018 cm-3, respectively. The doping concentration of the channel is kept constant with 
that of the drift region. The grid thickness in both types is 1.5 µm and doping concentrations are set to 
1.2×1018 cm-3 in the implanted grid and 1.0×1019 cm-3 in the epigrown grid consistent with the 
experiment, respectively. The Grid spacing in both types is varied in the same way to compare the 
electrical characteristics. Additionally, in the case of the implanted p-type grid, the long tail of the 
implanted profile is set to 0.7 µm according to SIMS based profile. 
    Figs. 5.6 and 5.7 show the simulation results for the threshold voltages and the blocking voltages. 
The blocking voltage value is taken at 10 µA/cm2 and 150 oC. The negative value of the grid spacing 
in the device with implanted p-type grid means that the tails of the implanted areas are overlapping 
due to a narrow channel width. The Schottky barrier height is extracted from Arrhenius plot for 
devices with different buried grid spacing. Two on-state voltages are obtained at different current 
densities of 1 µA/cm2 and 100 A/cm2. In the case with the epitaxial grid, the threshold voltages are 
constant above the grid spacing of 2.0 µm. The blocking voltage is above 2000 V when the grid 
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spacing is below 1.0 µm. In the case of implanted grid, the threshold voltages are also constant above 
2.0 µm. The blocking voltage is above 2000 V when the grid spacing is below 0.7 µm. These results 
clearly show that the electric characteristics depend on the ratio of the Schottky junction and PN 
junction widths. For obtaining a low threshold voltage and high blocking voltage, the grid spacings of 
1.0 µm and 2.0 µm can be chosen for the epitaxial grid and implanted grid, respectively. The device 
with the epitaxial grid can be more efficient at high temperatures than the one with implanted grid. 
 

 

Figure 5.6 Epitaxial grid (Blocking voltage 
with circle symbol, on-state voltage at 1 
µA/cm2 and 100 A/cm2 with triangle symbol, 
and effective barrier height with square 
symbol). Modified from [PAPER IV]. 

 

Figure 5.7 Implanted grid (Blocking voltage 
with circle symbol, on-state voltage at 1 
µA/cm2 and 100 A/cm2 with triangle symbol, 
and effective barrier height with square 
symbol). Modified from [PAPER IV]. 

  

 

Figure 5.8 Maximal electric field at Schottky 
interface as a function of drift doping 
concentration [PAPER VI]. 

 

Figure 5.9 Maximal electric field at Schottky 
interface as a function of grid spacing [PAPER 
VI]. 

 
    In order to investigate and compare the effect of electric field shielding, maximal electric field 
values at the Schottky interface are simulated for diode for two alternative types of BG JBS diodes as 
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well as for plain SBD. The results are shown in Figs. 5.8 and 5.9. The field reduction is one order of 
magnitude in the case of the implanted grid as compared to the plain Schottky diode. The epitaxial 
grid is 2 to 5 times more efficient compared to the implanted grid depending on the doping 
concentration as presented in Fig. 5.8. Fig 5.9 presents the maximum electric field values for two 
types of BG JBS diodes with respect to different blocking voltage capabilities. It is clearly shown that 
the epitaxial grid results in about two times lower maximum surface field for all the values of the grid 
spacing.  
    To experimentally realize the concept of the BG JBS diode, the implanted grids are preferentially 
considered and fabricated. The structure with the implanted grid (Fig. 5.5) is consistent with the 
design of the experimental device as shown in Fig. 5.10.  
 

 

Figure 5.10 SEM cross-section of the fabri-
cated BG JBS diode for 1700 V blocking 
capability with implanted P grid [PAPER XI]. 

 

Figure 5.11 Fabricated BG JBS diodes (Device 
layout) with different grid spacing from 1.5 µm 
to 4 µm and anode areas of 0.24 mm2 for 1 A 
and 2.4 mm2 for 10 A. 

    The devices were fabricated on commercial 4° off-axis Si-face n-type 4H-SiC wafers. The p-type 
buried grids were formed by Al implantation followed by epitaxial overgrowth which also serves as 
an activation annealing step. The grid spacing was varied from 1.5 µm to 4.0 µm as shown in Fig. 
5.11 and the width was kept constant and equal to 4 µm in all the fabricated devices. The channel 
doping concentration was kept identical to that of the drift region. Titanium (Ti) was used as Schottky 
metal and Nickel (Ni) silicide for ohmic contact to the heavily doped p-type grid regions. For 1 A and 
10 A current capabilities, the fabricated BG JBS didoes have two different anode areas of 0.24 mm2 
and 2.4 mm2 shown in Fig. 5.11. 

5.4. Electrical Evaluation 

Electrical evaluation is performed with a probe station which can measure voltages up to 2000 V and 
currents up to 1 A, a curve tracer (IWATSU CS-5200) which can measure voltages up to 5000 V and 
currents up to 400 A, and a custom designed single-pulse tester which can measure currents up to 
300 A with short pulses of 2 µs, 5 µs, and 10 µs. 
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Reverse Characteristics  

On bare die level, the highest blocking voltage of 1700 V is measured at 0.1 µA in the devices with 
grid spacing of 1.5 µm and 2.0 µm. The blocking voltages of 1400 V and 1000 V are measured at 0.1 
µA in the devices with grid spacing of 3.0 µm and 4.0 µm, respectively as shown in Fig. 5.12. The 
measured leakage current at 1000 V is 5 to 6 orders of magnitude lower for BG JBS diodes compared 
to the plain Schottky reference devices from the same wafer as shown in Fig. 5.13.  
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Figure 5.12 Measured reverse I-V characteristics 
for 10 A devices with different grid spacing 
[PAPER VI]. 
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Figure 5.13 Leakage current at 1000 V and 
25 oC with different grid spacing. 
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Figure 5.14 Measured reverse I-V character-
istics for 10 A devices with grid spacing of 
3 µm in TO-254 package in temperature range 
from 25 oC to 250 oC [PAPER XI]. 
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Figure 5.15 Comparison on leakage current of a 
pure Schottky diode, commercial JBS diodes 
and the BG JBS diode, in the temperature range 
from 25 oC to 250 oC [PAPER XI].   

 
    For high temperature measurements, the fabricated diodes were encapsulated in TO-254 packages. 
With a temperature increase from 25 oC to 250 oC, the leakage current increases from 2 nA to 5 µA at 
1200 V reverse-bias voltage. A positive temperature coefficient of the blocking voltage is observed as 
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shown in Fig. 5.14, indicating an avalanche breakdown mechanism. The proposed concept of the BG 
JBS diode is expected to have a low leakage current at high temperature compared to conventional 
JBS diodes. It is the most important performance in this device concept. Fig. 5.15 presents a 
comparison of the leakage current of a pure Schottky diode, commercial JBS diodes, and a BG JBS 
diode. The BG JBS diode clearly shows that the leakage current is four orders of magnitude lower 
than that of a pure Schottky diode at an operation temperature of 175 oC and 2 to 3 orders of 
magnitude lower than that of commercial JBS diodes. It is clearly demonstrated that the Schottky 
contact is effectively shielded by the high barrier introduced by the buried-grid p-type regions, 
resulting in the reduction of the electric field and reduced Schottky barrier lowering.  
 
Forward Characteristics 

Forward I-V curves are measured at 25 oC for BG JBS diodes with different grid spacing. The results 
clearly demonstrate the influence of the grid spacing on the conduction characteristics. 
    In Fig 5.16, the best fit between simulation and measurement is obtained with an active area of 
approximately 60 %. It might be due to a straggle of implantation, thus leading to difference in 
channel width between design and fabrication. Careful design of grid dimensions and channel dopings 
are significantly needed in the mask layout and simulation for a good trade-off between conduction 
and blocking voltage properties. 
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Figure 5.16 Forward characteristics of 10 A devices with different grid spacing at 25 oC [PAPER 
IX]. 

  
   As mentioned above, new BG JBS diodes were fabricated with consideration of a straggle in the 
mask layout and high channel doping for improving the forward conduction. It can also be 
demonstrated that the BG JBS concept enables to control the doping of the Schottky contact region, 
grid spacing (channel) region and drift region independently during the epigrowth process. 
     Fig. 5.17 presents a comparison of the forward characteristics of the BG JBS diodes with different 
channel doping concentrations of 7.0×1015 cm-3, 1.2×1016 cm-3, and 3.0×1016 cm-3, respectively, 
measured on bare dies and in TO-254 package.  
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Figure 5.17 Forward characteristics of 10 A 
devices with grid spacing of 3 µm and channel 
doping of 7.0×1015 cm-3, 1.2×1016 cm-3, and 
3×1016 cm-3, respectively, measured on bare 
dies and in TO-254 package at 25 oC [PAPER 
XI].   

 

 

Figure 5.18 Forward characteristics of the BG 
JBS diodes with grid spacing of 3 µm and 
channel doping of 3×1016 cm-3 measured on 
bare dies and in TO-254 package, in the 
temperature range from 25 °C to 250 °C 
[PAPER XI]. 

    The measured values clearly show that the forward conduction is improved approximately by 27 % 
due to the increased channel doping by a factor of 4.3. Approximately 28 mΩ lower on-resistance is 
measured on packaged devices. The difference can be explained by higher contact resistance between 
the probes and the top metal in the on-die measurement.  
    In Fig. 5.18, the temperature-dependent forward characteristics of the BG JBS diode with channel 
doping of 3.0×1016 cm-3 measured in a temperature range from 25 °C and 250 °C are shown. The 
difference in the on-resistance at 25 °C and 250 °C is a factor of 2 in the case of TO-254 package and 
factor 2.5 in the case of the bare die measurements. The increased on-state resistance is largely due to 
the increasing resistance in the 10 µm-thick drift region caused by the decrease of electron mobility 
with increasing temperature. The incremental contact resistance measured on the bare dies was larger 
compared to the packaged devices. 
 

Reverse Recovery Behavior 

The fabricated BG JBS diode with different grid spacing and channel doping of 7.0×1015 cm-3 was 
measured with a double-pulse measurement (Publication VIII) for the evaluation of reverse recovery 
behavior. Parallel-connected Cree MOSFETs were used as main switches. The switching conditions 
were 300 V, 12 A, and di/dt was 960 A/µs. The recovery curves for the fabricated BG JBS and 
commercial devices with comparable chip size for 10 A are shown in Fig. 5.19. No significant 
influence of the grid spacing on the recovery charge was observed. It is due to total device 
capacitance including the area of the junction termination rather than the grid spacing. The measured 
and simulated values of recovery charge are 24 nC and 18 nC, respectively. 
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Figure 5.19 Recovery curves of JBS diodes under investigation with conditions 300 V, 12 A, 
di/dt = 960 A/µs and 25 oC [PAPER IX]. 

5.5. Summary 

• JBS diodes with buried grids have been experimentally verified and compared with 
simulations. 

• BG JBS diodes with implanted grids have been successfully fabricated for 1 A and 10 A 
and electrically evaluated on bare dies and in packages. 

• With the proposed concept, the Schottky contact is effectively shielded by the high barrier 
introduced by the buried-grid p-type regions in reversed-bias operation. This results in a 
reduction of the electric field and reduced Schottky barrier lowering. The proposed 
concept is expected to have a low leakage current at high temperatures.  

• From experiments, it is found that the leakage current of the proposed BG JBS diodes is 
significantly lower than that of a pure Schottky diode and commercial JBS diodes at 175 
oC. 

• For improvement of forward conduction, a highly doped channel is considered for BG JBS 
diode structures. 

• In the reverse recovery measurement, no significant influence of the grid spacing on the 
recovery charge was observed.   
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This thesis focuses on two topics: 1) state-of-the-art power devices such as BG JFETs and BG JBS 
diodes and 2) simulation studies of parallel operation covering device parameter spread and the 
influence of parasitic inductances. 
 
    Numerical-simulation-based analyses were presented and discussed to demonstrate the superior 
performance of the developed 1.2 kV BG JFET design in terms of blocking voltage, specific on-state 
resistance, forward current density, and transient switching characteristics trade-offs and limitations. 
For this design, the epitaxy process is considered for achieving a precise control of channel 
parameters such as doping concentration, width, and depth. It is expected that sub-micron tolerances 
are not required during patterning. Based on this technology, BG JFETs with N-on and N-off 
characteristics were developed and their performance was confirmed for temperatures up to 250 oC.  
    Regarding the static characteristics, the main parameters for the optimization were the doping and 
width of the channel. The on-state resistance decreases with increased channel doping and decreased 
channel width. A submicron channel width is required for low on-state resistance in devices with low 
threshold voltage. The forward current density also depends on the channel width. For 400 A/cm2, the 
channel width must be less than 2.5 and 1.2 µm for the N-on designs with the threshold voltages of -
50 V and -10V, respectively, and less than 0.3 µm for the N-off design. For validation of device 
models developed in this thesis, the published experimental results are reproduced in simulations 
using device structure parameters obtained from [58] and 4H-SiC physical models described in 
Chapter 2. A good agreement of forward characteristics between the simulation and the published 
results is observed, which implies that the 4H-SiC physical models used in MEDICI are well defined 
for device modelling and the estimated performance of the proposed BG JFETs can be expected to be 
close to reality. 
    Regarding the dynamic characteristics, the switching speed shows a dependence on threshold 
voltage and gate resistance. A decrease in turn-on energy and increase in turn-off energy can be 
achieved by increased channel doping and reduced channel width, respectively. In addition, the 
charging time of internal device capacitances depends on the available gate-drive voltage and on the 
threshold voltage. 
    The BG JFETs are analyzed and compared on the system level with respect to total losses including 
conduction losses, driving losses, and switching losses. As one case study, a 1.2 kV BG JFET was 
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compared to a 1.2 kV BJT in a DC-DC boost converter under the same operating conditions. In the 
BJT, the surface recombination effect is regarded as a critical factor which causes increased on-state 
resistance and gate driving losses compared to an ideal BJT. The peak current gain is reduced by 
approximately 40 %. The conduction losses for both the normally-on BG JFET and the ideal BJT, and 
most of the BJT driver losses are independent on the switching frequency, while the switching losses 
of the normally-off BG JFET and the BJT and the JFET driver losses are proportional to the switching 
frequency. The total losses show frequency dependence and a distinct difference according to the 
device type. Using the same basic concept as in the other case study, BG JFETs with 3.3 kV and 4.5 
kV were designed and the power losses were estimated for a high-power converter. It is clearly shown 
that the switching losses are significantly lower than the conduction losses in both cases. The total 
power losses for the 4.5 kV BG JFETs are higher than for the 3.3 kV BG JFETs even if less 
submodules are used for the 4.5 kV BG JFETs. It is clear that the comparably high on-state resistance 
introduced by the device structure is the main cause of the increased total power losses. The 
difference in power losses at 350 MW, when comparing 3.3 kV and 4.5 kV BGJFETs, is 30 %. This 
means that the cost and volume of the cooling system is significantly lower when using 3.3 kV BG 
JFETs for this application. 
    Contribution of this work:  

1) The development of a new physical model for SiC BG JFETs taking into consideration the 
fabrication process including epitaxy. 

2) The performed design and evaluation procedure can give guidelines to a circuit designer for 
fully exploiting and understanding the benefits of power devices in power electronics 
applications. 

3) The possibility of improved device performance and high temperature operation of 250 oC of 
the BG JFET is demonstrated by simulations. 

4) Analysis of estimated total losses can be used to compare and evaluate different switch 
alternatives and expected system efficiency at the prototype stage. 

    Future work related to this topic:  
1) The concept of BG JFETs should be demonstrated and validated experimentally.  
2) The BG JFET models should be validated experimentally. 

 
    To study the performance and limits of the existing JFET with recessed gate, parallel-connected 
JFETs are evaluated both in simulations and experiments. Especially, the influence of spreads in 
electrical parameters and of parasitic circuit elements on the parallel operation of VJFETs has been 
investigated by means of numerical simulations. 
    Regarding device parameter spread, the individual devices used in parallel connection have a 
device parameter variation with respect to the on-state resistance, gate-source breakdown voltage, and 
threshold voltage. Such device parameter spreads of the investigated VJFETs can be explained by the 
features of an angular implantation technique used for the p-gate formation. The device performances 
are reconstructed in simulations by introducing a variation in p-gate doping and implantation depth. 
The difference in gate-source breakdown voltages of the two investigated VJFETs is due to different 
p-grid doping with identical source doping. The difference in conduction and transfer characteristics 
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is due to different p-grid depths. The reconstructed simulated VJFETs exhibit static characteristics 
which agree very well with the measurements. 
    Regarding switching performance, the parallel-connected VJFETs are measured using different 
gate driving conditions in double-pulse tests and compared with simulations in order to elucidate the 
unbalanced current sharing during switching. A comparison of measured and simulated switching 
results clearly shows that the current sharing of parallel-connected JFETs cannot be modeled 
satisfactory considering only parameter spreads and assuming well balanced inductance values in this 
case. Parasitic inductances and circuit asymmetry may generally produce serious transient unbalances 
in the current distribution between the interconnected devices in addition to the unbalances in current 
sharing caused by the device parameter spread. 
    In the study regarding influence of parasitic elements, the parasitic source inductance is confirmed 
as the main contributor affecting the switched current waveforms and switching losses under the 
investigated gate-driving conditions. Furthermore, additional gate resistances influence the switched 
current waveforms when using a double gate driver.  
    Both parameter spreads and circuit asymmetries influence the transient current sharing of parallel-
connected VJFETs. The parameter spread is a direct result of the manufacturing process of the gate 
and the channel. Equally important is that the circuit is symmetrical. As a result, it is important to 
consider power modules containing a multitude of parallel-connected chips. The analysis shows 
clearly that parasitic circuit elements can mask and distort the effect of parameter spread in a realistic 
set-up. This highlights the importance of both careful analysis and careful design of power modules 
and main circuits containing parallel-connected devices. 
    Contribution of this work:  

1) Accurate device models of the JFET with recessed gate are created in order to predict the 
switching behavior.  

2) Compared to circuit-based simulation, a physical-based simulation provides more 
understanding of the phenomena inside the device itself along with the circuit parasitic 
elements. 

3) The parameter extraction procedure for the investigated device allows analysis of the 
blocking capability, gate-source breakdown voltage, channel parameters, transfer and 
conduction characteristics, and capacitances. 

4) The parasitic elements of the circuit are well defined and modelled together with device 
models.  

    Future work related to this topic:  
1) For a double gate driving condition, the circuit configuration must be improved to reduce 

the unbalanced current sharing in parallel connection.  
2) The verified device parameter spread and parasitic elements can contribute to the 

improvement of a circuit-based simulation tool (Pspice). 
3) The fabricated BG JFET should be experimentally evaluated in parallel-connected 

operation. The result is to be compared with that of the RG JFET.    
 
    The concept of BG JBS diode is experimentally verified and compared with the simulation. 1.7 kV 
BG JBS diodes with implanted grid and current ratings of 1 A and 10 A were successfully fabricated. 
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The fabricated devices were capsulated in TO-220 and TO-254 packages. In this concept, the most 
important benefit is the reduction of the leakage current at high temperatures. This is due to the 
efficient shielding of the electric field by the buried grid regions resulting in a reduction of the electric 
field at the Schottky contact. The measured results clearly show that the leakage current is four orders 
of magnitude lower than that of a pure Schottky diode at the operation temperature 175 oC and 2-3 
orders of magnitude lower than that of commercial JBS diodes. In addition, a highly doped channel is 
implemented. The forward I-V characteristics are improved approximately by 27 % due to an 
increased channel doping. Approximately 28 mΩ lower on-resistances were measured on packaged 
devices.  
    Contribution of this work:  

1) The concept of BG JBS diodes is experimentally verified and compared to simulation. 
2) The electric shielding effect is demonstrated in simulations and measurements. The results 

are also compared to conventional SBD diodes. 
    Future work related to this topic:  

1) JBS diodes with grids grown epitaxially should be demonstrated and measured 
experimentally. The result should be compared with that presented in this thesis. It is 
expected that an epitaxial grid can provide a more efficient shielding effect than the 
implanted grid.  

2) The potentially high surge current capability should be verified experimentally. 
3) The stored charge accumulated within the embedded p-type grids should be measured 

during switching transitions. 
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