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Abstract

In this thesis, various issues regarding normally-ON silicon carbide (SiC)
Junction Field-Effect Transistors (JFETs) are treated. Silicon carbide power
semiconductor devices are able to operate at higher switching frequencies,
higher efficiencies, and higher temperatures compared to silicon counterparts.
From a system perspective, these three advantages of silicon carbide can de-
termine the three possible design directions: high efficiency, high switching
frequency, and high temperature.

The structure designs of the commercially-available SiC power transistors
along with a variety of macroscopic characteristics are presented. Apart from
the common design and performance problems, each of these devices suffers
from different issues and challenges which must be dealt with in order to pave
the way for mass production. Moreover, the expected characteristics of the
future silicon carbide devices are briefly discussed. The presented investiga-
tion reveals that, from the system point-of-view, the normally-ON JFET is
one of the most challenging silicon carbide devices. There are basically two
JFET designs which were proposed during the last years and they are both
considered.

The state-of-the-art gate driver for normally-ON SiC JFETs, which was
proposed a few years ago is briefly described. Using this gate driver, the
switching performance of both Junction Field-Effect Transistor designs was
experimentally investigated.

Considering the current development state of the available normally-ON
SiC JFETs, the only way to reach higher current rating is to parallel-connect
either single-chip discrete devices or to build multichip modules. Four device
parameters as well as the stray inductances of the circuit layout might affect
the feasibility of parallel connection. The static and dynamic performance of
various combinations of parallel-connected normally-ON JFETs were experi-
mentally investigated using two different gate-driver configurations.

A self-powered gate driver for normally-ON SiC JFETs, which is basically
a circuit solution to the “normally-ON problem” is also shown. This gate
driver is both able to turn OFF the shoot-through current during the start-
up process, while it also supplies the steady-state power to the gate-drive
circuit. From experiments, it has been shown that in a half-bridge converter
consisting of normally-ON SiC JFETs, the shoot-through current is turned
OFF within approximately 20 µs.

Last but not least, the potential benefits of employing normally-ON SiC
JFETs in future power electronics applications is also presented. In particular,
it has been shown that using normally-ON JFETs efficiencies equal 99.8% and
99.6% might be achieved for a 350 MW modular multilevel converter and a
40 kVA three-phase two-level voltage source converter, respectively.

Conclusions and suggestions for future work are given in the last chapter
of this thesis.
Keywords: Silicon Carbide, Normally-ON Junction Field-Effect Transistors

(JFETs), Gate-Drive Circuits, Protection circuits, High-Efficiency Con-
verters.
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Sammanfattning

I denna avhandling behandlas olika aspekter av normally–ON junction–
field–effect–transistorer (JFETar) baserade på kiselkarbid (SiC). Effekthalv-
ledarkomponenter i SiC kan arbeta vid högre switchfrekvens, högre verknings-
grad och högre temperatur än motsvarigheterna i kisel. Ur ett systemperspek-
tiv kan de tre nämnda fördelarna användas i omvandlarkonstruktionen för att
uppnå antingen hög verkningsgrad, hög switchfrekvens eller hög temperatur-
tålighet.

Såväl halvledarstrukturen som de makroskopiska egenskaperna för kom-
mersiellt tillgängliga SiC–transistorer presenteras. Bortsett från de vanliga
konstruktions–och prestandaproblemen lider de olika komponenterna av ett
antal tillkortakommanden som måste övervinnas för att bana väg för mass-
produktion. Även framtida SiC–komponenter diskuteras.

Ur ett systemperspektiv är normally-ON JFETen en av de mest utma-
nande SiC-komponenterna. De två varianter av denna komponent som varit
tillgängliga de senaste åren har båda avhandlats.

State–of–the–art–drivdonet för normally-ON JFETar som presenterades
för några år sedan beskrivs i korthet. Med detta drivdon undersöks switche-
genskaperna för båda JFET-typerna experimentellt.

Vid beaktande av det aktuella utvecklingsstadiet av de tillgängliga normally–
ON JFETarna i SiC, är det möjligt att uppnå höga märkströmmar endast
om ett antal single–chip–komponenter parallellkopplas eller om multichip-
moduler byggs. Fyra komponentparametrar samt strö-induktanser för kretsen
kan förutses påverka parallellkopplingen. De statiska och dynamiska egen-
skaperna för olika kombinationer av parallellkopplade normally-ON JFETar
undersöks experimentellt med två olika gate–drivdonskonfigurationer.

Ett självdrivande gate-drivdon för normally-ON JFETar presenteras ock-
så. Drivdonet är en kretslösning till “normally–ON–problemet”. Detta gate-
drivdon kan både stänga av kortslutningsströmmen vid uppstart och tillhan-
dahålla strömförsörjning vid normal drift. Med hjälp av en halvbrygga med
kiselkarbidbaserade normally–ON JFETar har det visats att kortslutnings-
strömmen kan stängas av inom cirka 20 µs.

Sist, men inte minst, presenteras de potentiella fördelarna med använd-
ningen av SiC-baserade normally-ON JFETar i framtida effektelektroniska
tillämpningar. Speciellt visas att verkningsgrader av 99.8% respektive 99.5%
kan uppnås i fallet av en 350 MW modular multilevel converter och i en
40 kVA tvånivåväxelriktare. Sista kaplitet beskriver slutsatser och föreslaget
framtida arbete.

Nyckelord: Kiselkarbid, Normally-ON Junction-Field-Effect-Transistorer
(JFETar), Gate-drivdon, Skyddskretsar, Högverkningsgradsomvandlare.
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Chapter 1

Introduction

1.1 Background

Electricity is one of the major forms of energy which are consumed in the
modern societies. The main function of power electronics systems deals with the
power conversion from one form of electricity to another, such that it is suitable
to supply a wide range of loads operating at various conditions (e.g. voltages,
frequencies etc.).

Power electronics started in the beginning of the last century at approximately
the same time when the mercury arc rectifier was developed by Peter Cooper He-
witt. During the next few decades variations of the mercury arc rectifier were also
designed by several qualified scientists. The invention of the bipolar junction tran-
sistor (BJT) in 1948 paved the way to develop the modern solid-state electronic
switches. Today, the vital parts of power electronics systems are only solid-state
electronic switches. Silicon thyristors, metal-oxide-semiconductor field-effect tran-
sistors (MOSFETs) and lately insulated-gate bipolar transistors (IGBTs) count as
a few successful examples of the modern solid-state switches.

In a power electronics system, the switches are one of the major contributors
to the power losses. Several decades of research and development have been spent on
improving the performance of the solid-state switches in terms of achieving lower
power losses and thus exhibiting higher efficiencies. Improvement of the silicon
material has also contributed towards this direction, while new materials such as
SiC and gallium nitride (GaN) may facilitate major improvements in a close future.
In particular, the benefits of using SiC are not only limited to the lower power losses,
but also operation at higher switching speeds and higher temperatures. Moreover,
SiC can also be used for design of high-voltage devices (10-15 kV).

The first commercially available 2-inch SiC waver was introduced in the mar-
ket in the beginning of the 1990’s, while attempts to design and fabricate SiC power
devices in the lab were initiated in the end of the 1980’s. SiC JFETs were the first
active switch devices to be presented at that time. Shorter switching times and
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2 CHAPTER 1. INTRODUCTION

higher current densities compared to the silicon counterparts were the two main
design objectives for the first SiC power devices. Since that time, a big effort has
been made in order to develop more efficient SiC power devices compared to the
early-released ones.

At the end of 2012 four SiC power switches were available as commercial prod-
ucts on the market. Normally-OFF and normally-ON SiC JFETs, SiC MOSFETs
and SiC BJTs were available in low quantities for evaluation. However, various
design and performance-related issues are faced with the currently available SiC
devices. The long-term stability, especially at elevated temperatures, needs further
investigation in the case of SiC MOSFETs. The SiC BJT still requires significant
base currents, which basically makes the power consumption of the base-drive unit
high. Even though the available normally-OFF vertical-trench JFET is a unipolar
SiC device, it requires a significant gate current if low conduction losses are tar-
geted. Despite of the better performance of the normally-ON SiC JFET compared
to the normally-OFF counterpart, in terms of lower on-state resistance and higher
saturation current, it is not a favorable device for power electronics engineers due
to the normally-ON characteristic. All the aforementioned devices also suffer from
low current ratings caused by the small chip sizes. At present, fabrication of large
chips would result in low production yields.

In order to get advantage of the very high switching speeds, special gate and
base drivers have to be designed. An ultimate drive circuit for SiC power devices
would be the ideal solution. However, it must always kept in mind that each device
requires different driving conditions.

It is believed that the most challenging SiC power switch from the driving
point-of-view is the normally-ON SiC JFET. The word “driving” refers both to
efficiently drive this device and to protect it against shoot-through currents.

It seems that a new era in the power semiconductor world has been initiated
with the introduction of SiC power switches. Nevertheless, a lot of issues on design,
fabrication, and driving of these devices are still awaiting answers. This thesis aims
to shed some light on various issues regarding the normally-ON SiC JFETs.

1.2 Main Objectives

The main objective of this thesis is to evaluate various aspects regarding
normally-ON SiC JFETs. In particular, static and dynamic performance, as well
as gate-drive and shoot-through protection circuits of this device are treated. The
main objectives can be itemized as follows:

• At first, an overview of the available SiC switches is necessary in order to
show the challenges of each one.

• It is of high importance to study various gate drivers for normally-ON SiC
JFETs so that the most efficient one will be chosen for the current project.
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• A protection circuit against shoot-through at start-up for normally-ON SiC
JFETs have to be suggested and simulated. Moreover, a laboratory prototype
of the best performing solution should be built and experimentally verified.

• A solution to employ normally-ON SiC JFET in high-power converters must
also be suggested.

• An experimental evaluation of normally-ON SiC JFETs in state-of-the-art
power electronics converters is also important.

1.3 Outline of the thesis

Chapter 1 introduces the thesis, gives a short background of the topic and briefly shows
the main objectives and the scientific contributions.

Chapter 2 gives a short overview of the development of SiC power devices the last 2
decades. A brief description of the currently available SiC devices is also
given. Finally, expected characteristics of the future SiC power switches are
also presented.

Chapter 3 summarizes the driving requirements for the normally-ON SiC JFETs and
describes the state-of-the-art gate driver for this device.

Chapter 4 shows the experimental investigation of the static and dynamic performance
of parallel-connected normally-ON SiC JFETs.

Chapter 5 describes the operating principles of the proposed self-powered gate driver for
normally-ON SiC JFETs along with experimental results.

Chapter 6 presents two potential applications of normally-ON SiC JFETs.

Chapter 7 summarizes the work done in this thesis and gives suggestions and ideas for
future work.

1.4 Main Scientific Contributions

This thesis has resulted in the following original scientific contributions:

• The switching performance of the vertical trench normally-ON SiC JFET
has been experimentally investigated using a state-of-the-art gate-drive unit.
The same work was also performed with the lateral channel normally-ON
JFET for comparison. The latter is, however, not original work. Partially
static characterization of these devices at elevated temperatures has also been
done.
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• It has been shown that four device parameters in conjunction with the circuit
layout mainly affect the dynamic and static performance of parallel-connected
normally-ON SiC JFETs. Moreover, the gate-drive design can also be con-
sidered as an influential factor on the parallel-connection of these devices.

• A circuit solution to the normally-ON problem, which is able to handle the
start-up process and to supply the steady-state power to the gate, has been
proposed and it has been experimentally verified on a half-bridge converter.
It is shown that the shoot-through current can be turned OFF within a very
short time after the start-up process is initialized.

• Diode-less operation of the normally-ON SiC JFETs has been investigated and
experimentally verified in a half-bridge connection and in a modular multilevel
converter. Although preliminary work on this subject was already published
by Ållebrand et all [1, 2], in the present work the author has demonstrated
the principle not only in double-pulse tests but in converter operation.

• The potentially high efficiency when employing SiC JFETs, which might ex-
ceed 99.6%, has been demonstrated with a 40 kVA SiC JFET inverter.

1.5 List of Appended Publications

I. J. Rabkowski,D. Peftitsis, and H.–P. Nee, “Silicon carbide power transistors–
A new era in power electronics is initiated”, IEEE Ind. Electron. Mag., vol.
6, no. 2, pp. 17–26, Jun. 2012.

This paper presents the current development status of SiC power devices along
with issues regarding the design constraints of gate and base drivers. It is
shown that three design directions might be followed when SiC power devices
are used. High temperature, high switching frequency and high efficiency
count as the three alternative design directions. Moreover, an overview of
the targeted power electronics applications where SiC devices are employed
is also given.
The main contributions to this paper deal with preparing the sections about
SiC power devices and gate/base drivers.

II. P. Ranstad, H.–P. Nee, J. Linner, and D. Peftitsis, “An experimental eval-
uation of SiC switches in soft–switching converters ”, IEEE Trans. Power
Electron., accepted for publication.

This manuscript presents an experimental comparison of SiC power devices
when they are employed in soft–switching converters, in terms of static and
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dynamic characterization. Moreover, the SiC devices are compared to the
state–of–the–art silicon insulated–gate bipolar transistors.
Main contribution to this manuscript: construction of the experimental setup
for on–state resistance measurements, experimental procedure and partially
text preparation.

III. D. Peftitsis, G. Tolstoy, A. Antonopoulos, J. Rabkowski, J.–K. Lim, M.
Bakowski, L. Ängquist, and H.–P. Nee, “High-power modular multilevel con-
verters with SiC JFETs”, IEEE Trans. Power Electron., vol. 27, no. 1, pp.
28–36, Jan. 2012.

This paper studies the possibility of building a modular multilevel converter
(M2C) using silicon carbide switches. In particular, one of the submodules of
a down-scaled prototype was replaced by a submodule built with normally-ON
SiC JFETs. Experimental results show the feasibility of using SiC normally-
ON JFETs in such a converter. Furthermore, the power losses of a future SiC
M2C have been theoretically estimated taking into account simulation results
of high-voltage SiC JFETs.
The main contribution to this paper deals with the partial implementation of
the SiC submodule, the experimental procedure, losses and efficiency calcu-
lations and preparation of the manuscript.

IV. D. Peftitsis, J. Rabkowski, G. Tolstoy, and H.–P Nee, “Experimental com-
parison of dc-dc boost converters with SiC JFETs and SiC bipolar transis-
tors”, in Proc. of 14th European Conference on Power Electronics and Appli-
cations (EPE 2011) 30 Aug.–1 Sept. 2011.

In this conference paper an experimental comparison between SiC JFETs and
SiC BJTs in terms of switching performance, power losses and gate/base de-
sign issues is presented. Both devices are employed in a dc/dc boost converter
and in order to ensure a fair comparison the switching speeds of the drivers
were set to be equal.
Main contributions to this paper: partially built the prototypes, experimen-
tal procedure, measurements of the power losses, and preparation of the
manuscript.

V. D. Peftitsis, R. Baburske, J. Rabkowski, J. Lutz, G. Tolstoy, and H.–P.
Nee, “Challenges Regarding Parallel Connection of SiC JFETs”, IEEE Trans.
Power Electron., vol. 28, no. 3, pp. 1449–1463, Mar. 2013.
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This journal article is an extended version of the corresponding conference pa-
per. Additional information regarding the static and dynamic performance of
parallel-connected normally-ON Vertical-Trench JFETs is given. It is shown
that four device parameters of the SiC JFETs in conjunction with the circuit
layout might affect the performance of the parallel-connection. The switching
performance along with switching losses distribution among the devices were
experimentally studied for various combinations of parallel-connected JFETs,
gate driver configurations, and circuit layouts.

Main contributions to this paper: measurements of static parameters, con-
struction of the experimental setup, measurements of the switching perfor-
mance and switching losses, preparation of the manuscript.

VI. D. Peftitsis, R. Baburske, J. Rabkowski, J. Lutz, G. Tolstoy, and H.–P.
Nee, “Challenges regarding parallel-connection of SiC JFETs”, in Proc. of
8th IEEE International Conference on Power Electronics–ECCE Asia (ICPE
ECCE), 2011 , pp. 1095–1101,30 May–3 Jun. 2011.

This conference paper presents the main challenges regarding the parallel-
connection of SiC Lateral-Channel JFETs. The device parameters which af-
fect the feasibility and the stability of parallel-connected JFETs are studied
in details. Finally, the static and dynamic performance of these devices have
experimentally been studied and presented.

The main contributions to this paper are the construction of the experimen-
tal setup, measurements of the switching performance and switching losses,
preparation of the manuscript.

VII. D. Peftitsis, J.–K. Lim, J. Rabkowski, G. Tolstoy, and H.–P. Nee, “Ex-
perimental comparison of different gate-driver configurations for parallel–
connection of normally–on SiC JFETs”, in Proc. of 7th International Power
Electronics and Motion Control Conference (IPEMC), 2012, vol. 1, pp. 16–
22, Jun. 2012.

In this paper, the influence of three different gate driver configurations for
parallel-connected normally-ON SiC JFETs are investigated. These are single
and double DRC gate drivers along with double DRC driver with a ferrite
core. The switching performance of parallel-connected JFETs having different
reverse breakdown voltages of the gates and the switching loss distribution
are both shown.

Main contributions to this paper: construction of the experimental setup,
measurements of the switching performance and switching losses, prepara-
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tion of the manuscript.

VIII. D. Peftitsis, J. Rabkowski, and H.–P. Nee, “Self-Powered Gate Driver for
Normally ON Silicon Carbide Junction Field-Effect Transistors Without Ex-
ternal Power Supply”, IEEE Trans. Power Electron., vol. 28, no. 3, pp.
1488–1501, Mar. 2013.

In this journal paper a self-powered gate driver which is a circuit solution to
the “normally-ON problem” of the normally-ON SiC JFET is proposed. It
is both able to clear the shoot-through current during the start-up process,
and to supply the steady-state power to the gate. Experimental results of the
proposed circuit solution were performed on a half-bridge converter. It has
been shown that the shoot-through current is cleared within approximately
20 µs.
The main contributions to this paper are: simulation and optimization of
the gate driver concept, design and implementation of the SPGD prototype,
construction of the test circuits, experimental procedure, preparation of the
manuscript.

IX. J. Rabkowski, D. Peftitsis and H.–P. Nee, “Design Steps Towards a 40–kVA
SiC JFET Inverter With Natural-Convection Cooling and an Efficiency Ex-
ceeding 99.5%”, IEEE Trans. Ind. Appl., vol. 49, no. 4, pp., Jul.–Aug. 2013.

This paper describes the design procedure of a very high efficiency 40 kVA
three-phase SiC inverter with natural convection cooling. Ten parallel-connected
normally-ON SiC JFETs are employed in each switch position, such that the
conduction power losses are minimized. The switching losses are also very
low due to the high switching speeds of the devices. Efficiencies well above
99.5% were measured using a developed electro-thermal method.
Main contributions to this work: actively involved in the design process, par-
tially built the prototype, experimental procedure, partial preparation of the
manuscript.

1.6 Related Publications

In conference proceedings
• G. Tolstoy, D. Peftitsis, J.–K. Lim, M. Bakowski and H.–P. Nee, “Circuit

Modeling of Vertical Buried-Grid SiC JFETs”, in Proc. of 13th International
Conference on Silicon Carbide and Related Materials 2009, ICSCRM 2009,
pp. 965–968 , 11–16 Oct. 2009.
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• G. Tolstoy, D. Peftitsis, J. Rabkowski and H.–P. Nee, “Performance tests of
4.1x4.1mm2 SiC JFETs for a DC/DC boost converter application”, in Proc.
of 8th European Conference on Silicon Carbide and Related Materials 2010,
ECSCRM 2010, pp. 722–725, 29 Aug.–2 Sept. 2010.

• J.–K. Lim, G. Tolstoy, D. Peftitsis, J. Rabkowski, M. Bakowski and H.–P.
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Chapter 2

SiC Power Devices

2.1 Introduction

It had been more than one century of continuous development and improve-
ment of the SiC material when the first SiC wafer was introduced on the market in
the early 1990’s by Cree. However, the first light-emitting-diode (LED) had already
been built in 1927, while during the rest of the previous century research deal-
ing with SiC crystal development had been conducted by several scientific groups
around the world. A milestone in the research of SiC was the release of the first
commercially available SiC LED into the market in 1989 by Cree. The first 2-inch
SiC wafers were commercially available in 1991, but they were suffering from sev-
eral micropipes per cm2. Thus, very low fabrication yields for SiC power devices
were anticipated at that time on the one hand, while on the other hand device
engineers were investigating possible SiC device concepts. Three and four-inch SiC
wafers were also introduced after almost 10 and 15 years respectively, while today
6 inch are also commercially-available. Over the years, the number of micropipes
has reduced dramatically and significantly higher fabrication yields for SiC power
devices are expected today than a few years ago.

It is, therefore, clear that today it is feasible to fabricate SiC power devices and
fully utilize the advantageous characteristics of the SiC material compared to silicon.
The material properties of silicon and SiC are summarized in Table 2.1. Based on
the data shown in this table, the advantages of SiC on power device level can be
drawn. As can be seen, the bandgap energy of SiC is almost 3 times higher than the
corresponding energy of Silicon. Thus, SiC power devices are capable of operating
at higher temperatures. Moreover, due to the higher thermal conductivity of SiC
compared to silicon, higher current densities are also anticipated for SiC power
devices. Finally, lower specific on-state resistances and higher blocking voltages for
the same chip size can both be reached because of the higher breakdown electric
field. In addition to these, the thickness of the drift layer, which is almost 10 times
lower for SiC, enables faster switching speeds.

11
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Table 2.1: Material properties of Silicon and 4H-SiC

Silicon 4H-SiC
Bandgap energy (eV) 1.1 3.2
Breakdown electric field (MV/cm2) 0.3 3.0
Thermal conductivity (W/cm · K) 1.5 5.0
Dielectric constant 11.8 10
Electron mobility (cm2/V · s) 1450 900
Electron saturation velocity (cm/s) 106 2.7 · 106

Today, several manufactures are able to design and fabricate SiC power de-
vices. Unfortunately, even though the material cost as such has been decreasing
monotonically, the total cost of the SiC devices is still significantly higher compared
to the corresponding cost of the silicon counterparts. Nevertheless, it is believed
that in the future, further reduction in the material cost, on the one hand, and
on the other hand, lower development cost of the devices will both facilitate the
replacing of silicon technology with SiC in several application areas. If the cost is
investigated from the system perspective, it is obvious that, for instance, higher
efficiencies using SiC power devices, can, to some extent, compensate for the high
device costs.

An overview of commercially available SiC power devices today is presented
in this chapter. The structures of the available SiC power devices and the most im-
portant device parameters from a system perspective are presented for SiC JFETs,
BJTs and MOSFETs. Finally, the expectations from the future SiC power devices
and a short overview of the potential high-voltage SiC devices is also given.

It must be noted that the material shown in this chapter, is completely based
on previous work which has been performed by other highly qualified scientists.
The purpose of this chapter is, however, to shed some light on the development
status of SiC power devices.

2.2 Junction Field Effect Transistors

The very first attempts to design and fabricate a SiC JFET were made in the
late 1980s and the early 1990s [3–5]. During that time the main research issues were
dealing with developing SiC devices which would be capable of withstanding high
currents and operating at high switching frequencies [3]. It was at the same time
when a few research groups had started mentioning the advantageous characteristics
of SiC material compared to silicon [3, 4, 6]. However, the first SiC JFETs which
had been fabricated in the laboratory were suffering from various problems affecting
their performance. The relatively low transconductance values, the low channel
mobilities and the difficulties in the fabrication process, but also the quality of the
SiC material as such, all counted as development problems of SiC JFETs [3, 4, 6].
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During the last decade the significant improvement of the SiC material qual-
ity, the development of 3- and 4-in wafers and the design of high-performance JFET
devices have all contributed to the fabrication of modern SiC JFETs, which at that
time had shown a great potential for commercialization [7–9]. The first engineering
samples of SiC JFETs were released on the market for evaluation in 2001 [10, 11].
Since then, a few additional SiC JFET designs have been released on the market
by various companies [12–16]. However, none of these SiC JFETs is fully commer-
cially available as a normal product today. Each of them suffer from various issues
which have to be totally solved before they get into commercialization. Despite
the commercialization problems, the available SiC JFETs have shown to be very
successful examples of SiC power devices.

Until today, only two SiC JFET designs have been released to the market
as engineering samples. The first JFET design is the so-called “Lateral-Channel
JFET” (LCJFET), while the other one is called Vertical-Trench JFET (VTJFET).
Cross-sections of these SiC JFETs are shown in Figure 2.1 and Figure 2.2 respec-
tively. There are visible differences between the two structures, thus differences in
the performance and the electrical characteristics of these devices are also antici-
pated. A brief description of each SiC JFET structure is presented below. Further-
more, a presentation of a few additional SiC JFET structures are also described in
this section.

Two versions of the SiC LCJFET structure have been proposed (Figures 2.1a
and 2.1b). The first is optimized for fast switching (Figure 2.1a), while the struc-
ture shown in Figure 2.1b is optimized for low on-state resistance [17]. It must be
noted that both designs are n-type JFETs and have a buried p-layer. The structure
shown in Figure 2.1a has a smaller gate to drain area compared to the structure
in Figure 2.1b, which basically results in lower drain-gate capacitance (Miller ca-
pacitance). On the other hand, the current flows directly from the source through
the channel to the drift region, which contributes to a lower on-state resistance
for the structure in Figure 2.1b. Nevertheless, the gate-resistance in this structure
is significantly higher compared to the one shown in Figure 2.1a and thus, slower
switching speeds are expected. This is basically caused by the low conductivity of
the SiC p-type material which appears at the gate junction. Finally, the higher
on-state resistance for the structure in Figure 2.1a is caused due to the pre-channel
region between the source junction and the channel as such. The choice of the best-
performing structure should be made with respect to the specific application (e.g.
if low conduction losses or high switching frequencies are required etc.). However,
the structure which was released as engineering sample almost a decade ago was
the one illustrated in Figure 2.1a [17].

Regardless of the structure design, the SiC LCJFET is a normally-ON SiC
JFET, where the load current can flow in both directions through the channel
depending on the circuit conditions. The current is controlled by a pn junction
which is formed by the buried p+ gate and the n+ source. A negative gate-source
voltage which must be lower than the pinch-off has to be supplied in order to turn
the LCJFET off. This negative gate-source voltage makes the channel narrow and
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(a) Cross-section of a SiC Lateral-Channel JFET
optimized for fast switching.

(b) Cross-section of a SiC Lateral-Channel JFET
optimized for low on-state resistance.

Figure 2.1: Cross-section of a SiC Lateral-Channel JFET.

thus a certain space-charge region is created, which basically reduces the current.
The typical range of the pinch-off voltages of this LCJFET is between -16 to -26 V
while the reverse breakdown voltage of the gate-source junction exceeds -35 V .

The most recent version of this JFET was released in 2010 and it has a chip
area of approximately 16.8 mm2. As already mentioned above, this JFET design is
the one shown in Figure 2.1a. It is rated at 1200 V having a saturation current which
exceeds 80 A, while the on-state resistance equals 100 mΩ at room temperature
(RT) [18]. An important feature of this device is the antiparallel body-diode which
is formed by the p+ region connected to the source (buried gate), the n− drift
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region and the n++ drain [1, 10, 19–21]. However, the on-state voltage drop across
the antiparallel body-diode is higher than the voltage drop across the channel of the
JFET as such at rated (or lower) current densities [10,22]. Thus, the reverse current
flows through the channel instead of the antiparallel body-diode. Nevertheless, the
body-diode might be used only for safety for a short time during the switching
transients [2].

The LCJFET has been manufactured by SiCED, which was merged with
Infineon in late 2010. A new Infineon SiC LCJFET will be commercially released
in the near future. The manufacturer claims that the new device is going to have
a better performance compared to the old versions [23, 24]. On-state resistances
in the range of 35 mΩ at RT have been reported for this new version of the SiC
LCJFET, which is basically rated at 1200 V [24]. It must also be mentioned that
the saturation current of this device exceeds 240 A at RT [24].

Figure 2.2: Cross-section of a SiC Vertical-Channel JFET.

The second commercially available SiC JFET is the Vertical Trench JFET
(VTJFET) (Figure 2.2). This device was released as engineering samples for evalu-
ation in 2008 by Semisouth Laboratories [13–15,25,26]. However, the development
had been started a few years earlier [27,28]. A cross-section of the structure of the
VTJFET is illustrated in Figure 2.2. The SiC VTJFET can be fabricated as either
a normally-OFF (Enhancement-Mode VTJFET - EMVTJFET) or a normally-ON
(Depletion-Mode VTJFET - DMVTJFET) device. Regardless the type of the de-
vice, the cross-section is identical, except from the thickness of the vertical channel
and the doping levels of the structure [15], [Publication I]. In particular, the
thickness of the vertical channel for the DMVTJFET design is 10% wider and
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the channel doping 10% higher compared to the EMVTJFET [15]. This results
in approximately 15% lower values of the on-state resistance of the DMVTJFET.
Moreover, due to the same reasons, the saturation current of the DMVTJFET is
approximately twice the corresponding current of the EMVTJFET [15]. From the
electrical parameters point-of-view, both types of VTJFETs are rated at 1200 V,
while various versions of the devices with respect to the chip area (or saturation
current/on-state resistance) have been released.

DMVTJFETs having on-state resistances of 340 mΩ, 85 mΩ and 45 mΩ and
saturation currents of approximately 17 A, 70 A and 140 A, respectively, were re-
leased as engineering samples in low quantities in the market. The corresponding
chip areas are 1.1 mm2, 4.5 mm2 and 9 mm2. The typical value for the pinch-off
voltage of these devices is -6 V and the reverse breakdown voltage of the gate is
between -19 V to -28 V. As for the LCJFET, a negative gate-source voltage is re-
quired in order to turn the DMVTJFET off. Moreover, DMVTJFETs with voltage
ratings of 650 V and 1700 V have also been developed by Semisouth Laboratories.

On the other hand, the EMVTJFET is a normally-OFF device, which has
a pinch-off voltage of approximately 1 V [15]. EMVTJFETs rated at 1200 V and
having on-state resistances of 100 mΩ and 63 mΩ at RT have been developed. In
contrast to the DMVTJFET, the EMVTJFET requires a significant gate current
in order to be kept in the on-state if a low on-state resistance has to be reached
[13, 29, 30]. The built-in voltage of the gate-source pn junction is approximately 3
V. If the gate voltage exceeds this value, an unnecessarily high gate current flows
through the gate-source junction. This current is basically unproductive and it will
only cause additional losses in the gate [13, 29]. However, there is an optimal gate
current for each certain drain current and at a certain junction temperature which
results in the lowest possible on-state resistance [29].

Comparing the VTJFET design with the LCJFET one, the absence of the
antiparallel body-diode in the VTJFETs makes the LCJFET more attractive for
various applications. Nevertheless, an antiparallel SiC Schottky diode can be ex-
ternally connected to the VTJFETs, which will only be utilized for a short-time
during the switching transitions. After this short-time, the channel of the JFET
is turned-on and the reverse current can flow through the channel [1]. Hence, due
to the lower on-state voltage drop of the channel compared to the one of the SiC
Schottky diode, lower conduction losses are obtained. Especially, in the case when
several JFETs are parallel-connected, the on-state voltage drop across them be-
comes much lower than the threshold voltage of the diode. It is, therefore, clear
that only one antiparallel diode is needed in order to conduct the transient current
for a very short time (e.g. <500 ns) [Publication I].

Two additional SiC JFET designs have also been developed during the last
years [16, 31, 32]. The first design is called Buried-Grid JFET (BGJFET) and a
cross-section schematic is shown in Figure 2.3. The channel of this JFET consists
of several cells having a small pitch, which basically contribute to the low on-
state resistance and the very high saturation currents. The main drawback of the
BGJFET compared to for instance the LCJFET is the difficulties in the fabrication
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process. Nothing has been reported regarding the fabrication of this JFET design.
However, based on simulation and calculation studies of a 1200 V BGJFET, on-
state resistances in the range of approximately 1.5 mΩcm2 at 250oC have been
presented [31] (2.9 mΩcm2 and 2.47 mΩcm2 for SiC EMVTJFET and DMVTJFET,
respectively). It should also be noted that the BGJFET can be fabricated as either
normally-ON or normally-OFF device depending on the channel width and the
channel doping. As for the VTJFET presented above, the normally-ON BGJFET
has 30% lower on-state resistance compared to the normally-OFF one [31].

Figure 2.3: Cross-section of a SiC Buried-Grid Vertical-Channel JFET.

The most recently presented and fabricated SiC JFET is the Dual-Gate Vertical-
Channel Trench JFET (DGVTJFET), which is shown in Figure 2.4. This JFET
is a combination of the LCJFET and the BGJFET and it has been proposed by
Denso [16, 33]. According to the manufacturer, fast switching and low specific on-
state resistance are both expected using this device concept. The expected low gate
to drain capacitance (Miller capacitance) contributes to the fast switching, while the
dramatic reduction in the cell pitch and the dual gate control reduce the on-state
resistance significantly [33]. Both normally-ON and normally-OFF versions can be
achieved with the DGVTJFET, but it was shown that with the second version the
saturation currents are considerably higher. Nevertheless, the main drawback of
the DGVTJFET compared to the other SiC JFET designs is the difficulties in the
fabrication process. A few engineering samples of this device rated at 1200 V were
available for evaluation.

An investigation of the switching performance of the SiC DGVTJFET has
been presented in [34]. It has been shown that the switching speed of this device
is lower compared, for instance, to DMVTJFETs and EMVTJFETs. In particular,
the switching times for the SiC DGVTJFET are approximately 3 times longer than
the corresponding times for SiC DMVTJFET.

Each of the presented JFET designs have different characteristics, which might
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Figure 2.4: Cross-section of a SiC Dual-Gate Trench JFET.

be considered as either advantages or disadvantages depending on the application.
For instance, the normally-ON property of the DMVTJFET counts as a main
drawback when this device is employed in a voltage source converter. In such
case, if the power of the gate-drive unit is lost, the JFETs are subjected to a short-
circuit condition which might be destructive. Thus, power electronic designers
prefer the normally-OFF device concepts in order to ensure a safer operation of the
system. However, the normally-ON SiC JFET designs have several advantages from
the performance point-of-view compared to the normally-OFF counterparts (e.g.
considerably lower on-state resistance, higher saturation currents etc.). Several
cascode configurations for normally-ON SiC JFETs have been presented in order
to transform the device into a normally-OFF device [18, 23, 35–38]. According
to the cascode concept, a high-voltage SiC device is controlled by a low-voltage
normally-OFF switch (e.g. silicon MOSFET). The drain and source contacts of the
low-voltage switch are connected to the gate and source contacts of the normally-
ON switch respectively. There are basically two alternative ways that can be used
in order to realize the cascode concept. Discrete devices are used in the first way,
while in the second way the two switches are both integrated on the same chip [16].
Regardless of the way of realization, it should always be kept in mind that the total
on-state resistance of the cascode configuration must be within acceptable limits.
Hence, the conduction losses should not significantly exceed the corresponding losses
of the normally-ON device as such. Finally, a summary of the most important
device parameters and characteristics of the various SiC JFET designs is shown in
Table 2.2.

2.3 Bipolar Junction Transistors

The SiC BJT is a bipolar normally-OFF device, which can be fabricated as
either an NPN or a PNP structure [39]. However, it is only the NPN structure
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Table 2.2: Basic characteristics of SiC JFETs.
LCJFET EMVTJFET DMVTJFET BGJFET DGVTJFET
N-ON N-OFF N-ON N-ON N-ON/OFF

Voltage 1200 1200 1200 1200 1200
rating (V)
Specific on-state
resistance 24/14 2.9 2.47 1.5 1–2
(mΩ · cm2)

that has been released as engineering samples a few years ago [40–42]. A cross-
section of the structure of the NPN SiC BJT is shown in Figure 2.5. The SiC
BJT device combines very low collector-emitter saturation voltage drop, VCESAT

and quite fast switching performance. The low on-state voltage drop (which is
approximately proportional to the specific on-state resistance) is mainly achieved
due to the cancellation of the base-collector and base-emitter junction voltages in
the saturation mode. Specific on-state resistances as low as 3.2 mΩ have been
reported for SiC BJTs rated at 1200 V [43, 44]. Moreover, from the switching
performance point-of-view, the SiC BJT performs as a unipolar device because of
the absence of collector conductivity modulation. Thus, very high switching speeds
can be achieved, which basically depend on the gate charge of the device (or the
base-emitter internal capacitance) [43,45]. Hence, compared to silicon IGBTs, there
is no current tail during the turn-off process.

As the silicon BJT, the SiC BJT is a current-driven device. This practically
means that a substantial continuous base current is required in order to keep the
device in the on-state. The base current is related to the collector (load current) by
means of the current gain parameter, β. Today, current gains exceeding 80 at RT
for a 1200 V/50 A SiC BJT have been shown for commercially available SiC BJTs,
but β drops by almost 50% at 250 oC. Current gains higher than 100 have also been
reported in the literature for devices fabricated and tested in laboratories [41, 44].
An improved surface passivation of the SiC BJTs is associated with the increase of
the current gains, which leads to lower base current requirements. Thus, the power
consumption of the base-drive unit will also be reduced.

In the future, improvements in the junction termination extension (JTE) will
lead to fabrication of high blocking voltage SiC BJTs. The range of the commer-
cially available SiC BJTs today is narrow. There are only a few variations of the
1200 V device which have been released for evaluation. In particular, devices with
current ratings starting at 6 A with VCESAT = 0.45 V at RT up to 50 A with
VCESAT = 1.2 V are currently available.

A potential risk for bipolar degradation in SiC BJTs might also be expected
when the devices are stressed at high temperatures in a long-term basis [43,46]. Pa-
rameter degradation is mainly caused by stacking faults during the recombination
of electrons and holes in the base, emitter and collector regions. Increased collector-
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emitter voltage and reduction in β are due to the bipolar degradation. However,
recently-released SiC BJTs are claimed to be “degradation-frees” devices [43]. Bipo-
lar degradation might also appear in the body-diode of the SiC MOSFETs and SiC
LCJFETs.

The development of 1200 V SiC BJTs has been successful. However, SiC
BJTs rated at voltages in the kV–range are also expected in the future. Recently,
a SiC BJT rated at 2.8 kV having a current gain of 52 at a collector current of
approximately 9.4 A has been reported [47].

Figure 2.5: Cross-section of a SiC BJT.

2.4 Metal-Oxide-Semiconductor Field Effect Transistors

The most recent SiC power device is the SiC MOSFET. Almost three decades
of research dealing with developing, optimizing and evaluating this device have
been spent by several research groups [48–53]. The SiC MOSFET combines the
normally-OFF behavior on the one hand, with the voltage-controlled gate-source
junction on the other hand. Thus, it is a favorable power device to the designers
of power electronics converters compared to the normally-ON SiC JFET and the
SiC BJT, which both have drawbacks from the systems perspective (normally-ON
problem and steady-state base current requirements).

Even though the first low power SiC MOSFETs were presented in the late
1980’s, there are basically two different structure designs of the SiC MOSFET which
dominate almost the last 25 years. The first structure design was introduced in early
1990’s and it is the so-called UMOSFET [48]. A cross-section of the structure of this
design is illustrated in Figure 2.6a. A basic disadvantage of the SiC UMOSFET is
the oxide layer breakdown, especially close to the trench corners. An explanation to
this can be given if the higher critical breakdown field of a SiC pn junction compared
to a silicon counterpart is considered. The critical breakdown field of SiC is almost
10 times higher than for silicon, but in the oxide-layer of the device it exceeds the
critical field by a factor which equals the dielectric constant of the oxide layer.
Consequently, a significantly higher electric field exists in the oxide-layer, which
might drive it into avalanche. This phenomenon is accelerated close to the corners
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of the trench gate structure and even more at high temperatures. Limitations due to
the breakdown of the oxide layer (especially at the trench corners) were reflected in
the blocking voltages of the early fabricated devices. In particular, SiC UMOSFETs
having blocking voltages of approximately 260 V and specific on-state resistances
between 10-50 mΩcm2 were fabricated in middle 1990’s [48]. It must be noted that
the on-state resistance of these devices was dominated by the MOSFET channel
and not by the drift region, due to the low channel mobilities in the channel region.
It is, therefore, clear that there are two issues which must be solved before this SiC
MOSFET design can be considered as a mature SiC power device:

1. The performance of the gate-oxide must be improved, and

2. The channel mobility must be increased.

In order to overcome the problems related to the breakdown of the oxide-
layer of the SiC UMOSFET, a planar SiC DMOSFET was proposed in 1996 as
shown in Figure 2.6b [48]. As for the SiC UMOSFET, the main contribution
to the on-state resistance of the DMOSFET is caused by the channel resistance
(JFET resistance), while the drift region contributes less. The JFET resistance is
basically the resistance formed between the implanted p − well regions as shown
in Figure 2.6b. A way to reduce the channel resistance is to decrease the spacing
between these p−well regions. As a consequence, the effective chip area will further
increase and thus the specific on-state resistance will also be higher. Furthermore,
it must be kept in mind that increasing the width between the p − well regions,
the performance of the oxide-layer is also affected in a negative way, while this also
means problems with the blocking capability of the device. All in all, a design
trade-off between the specific on-state resistance and the blocking voltage of the
SiC DMOSFET must be taken into consideration if reliable and robust devices
should be fabricated. Various alternative DMOSFET designs have been proposed
during the last decade in order to get rid of the disadvantages of the very first SiC
DMOSFET design.

Regardless of the structure design of SiC MOSFETs, the stability and the
reliability of the gate oxide-layer is not a trivial issue, which must be addressed if
the SiC MOSFET should be a fully-operational SiC power device. This problem
is even worsened at elevated temperatures or at extended times of operation. It
has been reported that reliable operation of the oxide-layer can only be ensured if
the electric field and the temperature of the oxide-layer are both kept below certain
limits (4 MV/cm and 150oC respectively) [48]. However, it has been experimentally
verified that the gate-oxide layer of a commerically-available SiC DMOSFET can
withstand fields between 6-10 MV/cm [54]. The SiC Double-Trench MOSFETs can
be considered a solution to problem of the gate oxide-layer reliability [49,55]. This
SiC MOSFET structure consists of both gate and source trenches, which let the
electric field at the bottom of the oxide-layer to be within safe limits. Values of the
electric field in the oxide-layer approximately equal 1.66 MV/cm instead of 2.66
MV/cm [55].
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(a) Cross-section of a SiC UMOSFET.

(b) Cross-section of a SiC DMOSFET.

Figure 2.6: Cross sections of SiC MOSFETS

Besides the two mentioned basic design drawbacks of the SiC MOSFETs to-
day, quite promising results have been presented so far by several research groups. If
these two issues will be solved, a SiC power device having an excellent performance
will be available on the market.

However, samples of the SiC DMOSFET are currently available on the market.
Devices mainly rated at 1200 V with 10 A, 20 A and 50 A current ratings (160, 80
and 25 mΩ on-state resistances respectively) were released into the market in late
2010 from Cree [Publication I]. SiC DMOSFETs with almost similar performance
to those from Cree are also manufactured by ROHM while ROHM is also planning
to release a SiC trench MOSFET in the near future which will have a rated current
of 100 A (late 2013). Power modules populated with several parallel-connected SiC
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DMOSFET chips with voltage ratings of 1200 V and nominal currents in the range
of 100 A are also available today from both manufacturers.

2.5 On-state temperature dependence of SiC power
transistors

When selecting device technology for a specific application, the temperature
dependence of the on-state resistance is an important device characteristic. In
Figure 2.7 an experimental determination is presented [Publication II]. Four de-
vices are compared, namely, DMVTJFET, EMVTJFET, BJT, and LCJFET. As
can be seen from this figure, the BJT has the lowest temperature dependence and
the normally-OFF VTJFET has the highest. At present it is not clear why the
difference between the four devices is so large, and if this will change in the fu-
ture. Nevertheless, this is important information for design of future SiC power
converters.

Figure 2.7: Percentage rise of the on-state resistance at elevated temperatures for
four SiC power devices.

2.6 Future SiC devices

The majority of the commercially-available SiC power devices today are rated
at 1200 V, while the corresponding current ratings are limited at few tens of A for
a single-chip device. Nevertheless, the requirements for future SiC power devices
from the design and the packaging points-of-view vary with respect to the specific
application. Improved SiC devices in terms of low on-state losses, high current
and voltage capabilities, and/or high-temperature operation are favorable for future
power electronics applications. Issues related to the long-term reliability, robustness
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and stability of the SiC devices are also crucial and they must be solved before mass
production of these devices starts.

Based on the SiC material properties, the future SiC power devices might
have:

• High-voltage ratings due to the critical breakdown electric field of SiC which
is 10 times higher than the corresponding on in silicon.

• Higher rated currents than in silicon power devices having the same chip
area (higher current densities). This is a consequence of the higher thermal
conductivity for SiC.

• High-temperature packaging in order to fully utilize the high-temperature SiC
characteristics.

During the last 20 years several high-voltage SiC devices have been demon-
strated in the literature. Unfortunately, only lab tests have been performed on
these devices and there are not clear indications if such devices are going to face
mass production in the near future. It is believed that in the future SiC power
devices having voltage ratings up to 40 kV may be a reality. Short information
about the development stage in conjunction with the main characteristics of pre-
sented high-voltage SiC JFETs, BJTs, MOSFETs, IGBTs and gate turn-off (GTO)
thyristors are summarized below.

• A vertical-channel, normally-ON SiC JFET rated at 9 kV and having specific
on-state resistances of 96 mΩcm2 and 85 mΩcm2 at unipolar and bipolar
modes, respectively, has been fabricated and tested [8]. Moreover, the perfor-
mance of 3.3 kV and 4.5 kV normally-ON SiC BGJFETs have been evaluated
on a modular multilevel converter in terms of theoretical calculations and sim-
ulations [Publication III], [56]. It has been shown that efficiencies exceeding
99.8% are expected for this certain converter case.

• SiC BJTs having voltage ratings in the range of 6-10 kV have also been pre-
sented in the literature [57–60]. The highest reported breakdown voltage of
SiC BJTs equals 10 kV with a specific on-state resistance of 130 mΩcm2 at
RT [59]. However, the high-voltage SiC BJTs still suffer from significantly
low current gains, which in some cases are lower than 5 [57]. Darlington
pair connection might be considered as a solution to the low values of cur-
rent gains [60]. Furthermore, the junction terminations of high-voltage SiC
BJTs also need to be improved. Finally, as for the 1200 V SiC BJT, stacking
faults might also appear in high-voltage BJTs with the result of parameters
degradation.

• SiC DMOSFETs rated up to 10 kV and 15 kV have been demonstrated and
they have a better performance compared to the state-of-the-art 6.5 kV Si
IGBTs [48, 51, 52, 61–64]. The reported specific on-state resistances of these
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SiC DMOSFETs are 156mΩcm2 and 580mΩcm2 at RT, respectively [52]. A 3
kV SiC UMOSFET has also been presented with a specific on-state resistance
of 121 mΩcm2 [65]. As in the case of 1200 V SiC MOSFETs, the long-term
reliability of the gate-oxide layer must be improved.

• SiC IGBTs are also promising power devices for high-power power electronics
applications. Both n-channel and p-channel SiC IGBTs have been studied the
last 15 years [66–70]. In principle, SiC n-channel IGBTs are more preferable
devices than the corresponding p-channel ones in terms of higher switching
speed [67]. However, the fabrication of a SiC n-channel IGBT starts on a
p-type SiC substrate, which is basically highly resistive when it is compared
to a n-type one [70]. Thus, a relatively high specific on-state resistance is
anticipated for SiC n-channel IGBTs (0.8-1.0 Ωcm2). Two additional issues
regarding the high-voltage SiC IGBTs are the stability of the gate-oxide layer
and the parameter degradation due to the stacking faults. Regardless the var-
ious issues which must be solved before SiC IGBTs are commercially available,
SiC n-channel and p-channel IGBTs having blocking voltages of 20 kV and
12 kV respectively, have been demonstrated [66,67].

• The development of SiC GTOs has been started 15 years ago by Cree [52].
Two device variants with respect to the polarity of the channel exist: the
p-GTO and the n-GTO. However, only p-GTOs have been fabricated, since
these devices are built on a n-type SiC substrate, which generally is less
resistive than the p-type one [60]. Lower leakage currents, operation at higher
switching frequencies and higher switching speeds, higher current capabilities
and reduction in the number of series connected devices count as the basic
advantages of SiC GTOs compared to the silicon counterparts [52]. However,
degradation problems are also faced for SiC GTOs since they are bipolar
devices. A 9 kV/100 A SiC GTO thyristor has been fabricated and tested
in the lab with very promising results, which pave the way to build very
high-voltage (higher than 20 kV) single-chip SiC GTOs [52].

In spite of the fact that the high-voltage SiC JFETs and BJTs will probably
share a significant part of the SiC device market in the future, power electronics
designers are reluctant to employ these two devices. The main reasons are the
normally-ON characteristics of the SiC JFET if it is optimized with respect to low
on-state resistances and the power consumption of the base driver of the SiC BJT
unless improvement on the current gain is made.

Based on the brief analysis of the future high-voltage SiC devices, it is worth
to make a preliminary comparison among the most promising ones. It must be
noted that high-voltage SiC JFETs and SiC BJTs are excluded from this compari-
son due to the reasons which have already been mentioned above. Three candidate
high-voltage SiC devices are compared: the SiC MOSFET, the SiC IGBT and the
SiC GTO thyristor. In terms of on-state voltage drop, it has been shown in the
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Table 2.3: Expected characteristics of future SiC devices.

SiC MOSFET SiC IGBT SiC GTO
N-OFF N-OFF N-OFF

Voltage rating (kV) <15 15–25 >22
Current ratings (A) 100 300–500 1000

literature, that the SiC GTOs have the lowest conduction losses [60]. This crite-
rion is considered as very important, especially for high-power converters, where
the conduction losses dominate the total losses of the system. From the targeted
application point-of-view, high-voltage SiC MOSFETs will be aimed for voltages
lower than 15 kV and they will possible have current ratings below 100 A, while
SiC IGBTs will dominate applications which require voltage and current ratings
between 15-25 kV and 300-500 A respectively. Finally, scientists working in the SiC
power semiconductor industry believe that in the future SiC GTOs will be able to
withstand voltage over 22 kV and currents even higher than 1 kA [52]. Table 2.3
gives a comparison of future SiC MOSFETs, IGBTs and GTOs in terms of blocking
voltage capability and expected current ratings. However, a few other important
characteristics, such as specific on-state resistance etc., have been left out of this
comparison. The reason for this is that if these devices will be commercially avail-
able in the future, they will exhibit much better characteristics than the currently
reported.

2.7 Conclusion

An overview of the commercially-available SiC power devices and the expected
development of SiC devices in the future has been presented in this section. SiC
power devices mostly rated at 1200 V and having various current ratings are avail-
able today for evaluation. However, further improvement on the SiC material as
such and the design and fabrication of more stable and efficient power devices are
crucial if SiC devices are going to face mass production. If this happens, power
electronics engineers will be able to choose the best available SiC devices in terms
of voltage and current ratings, conduction and switching losses, switching frequen-
cies and robustness (e.g. high temperature operation of devices with gate oxide
etc.) for each specific application.

Moreover, an overview of the characteristics of future high-voltage SiC power
devices reveals that there is a potential to employ such devices in high-power con-
verters. Nevertheless, various remaining issues for each of these devices must be
solved before starting to consider them.



Chapter 3

Gate Drivers for SiC JFETs

3.1 Introduction

The advantageous performance of SiC power devices in terms of higher block-
ing voltages, higher current densities, faster switching and operation at higher tem-
peratures compared to silicon counterparts has already been discussed in the pre-
vious chapter. However, in order to fully utilize the superior characteristics of SiC
devices employed in power electronic converters, special attention must be paid to
the gate and base driver design. There are basically two design constraints which
must be fulfilled for the whole range of SiC power devices:

• the gate and base drivers should be able to switch the SiC devices at a specified
speed

• the drivers must exhibit very low power consumption

Furthermore, it is preferable for the gate and base drivers to be capable of
operating at higher temperatures than drivers for silicon power devices, to match
to the high temperature capability of SiC devices.

Besides, the general requirements of the gate and base drivers for SiC power
devices, there are also specific requirements for each separate type of SiC device.
In particular, the normally-ON SiC JFET requires a negative gate-source voltage
to keep it in the OFF state. Special design considerations should also be taken into
account for normally-OFF SiC JFETs and SiC BJTs. Both of these two devices
require a significant steady-state gate or base current during the ON state. The
SiC MOSFETs can, to some extent, be driven using similar gate-drive units as for
the silicon IGBTs. However, higher supply voltage for the gate driver might be
necessary for SiC MOSFETs.

Considering the information provided on the commercially-available SiC power
devices in the previous chapter, it is clear that the most challenging SiC devices
are the normally-ON SiC JFET and the SiC BJT.
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The first suffers from the normally-ON characteristic, which usually counts as
a problem from the system perspective. If, for example, a phase-leg of an inverter
employs normally-ON SiC JFETs, then during the start-up process or under a
fault on the gate driver, the JFETs are subjected to a short-circuit condition. In
the case of the SiC BJTs, an additional amount of power losses is introduced due
to the significant base current, which is required during the ON-state.

Optimization of drive circuits for these two devices is necessary in order to
make them more favorable for power electronic converters. From the driving point-
of-view, the normally-OFF SiC JFET is also considered as a challenging SiC power
device. If both fast switching and low on-state resistance are targeted, a significant
amount of gate current is necessary [29,71]. This gate current, which is comparable
to the base current of a SiC BJT, causes additional power losses. However, from
the system perspective, the normally-OFF characteristic makes it less challenging
compared to the normally-ON counterparts (LCJFET and DMVTJFET). On the
other hand, in the case of VTJFETs, the specific on-state resistance of the normally-
OFF SiC JFET is almost 15% higher than of the normally-ON one, and the drain-
source saturation current of DMVTJFET is almost two times higher than of the
EMVTJFET [15]. Thus, if low conduction losses are expected, the DMVTJFET
seems to be a better alternative than EMVTJFET.

Based on the analysis presented above, it is strongly believed that in the fu-
ture normally-ON SiC JFET will dominate in several power electronics applications.
Moreover, solving the “normally-ON problem” counts as the biggest challenge re-
garding this device. As a consequence, this chapter deals only with the presentation
of gate drivers for normally-ON SiC JFETs. The basic requirements for such a gate
driver are given, while a brief description of the state-of-the-art gate-drive unit for
normally-ON SiC JFETs is also shown. Moreover, experimental results showing the
switching performance of both LCJFET and DMVTJFET using the state-of-the-art
gate driver are presented in the last section.

3.2 Gate drivers for normally-ON SiC JFETs

As the normally-ON SiC JFET is a voltage-controlled device, it may seem
to be a trivial task to design a gate driver at first sight. Moreover, an integrated
solution to the “normally-ON problem” with the gate driver is also a desired char-
acteristic. Besides any special design requirements which are related to the specific
application, there are two general requirements for stable operation in the OFF-
state:

• The supply voltage of the gate driver must be more negative than the pinch-off
voltage of the JFET, Vpi in order to keep the SiC JFET in the OFF-state.

• The supply voltage must also be less negative than the reverse breakdown
voltage of the gate-source junction, Vbr,g. If the absolute value of the gate
voltage exceeds the absolute value of the reverse breakdown voltage of the
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gate, an avalanche or punch-through condition will appear depending on the
type of normally-ON SiC JFET.

Regardless of the main design constraints, a favorable characteristic of a gate-
drive unit for normally-ON SiC JFETs, is fast switching speed, which causes low
switching losses. In order to deal with this design constraint, the parasitic capaci-
tances must be taken into consideration (see Figure 3.1). In this figure, the parasitic
capacitances of the drain-gate and gate-source junctions, which significantly influ-
ence the switching processes are denoted as Cdg and Cgs, respectively. In particular,
in order to turn-OFF the JFET, Cgs must be charged to a certain negative voltage,
Vgs, which usually equals the supply voltage of the gate driver. On the contrary,
during the turn-ON process of the device, Cgs is discharged through the gate-drive
circuit. A similar process takes place for the Cdg capacitance, which is the so-called
“Miller capacitances”. While the JFET is kept in the OFF state, the drain-source
voltage, Vds, equals the blocking voltage. This means, that the voltage across the
Miller capacitance is equal to the difference between Vds and Vgs. When the device
is turned ON, the Miller capacitance is discharged through the gate-drive circuit.
Hence, the gate driver must be able to provide both currents which are caused by
the discharging of Cgs and Cdg. In addition to this feature, if fast switching is
expected Cgs and Cdg must be charged and discharged at very short times.

Figure 3.1: Schematic diagram of a normally-ON SiC JFET.

A simple totem-pole gate-drive unit for normally-ON SiC JFETs is depicted
in Figure 3.2. It consists of p- and n-type MOSFETs, which are supplied by a posi-
tive and a negative voltage source respectively. The upper and lower voltage limits
of the gate-source voltage must be taken into account when such a gate driver is
designed. In particular, the negative voltage limit must be higher than Vbr,g, while
the positive voltage supply must be set to a value where there will be no significant
current flowing through the gate-source pn junction. A slightly positive gate-source
voltage (1-2 V ) results in further reduction of the on-state resistance of the JFETs.
However, this makes the design of the gate-drive circuit more complicated. Besides
careful choice of the supply voltages, an additional issue deals with the supply of
large gate current peaks during the switching transients. Thus, Cgs can be charged
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and discharged significantly fast, resulting in fast switching speeds. On the other
hand, if the negative supply voltage becomes more negative than Vbr,g in order to
supply higher gate current, the gate-source junction will face a breakdown and the
JFET might be destroyed. It is, therefore, obvious that a trade-off between the
switching speed and the safe operation of the device must be taken into considera-
tion for this gate driver design.

Figure 3.2: Schematic diagram of a simple totem-pole gate driver for normally-ON
SiC JFETs.

In order to overcome this trade-off, a special gate driver design was proposed
in 2005 [17,72]. A schematic diagram of this gate-drive unit is shown in Figure 3.3.
It basically consists of a parallel-connected network of a speed-up capacitor, C,
a diode, D, and a high-value resistor, Rp. A gate resistor, Rg is connected in
series with the parallel network, and the combined circuit is directly supplied by a
negative voltage source, Vs, while the positive voltage supply can be either zero or
slightly positive (e.g. 2.5 V ). For simplicity, in the rest of the thesis, this gate-drive
unit is called “DRC” gate driver.

The turn-ON and -OFF operating modes of the DRC gate driver can be
analyzed based on Figures 3.3 and 3.4 respectively. Assuming that the normally-
ON SiC JFET is in the ON-state and a turn-OFF signal is provided to the gate
driver, Figure 3.3 illustrates the gate current paths during the turn-OFF process.
As soon as a turn-OFF signal is sent, the input voltage of the DRC gate driver,
Vg, equals the supply voltage, Vs. Thus, a current peak is drawn from the gate-
source junction as shown with the dashed red line in Figure 3.3. When the voltage
across Cgs goes below the pinch-off voltage, the device starts to turn OFF, and the
capacitance of the gate-source junction is charged to a certain voltage level. During
the OFF state, a significantly lower gate current (solid red line in Figure 3.3) is
supplied through Rp, which has a relatively high value. Two cases can be considered
regarding the supply voltage, Vs. If Vs is more negative than Vbr,g, the voltage drop
across the gate-source junction of the device equals Vbr,g, and the voltage across C
is equal to the difference between Vs and Vbr,g. The voltage across Rp also equals
the voltage across C, and this is how the steady-state gate current during the OFF
state is determined. On the contrary, if Vs is equal or less negative than Vbr,g, the
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voltage drop across the gate-source junction equals the supply voltage, while across
C, there is theoretically no voltage drop. However, since a low gate current must
be supplied, in reality there is a voltage drop across Rp. In reality, the voltage drop
across Cgs is slightly higher than Vs and the difference between these two voltages
appears across Rp. Furthermore, it should always be kept in mind that Vs must be
more negative than Vpi in order to ensure that the JFET is turned OFF properly.

Figure 3.3: Schematic diagram of the DRC gate driver for normally-ON SiC JFETs.
The gate current during the turn-OFF process is shown.

The steady-state gate current during the OFF state is the low leakage current
of the reverse-biased gate-source junction. Even if the supply voltage, Vs, is more
negative than Vbr,g, the gate-source junction is not forced to breakdown when the
DRC gate driver is employed. On the other hand, the gate current peaks are
supplied in order to turn OFF the JFET at a fast switching speed. It is not only
the supply voltage, Vs, but also the values of Rg and C, which basically constitute
a series Rg-C network, that governs the peak value of this current.

Considering that the normally-ON SiC JFET is in the off state and a turn-
ON signal is sent to the driver, Figure 3.4 illustrates the possible paths for the gate
current during the turn-ON process. The charge from Cgs is removed by means of
a current peak and the JFET is turned ON. As for the turn-OFF process, there are
also two cases, based on the value of Vs, which should be discussed. If Vs is more
negative than Vbr,g, then during the turn-ON process the voltage over C appears
as a positive voltage in the gate circuit. This increases the switching speed. In this
case, the gate current is illustrated with the dashed blue line in Figure 3.4. On the
other hand, if Vs is less negative than Vbr,g, the voltage across the parallel DRC
network is almost zero and the diode D operates as a low impedance path for the
gate current. The gate current is shown with the solid blue line in Figure 3.4. In
the ON-state, the voltage drop across the gate-source junction equals the voltage
over the diode, D, which is relatively low (less than 1 V ).

A third design constraint for the DRC gate driver must also be taken into
consideration. This is imposed when Vs is less negative than Vbr,g and the leakage
current from the drain to the gate is high. In such a case, and under the condition
that the leakage current of the drain is zero the voltage across the parallel network
is almost zero. On the contrary, if a slightly high leakage current is flowing, as
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Figure 3.4: Schematic diagram of the DRC gate driver for normally-ON SiC JFETs
showing the gate current during the turn-ON process.

shown in Figure 3.5, a voltage drop across Rp appears. The polarity of this voltage
is shown with the ± signs in Figure 3.5 and it is clear that it is opposite to the
voltage across Cgs. This practically means, that considering the large value of Rp,
and if for some reason the leakage current of the device is sufficiently high, the
voltage across this resistor is also high. Thus, assuming a constant supply voltage,
Vs, the voltage across Cgs is not negative enough to keep the JFET in the off state.
Even though this is an extreme case, it must be taken into account when the DRC
gate driver is designed or fine-tuned.

Figure 3.5: Schematic diagram of the DRC gate driver for normally-ON SiC JFETs
showing the path of the drain leakage current during the off state.

Based on the analysis of the DRC gate driver presented above, it is obvious
that by employing such a driver and by properly adjusting the various parameters,
it is unlikely to drive the gate-source junction of the SiC JFET into breakdown,
while the switching speed of the device can also be set to desired values. Moreover,
it is shown that even if the leakage current of the device is relatively high, it might
not affect the stability of the gate driver if Rp and Vs are properly selected. An
experimental evaluation using the DRC gate driver for both SiC LCJFET and SiC
DMVTJFET is shown in the next sub-section.
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Table 3.1: Basic device parameters of the SiC LCJFET and DMVTJFET used for
the evaluation of the DRC gate driver

Device LCJFET DMVTJFET
Voltage rating (V) 1200 1200
Current rating (A) 15 (RT) 27 (RT)
On-state resistance at RT (mΩ) 100 85
Chip size (mm2) 16.81 4.5
Pinch-off voltage (V) -16 -6
Reverse breakdown voltage of the gate (V) -35 -18 – -28

Table 3.2: Basic parameters of the DRC gate driver

LCJFET DMVTJFET
Vs (V) 24 30
Rg (Ω) 10 5.6
C (nF) 22 22
Rp (kΩ) 12 12
Diode Schottky diode SMA 40 V,

1 A, SK 14

3.3 Experimental evaluation of the DRC gate driver

The performance of the DRC gate driver has been experimentally evaluated
on various power electronics circuits [Publications IV–VII], [Publication IX].
However, in this section only a few representative experimental results showing the
switching performance of the SiC LCJFET and DMVTJFET using the DRC gate
driver are presented. Besides the aforementioned published work, several other
works on the DRC gate driver have been published by other, highly-qualified sci-
entists [17,72–76].

A dc/dc boost converter has been used in order to measure the switching
performance of the LCJFET, while the DMVTJFET has been tested using a typical
double-pulse test circuit. However, a direct comparison between these two SiC
JFETs might not be fair due to the different current ratings (as they are specified by
the manufacturers). Table 3.1 summarizes the basic device parameters of these two
SiC JFETs. The pinch-off and the reverse breakdown voltage of the gates are also
shown in this table. After measurements, it is clear that for the DMVTJFET, Vbr,g

varies from -18 – -28 V among the different samples, while in the case of LCJFET
the corresponding values for Vbr,g are lower than -30 V. On the other hand, the
values for the pinch-off voltages have been derived from the manufacturers data.
However, an investigation on Vpi variations among the different samples of the
devices has also been performed [Publication V]. A more detailed investigation
on this is shown in Chapter 4. The various parameters of the DRC gate drivers are
presented in Table 3.2.
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Figures 3.6 and 3.7 illustrate the turn-ON and turn-OFF processes, respec-
tively, of the SiC LCJFET when the DRC gate driver is employed. These waveforms
were recorded during steady-state operation of a 2 kW dc/dc boost converter and
presented in [Publication IV]. Turn-ON times in the range of 30 ns have been
measured, while the corresponding turn-OFF times are approximately 45 ns. Fur-
ther information regarding these measurements can be found in [Publication IV].

A closer examination of the current waveform at the turn-ON process reveals
an oscillation at a frequency of approximately 175 MHz. However, this current
was measured using a current probe having a bandwidth of 50 MHz. Thus, it is
the hypothesis of the author that this current oscillation might be due to induced
electromagnetic interference in the measurement system. Another source may by
related to ground currents flowing between the oscilloscope and the amplifier of
the current probes. It should be noted that none of them was powered through an
additional isolation transformer, during the measurements.

Figure 3.6: Turn-ON process of the SiC LCJFET using the DRC gate driver (Vds-
pink line: 100 V/div, Ids-blue line: 2 A/div and time scale: 20 ns/div).

The DRC gate driver has also been evaluated on a SiC DMVTJFET. The
turn-ON and turn-OFF swithiching transients are shown in Figures 3.8 and 3.9,
respectively. The turn-ON and turn-OFF times are approximately 40 ns.

A current overshoot is obtained during the turn-OFF process of both SiC
LCJFET and DMVTJFET. This is caused due to the charging of the parasitic
capacitance of the devices withing a very short switching time. Further analysis on
various effects during the switching transients is given in [Publications IV–VI].
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Figure 3.7: Turn-OFF process of the SiC LCJFET using the DRC gate driver
(Vds-pink line: 100 V/div, Ids-blue line: 2 A/div and time scale: 20 ns/div).

Figure 3.8: Turn-ON process of the SiC DMVTJFET using the DRC gate driver
(Vds-light blue line: 100 V/div, Ids-pink line: 5 A/div and time scale: 40 ns/div).
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Figure 3.9: Turn-OFF process of the SiC DMVTJFET using the DRC gate driver
(Vds-light blue line: 100 V/div, Ids-pink line: 5 A/div and time scale: 20 ns/div).

3.4 Conclusion

In this chapter, the state-of-the-art gate-drive unit for normally-ON SiC JFETs
has been shown. General design requirements for gate drivers employed on normally-
ON SiC JFETs have been discussed. Special operating constraints and operating
modes are also shown for the DRC gate driver. Finally, experimental waveforms
dealing with the switching performance of the two commercially-available normally-
ON SiC JFETs using the DRC gate driver are presented in the last section.



Chapter 4

Parallel-Connection of SiC JFETs

The information presented in this chapter is based on Publications V, VI
and VII.

4.1 Introduction

Normally-ON SiC JFETs are considered as excellent candidate power semi-
conductor devices not only for low and medium power converters, but also for
future high-power applications. The low on-state and switching power losses, as
well as the high-temperature capability are driving factors for this. The benefits
of using normally-ON SiC JFETs in high-power applications have already been
presented in [Publication III]. It has been shown that the efficiency of a high-
voltage dc modular multilevel converter equipped with high-voltage normally-ON
SiC JFETs might exceed 99.8% at the rated power of 300 MW. Similar investiga-
tions considering various SiC power devices have also been made by other scientific
groups [48,52,77]. However, if these scenarios should come true much higher current
ratings than those available today would be required. Besides the high-power ap-
plications, SiC power devices are promising for medium-power applications, such as
high-power-density motor drives, power factor correction circuits and photovoltaic
inverters [26, 74, 78–81]. Also in these, medium-power applications, comparably
high current ratings may be required.

Based on Chapter 2, where the commercially available SiC power devices are
presented, it is clear that the available chip sizes at present and in the foreseeable
future will not be sufficient for single-chip high-current switches. The main reason
for this is the low fabrication yields if large chips are fabricated. Consequently, the
only ways to proceed are either to build multichip modules or to parallel-connect
several single-chip devices. In both cases, it is essential to keep track of both
steady-state and transient current sharing of the parallel-connected chips.

There are basically four device parameters affecting the feasibility of the
parallel-connected normally-ON SiC JFETs. These are:

37
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• The on-state resistance, ron.

• The pinch-off voltage, Vpi, which determines at which gate voltage the device
enters the forward conduction region.

• The reverse breakdown voltage of the gate, Vbr,g, which is the maximum
allowable reverse-bias gate voltage.

• The static transfer characteristics of the JFETs.

An additional factor, which is not a device parameter, also affects the perfor-
mance of the parallel-connected JFETs. This is the placement of the devices in the
circuit layout if discrete devices are employed, or the placement and the way that
the chips are connected inside a module.

A detailed investigation of how each of the aforementioned parameters might
affect the feasibility of parallel-connection of SiC JFETs have been carried out
for both LCJFETs and DMVTJFETs. This Chapter presents the performance of
parallel-connected normally-ON SiC JFETs by means of static and dynamic exper-
imental evaluation. The detailed investigation of parallel-connected SiC LCJFETs
and DMVTJFETs can be found in [Publications V–VI].

4.2 Temperature dependence and spread of SiC JFET
parameters

The performance investigation of the parallel-connected normally-ON SiC
JFETs was started by evaluating the temperature dependence of the most cru-
cial device parameters of the JFETs. Moreover, the parameter spread among the
parallel-connected devices was investigated. It must be noted that the whole in-
vestigation was performed considering both SiC LCJFETs and DMVTJFET. From
these investigations, the potential problems regarding the feasibility of the parallel-
connection are also identified.

A detailed description of the LCJFET and DMVTJFET structure designs has
already been given in Chapter 2. Thus, it is not necessary to show the characteristics
of these devices here. However, the most important parameters of the JFETs which
have been used in this study are summarized in Table 4.1.

On-state resistance variation
The on-state resistances of the parallel-connected SiC JFETs must have a low

spread and a positive temperature coefficient in order to obtain a reliable operation.
However, process variations during the fabrication of normally-ON SiC JFETs will
inevitably cause a parameter spread in the on-state resistances of the devices. Large
variations of the on-state resistances cause different conduction losses and therefore
different temperature rises among the parallel-connected devices. Figure 4.1 shows
the on-state resistance variations with respect to the temperature for four different
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Table 4.1: Device parameters of the SiC LCJFET and DMVTJFET used for the
investigation of parallel-connection

Device LCJFET DMVTJFET
Voltage rating (V) 1200 1200
Current rating (A) 15 (RT) 27 (RT)
On-state resistance at RT (mΩ) 100 85
Chip size (mm2) 16.81 4.5
Pinch-off voltage (V) -16 -6
Reverse breakdown voltage of the gate (V) -35 -18 – -28

SiC DMVTJFET samples. It can be seen that the relative spread among the devices
remains the same as the temperature increases, which is a consequence of that the
temperature coefficient is the same for all four devices.

Figure 4.1: On-state resistance variation with temperature for four different SiC
JFET devices.

Sorting of the parallel-connected SiC JFETs with respect to the on-state re-
sistances is a possible solution to the non-uniform conduction losses distribution
(or temperature distribution) among the devices.

Pinch-off voltage and reverse breakdown voltage of the gate

As already mentioned in the Introduction, both the pinch-off and the reverse
breakdown voltage of the gate affect the stable and reliable operation of the parallel-
connected SiC JFETs. These two device parameters must be investigated with
respect to their spreads and temperature dependence.
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The supply voltage to the gate of the normally-ON SiC JFET must be more
negative than Vpi and less negative than Vbr,g in order to ensure a stable and safe
operation of the device. For a certain JFET design (e.g. LCJFET or DMVTJFET),
the range of Vpi and Vbr,g is, to some extent, within limits determined by the
manufacturers. However, slight differences in Vpi and Vbr,g among the parallel-
connected JFETs might occur due to the slightly different channel widths and/or
doping concentrations. In [Publication V] and [Publication VI], it has been
shown that for the supply voltage to the gate there is a safe operating region between
Vpi and Vbr,g. If the supply voltage, Vs, is less negative than Vpi, the JFET is not
properly turned OFF. On the other hand, if Vs reaches below Vbr,g, the gate-source
junction of the JFET is forced to breakdown.

Therefore, a serious problem is encountered when the parallel-connected SiC
JFETs have different Vbr,g or Vpi. The switching performance of these devices
might also differ, and a non-uniform switching loss distribution is anticipated due to
mismatches in the transient current sharing. An additional problem may appear if,
for instance, one device has less negative Vbr,g than the pinch-off voltage of another
JFET. Hence, when the second device is turned-off, the gate-source junction of the
first one is driven into breakdown.

This problem is accentuated at elevated temperatures, especially for the SiC
LCJFET design. Vbr,g is a strongly temperature dependent parameter for the
LCJFET as shown in [Publications V–VI]. In particular, Vbr,g of the LCJFET
increases at elevated temperatures due to its negative temperature coefficient. On
the other hand, for the DMVTJFET, it has been shown experimentally that Vbr,g

is almost temperature independent [Publication V] as shown in Figure 4.2. Nev-
ertheless, for both JFET designs, Vpi is temperature independent. Consequently,
the problem with the safe operating region between Vpi and Vbr,g might only be
faced when only LCJFETs or LCJFETs together with DMVTJFETs are parallel-
connected. Besides this, it must always be kept in mind that even a slight spread
of either Vpi and/or Vbr,g among the parallel-connected LCJFETs or DMVTJFETs
might affect the transient current sharing of the devices.

A solution to this problem might be the sorting of the JFETs with respect
to either Vpi or Vbr,g. Nevertheless, such sorting requires measurement of these
parameters of each single device separately. An additional solution to this problem
could be to use a gate voltage supply which is more negative than the most negative
Vbr,g of the parallel-connected JFETs and limit the gate leakage current by means
of a resistor. A perfect candidate circuit which fulfills these requirements is the
DRC gate driver, which has already been presented in Chapter 2.

Variations in the I-V transfer characteristics

The last device parameter which might affect the performance of the parallel-
connected SiC JFETs is the different static transfer characteristics (I-V transfer
characteristics) of the devices. Even if the rest of the device parameters are similar,
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Figure 4.2: Measurements of the temperature dependence of the reverse breakdown
voltage of the gate of a DMVTJFET.

they might still have different I-V transfer characteristics, which result, for instance,
in different transconductances.

Figures 4.3a and 4.3b illustrate the I-V transfer characteristics for two different
samples of normally-ON SiC JFETs. Ideally, the I-V transfer characteristics must
be identical when looking at the same gate-source voltage. However, if these two
figures are compared to each other, it is clear that there is a difference in the I-V
curves. Comparing, for example, the I-V curves which correspond to the gate-source
voltage of Vgs=–5 V, the JFET shown in Figure 4.3a is still conducting the current,
while the other one (Figure 4.3b) has already been turned OFF. A large spread in
the I-V curves is also observed at Vgs=–4 V (heavy-width lines in Figures 4.3a and
4.3b). Similar observations can also be made if looking at I-V curves corresponding
to other gate-source voltages.

Such dissimilarities might also affect the effectiveness of the parallel-connection
of SiC JFETs, especially during the switching transients. In particular, different
transconductances of the SiC JFETs, might cause transient current mismatches
during the turn-ON process (e.g. the device having the lowest transconductance
turns-on slower compared to the others).

Sorting of the parallel-connected JFETs with respect to the I-V transfer char-
acteristics might solve the problem. However, similar to the previous device pa-
rameters, measurements of the I-V curves are required.
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(a)

(b)

Figure 4.3: Static transfer characteristics at various gate-source voltages for two
different SiC JFET devices: (a) Device No 21 and (b) Device No 50.

4.3 Placement of the devices in the circuit layout

Besides the four crucial device parameters that have already been covered
above, there is also a fifth factor which is not a device parameter but still affects
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the parallel-connection of the SiC JFETs. This factor is the placement of the
discrete devices in the circuit layout or the placement of the JFET chips inside a
power module [Publication V]. A symmetrical placement of the devices might
lead to equally-distributed stray inductances in the circuit layout. In particular,
equal stray inductances are desired not only between the connections of the JFETs
themselves, but also between the JFETs and the other components (e.g. diodes
etc).

4.4 Experimental evaluation

Apart from the investigation of the steady-state characteristics of the parallel-
connected normally-ON SiC JFETs, it is also important to study the switching
performance of these devices under parallel connection. In particular, the transient
current sharing and the distribution of the switching losses among the devices are
the most important issues which must be investigated in detail.

Based on the analysis of the most crucial device parameters, which has been
presented above, two pairs of parallel-connected normally-ON SiC JFETs were se-
lected with respect to their Vbr,g. The main reason for choosing this device param-
eter as the sorting criterion is the fact that Vbr,g can be easily measured without
requiring special instrumentation (e.g. curve tracer). However, a brief investigation
on the relationship between Vbr,g and Vpi has also been made. Figure 4.4 shows the
static transfer characteristics for two samples of SiC DMVTJFETs. Differences in
Vbr,g are correlated to difference in Vpi. In this figure, for example, the difference
of Vbr,g between the two devices is approximately 7 V, which corresponds to a dif-
ference of 0.5 V in the pinch-off voltages. Thus, even if this is not a solid statistical
proof of this correlation, it is a strong indication that Vbr,g can be used as a sorting
criterion.

It must be noted that for the investigation of the switching performance of
parallel-connected SiC JFETs, only SiC DMVTJFETs have been employed. This
has been done based on:

• The fact that Vbr,g of the DMVTJFET is almost temperature independent
and, hence, the margin between Vbr,g and Vpi is also temperature independent.

• The unavailability of new versions of SiC LCJFET samples at the time when
the experiments were performed.

Table 4.2 summarizes the basic device parameters of the three SiC DMVTJFETs
which have been used for the current experimental investigation. The first set of ex-
periments was performed by employing the JFETs having approximately the same
Vbr,g (Nos. 20 and 50), while the second one by using devices with different Vbr,g

(Nos. 21 and 50).
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Figure 4.4: Measured static transfer characteristic showing the relevance between
the reverse breakdown voltage of the gate and the pinch-off voltage.

Table 4.2: Basic device parameters of the three DMVTJFET used for the investi-
gation of the switching performance under parallel-connection.

Reverse breakdown Voltage and current Measured on-state
Device No voltage of the gate, ratings at RT resistance at RT

Vbr,g

20 –28.1 V 1200 V/ 27 A 78.4 mΩ
50 –28.0 V 1200 V/ 27 A 70.3 mΩ
21 –19.2 V 1200 V/ 27 A 68.1 mΩ

Gate driver configurations

In order to investigate the influence of the gate driver on the transient current
performance of the parallel-connected DMVTJFETs, two different configurations
of the DRC gate driver have been employed. The first configuration consists of
two separate DRC gate drivers, where each one drives a single JFET. They are
both supplied from the same voltage source as shown in Figure 4.5a. However,
each of these DRC gate drivers are driven by a separate integrated-circuit driver
(IC-driver). On the other hand, a single DRC gate driver is employed in the second
gate driver configuration, where the parallel-connected devices are both driven from
the same gate-drive unit (Figure 4.5b). In this case, a single IC-driver and a single
voltage supply are used. Figure 4.5 also illustrates the complete schematic diagram
of the double-pulse test.
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Even though the two DRC gate driver configurations look identical, the values
of their parameters have been properly adjusted in order to obtain similar switching
conditions. The various parameters of the double-pulse test circuit and the two gate
driver configurations are summarized in Tables 4.3 and 4.4, respectively. A detailed
description of the gate drivers is given in [Publication V].

An additional design requirement of the gate-drive prototype boards is the
minimization of the stray inductance between the driver outputs and the gate pin
connection on the device side. Special design effort has been made on the one
hand, in order to obtain the least possible stray inductances in the gate current
paths, while on the other hand ensuring that the stray inductances of the two DRC
gate driver versions are approximately the same. More information regarding these
issues is also presented in [Publication V].

Table 4.3: Parameters of the double-pulse experimental setup.

dc supply voltage, Vdc 300 V
Inductance, L 200 µH
SiC Schottky diode Semisouth Labs, SDP30S120

Table 4.4: Parameters of the gate driver circuits.

Gate driver configuration Double DRC gate driver Single DRC gate driver
Gate driver supply voltage, Vs –30 V –30 V
Gate resistors, Rg1,2/Rg,s 5 Ω 1.7 Ω
Rp1, Rp2, Rp,s 12 kΩ 12 kΩ
C1, C2, Cs 22 nF 44 nF
D1, D2, Ds Schottky diode SMA 40 V, Schottky diode SMA 40 V,

1 A, SK14 1 A, SK14

Circuit layouts
Since the placement of the SiC JFETs in the circuit layout counts as a crucial

parameter which affects the switching performance, three different circuit layouts of
a standard double-pulse test setup have been investigated for both pairs of parallel-
connected SiC JFETs. According to the first circuit layout, L1, the SiC JFET
No. 50 is placed closer to the SiC Schottky diode, while the device No. 20 (or
No.21 in the case of different Vbr,g) is mounted on the right side of No. 50. A
graphical illustration of L1 is depicted in Figure 4.6a. The second circuit layout,
L2, is illustrated in Figure 4.6b, where the positions of the two SiC JFETs have
been interchanged (JFET No. 20 (or No. 21) is placed closer to the diode and No.
50 on the right-hand side of No. 20 (or No. 21)). Finally, a symmetrical placement
(circuit layout L3) of the parallel-connected JFETs is shown in Figure 4.6c, where
the SiC Schottky diode is placed between the two SiC JFETs. It is believed that in
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(a)

(b)

Figure 4.5: Schematic diagrams of the double-pulse test setups (a) with separate
DRC gate drivers (b) with a single DRC gate driver.



4.4. EXPERIMENTAL EVALUATION 47

L3 the stray inductances between the connections of the JFETs and the diode are
equally distributed. It must also be noted that in all circuit layouts, the inductor
L is always connected in the middle of the distance between the JFETs in order to
obtain equal stray inductances caused by this connection.

Switching performance with different Vbr,g and single DRC gate
driver

The switching performance of the parallel-connected normally-ON SiC JFETs
has been investigated by considering devices having the same and different values
of Vbr,g. Moreover, two different configurations of the DRC gate driver were also
employed. This means that four different cases have been studied and for each of
them three different circuit layouts were used.

The detailed presentation of the experimental results on the switching per-
formance for all cases are shown in [Publication V]. In this section, however,
results regarding the case with JFETs having different Vbr,g and driven by a single
DRC gate driver are shown. It is the opinion of the author that such a case is the
most common one when power modules populated with several parallel-connected
single-chip devices are designed.

This set of measurements was performed using two parallel-connected SiC
JFETs which have a difference of approximately 9 V in Vbr,g (Nos. 50 and 21).
Due to this difference, which basically causes a variation between the pinch-off
voltages (see Figure 4.4), extended transient current mismatches are expected. As
mentioned above, three circuit layouts were used for the current investigation.

Figure 4.7 illustrates the switching performance of these SiC JFETs using
three different circuit layouts (L1, L2 and L3) when a single DRC gate driver is
employed. The two upper traces illustrate the turn-ON and turn-OFF processes
when L1 is used, the two traces in the middle correspond to L2 and the lower one to
the circuit layout L3. Turn-ON and turn-OFF times in the range of approximately
30-40 ns are obtained for all three cases of different circuit layouts. However, the
performance of the transient currents slightly differ among the different circuit
layouts. In particular, considering the upper traces, a slightly higher current is
observed for JFET No. 50 during the turn-ON process. This might be caused
by a combination of various device parameters, as for instance the less negative
Vpi for device No. 50, or different transconductances of these two JFETs. As
expected, the layout might also affect the switching performance of these devices.
Since the JFETs are not symmetrically placed, the stray inductances between their
connections to the SiC Schottky diode and to the inductor L differ.

As for the turn-ON process, a current overshoot is expected for device No.
50 during the turn-OFF process due to the less negative Vpi than No. 21 (as
a consequence of the less negative Vbr,g). Nevertheless, it is the JFET No. 21
which exhibits a current overshoot at turn-OFF. The reasons for this might be the
different stray inductances in the circuit layout or even the variations in the I-V
characteristics.
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(a)

(b)

(c)

Figure 4.6: Graphical illustrations of the circuit layouts used for the experimental
investigation of the switching performance of the parallel-connected SiC JFETs:
(a) Circuit layout L1 (b) Circuit layout L2 and (c) Circuit layout L3.
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Similar considerations can be made for the middle and the lower traces in
Figure 4.7. According to L2, the positions of the two parallel-connected SiC JFETs
have been interchanged, while the diode was kept in the same position as in L1. As
can be seen from the two middle traces in Figure 4.7, the spread in the transient
current at turn-OFF process has been reduced. Instead, the spread in the steady-
state current after the turn-ON transient is still large due to the different on-state
resistances.

Finally, the turn-ON and turn-OFF switching transients, when a symmetrical
circuit layout is used, are shown in the left and the right lower traces in Figure 4.7 re-
spectively. An improvement in the current performance during the turn-ON process
in terms of lower spread both in the transient and steady-state current is observed.
However, regardless of the symmetrical placement of the devices, a current over-
shoot is obtained for JFET No. 21 during the turn-OFF process. Differences in the
I-V characteristics and/or on-state resistances between the two parallel-connected
devices might count as possible reasons for this.

A closer examination of the transient currents of the two JFETs during the
turn-OFF process reveals a phenomenon which is specific to the parallel connection.
One of the JFETs conducts a slightly negative current during approximately 10 ns
and the other has an additional positive component in antiphase with the negative
current. An explanation to this might be a series resonance between the series
connection of the two drain-source capacitances of the two JFETs and the series
connection of the two stray inductances representing the connections to the JFETs.
This phenomenon is observed in several of the figures in the investigation.

Comparing these results to the results of the other three cases presented in
[Publication V] reveals that regardless of the variations in Vbr,g by employing a
single DRC gate driver the best performance of the parallel-connected devices may
be achieved. In particular, the extended spread in the transient and steady-state
currents is significantly minimized compared to the rest of the cases. Furthermore,
the current overshoot during the turn-OFF transients have also been significantly
reduced. These improvements are also reflected if the switching power losses are
estimated, which are presented in the next subsection.

The astonishing improvement of the switching performance when a single
DRC gate driver is employed can be explained based on the operation of the DRC
gate drive presented in Chapter 2. The supply voltage to the gate driver is more
negative than the most negative Vbr,g among the parallel-connected JFETs. As-
suming that both SiC JFETs are kept in the OFF state the voltage drop across
the DRC gate driver equals the difference between Vs and the least negative Vbr,g

of the devices. Thus, it is clear that before the turn-ON process, the gate voltages
of the parallel-connected devices are identical. Consequently, the gate voltages will
also follow each other during the turn-ON process. Similarly, during the turn-OFF
process, the gate voltages of the two devices will also be identical, which enables
approximately equal switching times and quite good transient current sharing.
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Figure 4.7: Switching transients for the SiC JFETs having different reverse break-
down voltages of the gates when a single DRC network is employed and various
circuit layouts are used (a) turn-ON and (b) turn-OFF transients using circuit lay-
out L1, (c) turn-ON and (d) turn-OFF transients using circuit layout L2 and (e)
turn-ON and (f) turn-OFF transients using circuit layout L3.
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Switching losses

Apart from the switching transients of the parallel-connected SiC JFETs, it is
also important to investigate the associated switching losses. Thus, a clear picture
of the switching loss distribution and, thereby, the temperature rise on each device
will be obtained. The switching losses have been calculated using measured data
for the current and the voltage of the JFETs. In order to study the influence of the
device placement, all three different circuit layouts have been considered. Moreover,
the two different configurations of the DRC gate driver have also been considered,
so that the influence of the gate-drive circuit will also be presented.

The estimated switching power losses which correspond to each specific case
of circuit layout, device combination and gate driver configuration are presented
in [Publication V]. However, in this subsection of the thesis switching losses
associated with the switching transients depicted in Figure 4.7 are only shown.

Table 4.5 presents the switching losses for the parallel-connected JFETs with
different Vbr,g when they are driven by a single DRC gate driver. The third column
of this table shows the total switching losses (sum of the turn-ON and turn-OFF
switching losses) of each parallel-connected JFET, while the last column summa-
rizes the total switching losses of both devices. The turn-ON and turn-OFF switch-
ing losses are not presented separately in this table, due to the fact that they also
include the energy which is stored and released from the stray capacitance of the SiC
JFETs. In particular, at such high switching speeds which are used in the current
investigation, the transferred energy to and from the parasitic capacitance of the
JFET is dominant and contributes to the measured turn-ON and turn-OFF losses.
Hence, the real turn-ON and turn-OFF losses equals the measured losses excluding
the energy transferred to/from the stray capacitances. However, it is difficult to
estimate this amount of energy, and thus, if only the sum of the switching losses
of the JFETs are studied, a correct estimation of the switching losses can be done.
The stored energy in the stray capacitances depends mainly on the voltage, while
the switching loss energy is proportional to the duration of the switching transient.
If, for instance, the switching speed of the JFETs is significantly reduced, then a
separate estimation of the turn-ON and turn-OFF losses will also be correct.

Due to the astonishing improvement in the switching performance of the de-
vices with the single DRC gate driver, the distribution of the switching losses be-
tween them is also expected to be approximately equal. Considering the third
column of Table 4.5, it is obvious that, regardless of the circuit layout, the spread
between the switching losses of the JFETs has been reduced compared to the other
three cases shown in [Publication V]. Moreover, the total switching losses of the
devices are not only the lowest among all the investigated cases of circuit layouts
and different gate driver configurations, but they are also approximately equal to
each other.

Based on the presented results above in conjunction with the switching losses
shown in [Publication V], a few useful conclusions can be drawn:
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Table 4.5: Switching losses for the SiC JFETs with different values of Vbr,g when a
single DRC gate driver is used.

Circuit layout Device Total losses Total losses (µJ)
per device (µJ)

L1 50 150 30021 150

L2 50 170 30021 130

L3 50 140 27021 130

• Regardless of the gate driver and the differences in Vbr,g, the lowest switching
losses are obtained when the SiC JFETs are symmetrically placed.

• The most uniform distribution of the switching losses is obtained in the case
of JFETs having different Vbr,g and driven by a single DRC gate driver.

All in all, it seems that employing a single DRC gate driver might solve not
only problems associated with the spread between Vbr,g and Vpi, but also to provide
the most uniform switching loss distribution. In must also be noted, that in the case
of power modules populated with several parallel-connected SiC JFETs which have
not been sorted with respect to, for instance, Vbr,g, a single DRC gate driver can
drive the devices in a more efficient way compared to a gate driver with separate
DRC circuits.

4.5 Conclusion

Considering the current development state of SiC JFETs, parallel-connection
is the only way to reach higher current ratings. However, there are several issues
which must be dealt with.

It has been shown that there are four device parameters which might affect
the feasibility of parallel-connected normally-ON SiC JFETs: on-state resistance,
I-V characteristics, Vbr,g and Vpi. The margin between the last two parameters
must be sufficiently large in order to ensure a safe operation. Additionally, the
placement of the devices in the circuit layout also influences the performance of the
JFETs.

The switching performance of the parallel-connected normally-ON SiC JFETs
was investigated for different device combinations in terms of Vbr,g, using two gate
driver configurations and three circuit layouts. From experiments, it has been shown
that even when the JFETs have the same Vbr,g and are driven by a single gate driver,
transient current mismatches are still obtained regardless of the circuit layout. This
fact is also reflected if the switching loss distribution is studied. However, it was
found that the best performing combination of JFETs is the one where Vbr,g are
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different and the devices are driven by a single DRC driver. Moreover, by using
this combination the most uniform distribution of the losses between the JFETs
and the lowest total switching losses among all the cases are obtained.





Chapter 5

Self-Powered Gate Driver for
Normally-ON SiC JFETs

The information presented in this chapter is based on Publication VIII.

5.1 Introduction

There are basically two types of SiC JFETs: the normally-OFF (or EMVTJFET)
and the normally-ON (LCJFET or DMVTJFET) JFETs. The lower specific on-
state resistance and the higher saturation current of the normally-ON SiC JFET
count as two advantages compared to the normally-OFF counterpart. Another
drawback of the EMVTJFET is that the gate-source junction must be forward bi-
ased in order to keep the device in the ON-state. This implies a considerable gate
current, almost as high as the base current of the SiC BJT. It is, therefore, obvious
that the normally-ON SiC JFET is preferable for applications if the normally-ON
problem can be accepted. This problem must be solved on a system level in order to
make the normally-ON SiC JFETs reliable for power electronics applications. This
may involve several safety systems, of which some would be used also for normally-
OFF transistors. A vital unit in such a safety system is an automatic power-up
gate driver without the need for external power sources. Such a system must be
able to clear the short circuit caused due to the normally-ON JFET at start-up, on
the one hand, while on the other hand it must also be able to drive the SiC JFETs
during the normal operating conditions.

In the literature, five suggestions for solutions to the normally-ON problem
have been presented [23,82–86]. However, none of them can fully operate as a com-
plete solution to the “normally-ON problem” of SiC JFETs. By the term “complete
solution”, it is meant that such a gate-drive circuit must be able to clear the short-
circuit current during the start-up process within a reasonable time, while on the
other hand to continuously supply the steady-state power to the gate. The ma-
jority of the proposed solutions are only able to handle the short-circuit current
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without being able to supply the steady-state power to the gate. The solution
shown in [23, 82], is based on a cascode configuration. In particular, the normally-
ON SiC JFET is in cascode connection with a low-voltage silicon MOSFET. This
solution basically makes the normally-ON JFET to behave as a normally-OFF de-
vice. A drawback associated with this solution is related to the additional voltage
drop across the low-voltage silicon MOSFET, which also contributes to the on-state
losses. Moreover, the two devices connected in cascode must be matched in order
to cooperate successfully. Finally, by introducing a silicon device, high-temperature
operation is prohibited. Besides these serious drawbacks of the cascode solution,
it is believed that this is a temporary solution until more sophisticated solutions
are proposed. A brief description of the operating principles and the drawbacks of
each of these solutions is given in [Publication VIII].

In this chapter, a self-powered gate driver (SPGD) for normally-ON SiC
JFETs is presented. The proposed gate driver is a circuit solution, which can both
handle the start-up process and supply the steady-state power to the gate. The
whole concept, as well as the operating modes of the SPGD are presented below.
Furthermore, experimental results showing the performance of the SPGD in a half-
bridge converter are also presented. Finally, limitations regarding the applicability
of the SPGD are also studied.

5.2 Self-Powered Gate Driver

There are basically two main design considerations which must be taken into
account when a “smart” gate driver for normally-ON SiC JFETs is designed. On
the one hand, the shoot-through current must be cleared within a reasonable time,
and thus the chances of thermally destroying the JFET will be eliminated. On the
other hand, a power supply must also be provided to the gate-drive unit in order
to enable the steady-state switch-mode operation of the JFET. A block diagram of
the proposed SPGD is illustrated in Figure 5.1. It basically consists of two switch-
mode converters, the start-up and the steady-state ones. As indicated by their
names, the first converter is operating during the start-up process in order to stop
the shoot-through current, while the steady-state converter is able to continuously
supply the required power to the gate-drive unit during the steady-state operation.
It must also be noted that it is the combination of these two converters which
is required in order to eliminate the short-circuit current and to properly switch
the device. The output capacitors C1 and C2 of the start-up and the steady-state
converter, respectively, are also depicted in Figure 5.1. Finally, the IC-driver and
the optocoupler are also shown in this figure.

The input stages of both converters are directly connected in parallel to the
main SiC JFET, Jm. By utilizing a well-defined shoot-through current, the start-
up converter supplies a negative output voltage, Vsu, which appears across C1.
This negative voltage must be adequately negative (in fact more negative than the
pinch-off voltage) in order to turn OFF the normally-ON SiC JFET Jm. Thus,
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the shoot-through current is cleared and the voltage across Jm equals the blocking
voltage, as this is defined by the circuit parameters. As it is shown in Figure 5.1,
the output voltage of the start-up converter only supplies the IC-driver and not
the optocoupler due to the diode D3. Therefore, it is clear that the input of the
IC-driver is equal to the low level and hence the output also equals the low input
voltage of the IC-driver. In this case, the low input voltage stage is basically the
negative output voltage of the start-up converter, Vsu. The steady-state converter,
converts the high input voltage to a negative output voltage, Vss which appears
across C2. This converter is able to start operating as soon as the drain-source
voltage of Jm exceeds a certain voltage limit (typically a few tens of V ). The
output voltage of the steady-state converter Vss is determined by the parameters of
the steady-state converter and it supplies both the IC-driver and the optocoupler,
because in this case the diode D3 is forward biased. Therefore, the switching
operation of Jm can be started by providing appropriate signals to the input of the
optocoupler. A sufficiently large capacitance value for C2 is required in order to
keep Vss approximately constant and avoid any accidental turn-ON of Jm.

Figure 5.1: Block diagram of the proposed self-powered gate driver for normally-ON
SiC JFETs.

Operating states of the SPGD

A detailed schematic diagram of the SPGD is depicted in Figure 5.2, while
the start-up and steady-state converters are shown in bold in Figures 5.3a and
5.3b, respectively. The start-up converter is a dc/dc forward converter without a
freewheeling diode. A normally-ON SiC JFET is employed as the main switch for
the start-up converter.The converter also includes a high turns-ratio transformer
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T/F1, a low-voltage diode D1, and an output capacitor C1. On the other hand,
the steady-state converter is a dc/dc flyback converter, which converts the high
blocking voltage across Jm to a low negative voltage Vss. The vital parts of the
steady-state converter are the silicon MOSFET with the integrated controller M1,
the high-frequency transformer T/F2, the low-voltage diode D2, and the output
capacitor C2. Figure 5.3b illustrates the steady-state converter with bold lines. In
order to distinguish between the two normally-ON SiC JFETs, the one involved in
the start-up converter is called “auxiliary” JFET, Jaux, while the other one “main”
JFET, Jm.

Figure 5.2: Detailed schematic diagram of the self-powered gate driver.

Assuming that the main normally-ON SiC JFET, Jm is connected to a direct
voltage source Vdc, as depicted in Figure 5.4, the short-circuit current flows through
both Jm and Jaux. Since both of these JFETs are normally-ON devices and con-
sidering that the gate-source voltage is zero, they are both kept in the ON-state.
The short-circuit current which flows through the main SiC JFET, IJm

is shown
with the red line in Figure 5.4, while the corresponding current flowing through the
auxiliary device, IJaux is illustrated with the blue line. It must be mentioned, that
the steady-state converter is able to start operating as soon as its input voltage
exceeds a certain voltage limit (activation voltage). However, in the case where
both of Jm and Jaux are kept in the ON-state, the voltage drop across Jm is very
low, and therefore the operation of M1 is disabled.

In order to analyze the start-up process using the proposed SPGD, Figure 5.5
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(a)

(b)

Figure 5.3: Identification of (a) start-up and (b) steady-state converters of the
self-powered gate driver.
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must also be taken into account. This figure illustrates the start-up sequence of the
SPGD by showing the performance of various currents and voltages involved in the
start-up process. It is assumed that the start-up process starts at the time point
t1, as shown in Figure 5.5. The first and the third trace of this figure show IJm

and
IJaux

, respectively. The maximum value of the short-circuit current can be chosen
by means of properly adjusting the external circuit parameters (e.g. connecting a
resistor in series with the main JFET etc.). At t1, both of these currents rapidly
increase to their maximum values. However, the slope of IJm is steeper compared
to that of IJaux . The reason for this is that Jaux is connected in series with the
primary winding of T/F1. Thus, the inductance of the transformer primary winding
also contributes to the total inductance of the auxiliary JFET branch. The second
trace in Figure 5.5 illustrates the drain-source voltage, Vdsm

, across Jm, while the
fourth and the fifth ones show Vsu and Vss, respectively. Finally, the gate-source
voltage of Jm is depicted in the last trace of this figure. Apart from the short-circuit
currents, the rest of the quantities shown in Figure 5.5 equal zero at t1.

Figure 5.4: Short-circuit current paths during the start-up process.

In order to show the operating principle of the start-up converter of SPGD,
Figure 5.6 must also be taken into consideration. The components which are in-
volved in the operation of the start-up converter are depicted with bold lines. A low
voltage drop appears across the primary winding of T/F1 due to the short-circuit
current IJaux . The voltage across the secondary winding of T/F1 is determined by
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Figure 5.5: Start-up sequence of the self-powered gate driver.

considering the turns-ratio of the transformer (e.g. 1:100 or higher). The diode
D1 is forward biased, and hence the capacitor C1 is charged up to a voltage which
equals the voltage across the secondary winding of T/F1. A certain time is required
in order to magnetize T/F1, and consequently the output voltage across C1 starts
to appear at the instant t2 as illustrated in Figure 5.5. As shown in Figure 5.6, the
IC-driver is directly supplied with Vsu. This voltage is also supplied to the gate of
the auxiliary SiC JFET, Jaux through a capacitor-resistor network (Cgaux-Rpaux).
The main function of this network is to speed-up the turn-OFF process of Jaux,
while in the case of Jm to speed-up the overall switching performance. As soon as
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Vsu becomes more negative than the pinch-off voltage of Jm, the main SiC JFET
is turned OFF and the short-circuit current IJm drops to zero. Jaux is also turned
OFF when Vsu is lower than its pinch-off voltage. At this instant, IJaux is also
cleared. It must be noted, that these two normally-ON SiC JFETs might have a
slight difference in the pinch-off voltages. Thus, Jm and Jaux might be completely
turned OFF at different instants. If it is assumed, for instance, that the pinch-off
voltage of Jm is slightly less negative than for Jaux, the second one is turned OFF
slightly later than Jm. Therefore, the short-circuit current IJaux drops to zero at t4,
as depicted in Figure 5.5. Prior to t3, the drain-source voltage of Jm, Vdsm starts
increasing, while at t5 it has reached its final value, Vdc. The drain-source voltage
of Jaux also equals Vdc when it is turned OFF.

Figure 5.6: Operating state of the start-up converter.

As soon as Vdsm
equals the blocking voltage Vdc, the steady-state converter

is able to operate and continuously supply the negative output voltage, Vss. The
schematic diagram of the SPGD showing the components involved in the operation
of the steady-state converter with bold lines is presented in Figure 5.7. Even though
the drain-source voltage of M1 is higher than the activation voltage, a delay time
might occur. This delay time might be caused by the soft-starting feature of M1
and it is represented by the time interval between t5 and t6 in Figure 5.5. The
steady-state converter starts operating at t6, while the final value of the output
voltage Vss is reached at t7. The voltage rating of M1 must be such that it can
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normally operate having an input voltage equals the blocking voltage of Jm.

Figure 5.7: Operating state of the steady-state converter.

After the steady-state converter starts supplying the output voltage Vss and
this voltage becomes more negative than Vsu, the diode D3 is forward biased. Thus,
the optocoupler and the IC-driver are both supplied by Vss, while the output voltage
of the start-up converter is decreasing more and equals Vss. This is due to the fact
that the start-up converter is not supplying any voltage after t7 and C1 is parallel-
connected with C2. Regretfully, there is a mistake in the fourth trace of Fig. 9 in the
appended paper [Publication VIII]. The output voltage of the start-up converter,
Vsu drops to zero after the instant t6, which in fact is not true. The voltage Vsu

must decrease to Vss as soon as the steady-state converter starts operating, due to
the parallel connection of the output capacitors C1 and C2.

All in all, the auxiliary SiC JFET, Jaux, is continuously kept in the off state,
while Jm is now able to switch. As shown in Figure 5.5, the main JFET starts
switching at t8. The current and the drain-source voltage of Jm are also shown in
the first and the second traces of this figure, respectively, while the last trace of
Figure 5.5 illustrates the gate-source voltage of the main SiC JFET.

The proposed SPGD is a circuit solution which can operate as a protection
circuit against the shoot-through currents, on the one hand, while on the other
hand it can continuously supply the gate-drive unit during steady-state operation.
However, the various circuit parameters of the SPGD must be chosen with special
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care in order to ensure a reliable and stable operation. A detailed analysis of the
parameter choices is presented in the next section.

5.3 Experimental evaluation

The performance of the SPGD has been experimentally evaluated using a
stand-alone circuit setup and a half-bridge converter. For both sets of measurements
DMVTJFETs rated at 1200 V and 27 A at RT have been employed as the main and
the auxiliary normally-ON SiC JFETs. An investigation of the circuit parameters
for the SPGD was necessary before proceeding with the measurements, in order to
ensure a reliable and stable operation of the circuit. This section deals with the
design process of the SPGD circuit and experimental results using the SPGD in
two different test circuits.

Choice of the SPGD parameters
It is believed that the start-up converter is the most vital part of the SPGD

and if only a sophisticated design process is followed, the operation of the SPGD will
be stable. Based on the analysis presented above, without the start-up converter the
short-circuit currents cannot be turned OFF, and thus the steady-state converter
will never be able to start operating. Moreover, if the steady-state converter has a
soft-starting feature, the start-up converter must be able to supply an adequately
negative output voltage, Vsu, to the gates of Jm and Jaux. This practically means
that the capacitance value on the output stage of the start-up converter must be
adequately large in order to keep the output voltage within certain limits. It is,
therefore, obvious that there are two main design requirements for the start-up
converter:

• to supply an adequately negative voltage, Vsu in order to turn OFF both SiC
JFETs, and

• to store enough energy in C1, such that considering the losses in the gate as
such and in the gate-drive circuit, the SiC JFETs will be kept in the off state
for a certain time period.

The design process of the start-up converter is based on the simplified schematic
diagram shown in Figure 5.8. The on-state resistances of Jm and Jaux, rJm and
rJaux , respectively, are depicted in this figure. Furthermore, the resistance of the
primary winding of T/F1, rL1 is also shown. Let the on-state resistances of rJm

and rJaux
be equal to each other (in the future, however, rJm

will be a larger device
compared to rJaux

). It is, therefore, clear that the total resistance in the auxiliary
branch (rJaux + rJL1

) will be slightly higher compared to rJm . Consequently, IJm

will also be slightly higher than IJaux . The quantity which matters for the current
investigation is the voltage drop across the primary winding of T/F1. This basically
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equals the difference between the voltage drop across Jm minus the voltage drop
across Jaux. Considering that the on-state resistances of the JFETs are in the range
of few tens of mΩ and that the short-circuit currents must be kept at reasonable
levels, the voltage across L1 is also low. Hence, a very high turns-ratio of T/F1 is
necessary in order for the start-up converter to supply a sufficiently negative output
voltage, Vsu. As mentioned several times in this chapter, “sufficiently negative volt-
age” means that Vsu must be more negative than the pinch-off voltages of Jm and
Jaux. For the presented investigation, the turns-ratio of T/F1 has been chosen to
be equal to 1:100. If, on the other hand, the turns-ratio value is low, a significantly
higher short-circuit current is required in order to supply a certain output voltage.

Figure 5.8: Schematic diagram of the start-up converter.

The gate capacitance Cg of the SiC JFETs is also shown with dashed lines in
Figure 5.8. In order to turn OFF the JFET, a certain amount of energy is required
to be stored in the gate capacitance. As described in [Publication VIII], there
is a minimum required value for this energy, Eg,min, which depends on the total
charge of the gate capacitance, Qg and the pinch-off voltage, Vpi. This energy is
given by the following equation:

Eg,min = Qg · Vpi

2 (5.1)

Even though the pinch-off voltage is the gate-source voltage at which the turn-
OFF process of the JFET starts, a more negative gate-source voltage is required
in order to properly turn OFF the device. Taking into account this fact, and in
conjunction with Figure 5.9, it is clear that the choice of the output capacitor C1
must be made with care such that, on the one hand, an adequately negative voltage
Vsu is supplied to the gates of Jm and Jaux, and that, on the other hand, the start-up
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Figure 5.9: Output voltage of the start-up converter for various values of the ca-
pacitor C1 and short-circuit currents IJaux

.

converter is able to supply a certain amount of energy for a certain duration. This
amount of energy strongly depends on the value of C1 and it must be significantly
higher than Eg,min. Moreover, the short-circuit current IJaux

must be kept within
safe limits in order to avoid the thermal destruction of the device. Additionally, it
should also be kept in mind that there are energy losses in the gate-source junction
as such, as well as in the gate circuit. This is a further reason why the stored energy
in C1 must be much higher than Eg,min.

An investigation regarding the relationship between IJaux and Vsu is shown
in [Publication VIII] and it is given by:

Vsu =
√
L1

C1
· IJaux (5.2)

The output voltage of the start-up converter Vsu has been calculated at various
short-circuit currents, IJaux

, and for a wide range of capacitance values of the output
capacitor C1. A graphical representation of this relationship is shown in Figure 5.9.
Based on this graph, it is obvious that a certain output voltage Vsu can be obtained
using various combinations of IJaux and C1. However, the capacitance of C1 must
be sufficiently high in order to store a sufficiently large amount of energy which can
accommodate for the losses.

Taking into account the presented analysis above, a value of 15 A has been
chosen for the IJaux

, which approximately equals half of the device rated current,
and thus the JFET is kept far from its thermal limits. Assuming that the typical
value of the pinch-off voltage is equal to –6 V and considering the line which corre-
sponds to 15 A from Figure 5.9, a value of 100 nF for C1 has been chosen. Under
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this specific combination of parameters, the corresponding output voltage of the
start-up converter, Vsu equals –9 V which is enough to turn OFF the SiC JFETs.

Similar design considerations have also been made for the steady-state con-
verter of the SPGD. This converter, which is in fact a dc/dc flyback converter,
has been designed assuming an input voltage of Vdc=500 V and a negative output
voltage of Vss=–30 V . Detailed information regarding the design process of the
steady-state converter is shown in [Publication VIII].

Experimental results
As mentioned above, two sets of experiments have been performed using

the SPGD. The first mainly deals with measuring the performance of the start-
up converter and its response time. Thus, the SPGD was connected to a single
DMVTJFET as shown in Figure 5.10a. The second set of measurements were per-
formed on a half-bridge converter, which basically operates as a step-down dc/dc
converter (Figure 5.10b). Thus, the operation of the SPGD when employed in a
converter is also shown. As can be seen from the schematic diagrams of the test
circuits (Figure 5.10), there is a special control circuit which basically emulates the
function of the circuit breaker in a real circuit. This consists of a silicon IGBT
rated at 1200 V / 55 A and a start-up resistor, Rstart−up. The value of this resis-
tor has been selected in such a way that the shoot-through current is well-limited,
while the IGBT is controlled by a simple control circuit. The IGBT is turned ON
for a certain duration, and thus the shoot-through current starts flowing through
Jm and Jaux. As previously described, the SPGD is then ready to operate and
protect the devices against short-circuit currents and thermal destruction. During
the steady-state operation, Rstart−up is bypassed by means of a mechanical relay,
as shown in Figure 5.10b. Table 5.1 summarizes the basic parameters of the ex-
perimental setup, while the parameter values of the SPGD are shown in detail in
[Publication VIII]. It must be noted that the last five rows of Table 5.1 only
concern the half-bridge converter.

The start-up process of the SPGD is shown in Figure 5.11. In this figure, the
sum of the short-circuit currents is illustrated with the light-pink line and its value
depends on Rstart−up. As can be seen, it approximately equals 28 A, which is almost
equal to the rated current of a single SiC JFET employed in this investigation.
However, this current is divided between IJm

and IJaux
as shown with the green

and yellow lines, respectively in Figure 5.11. As expected, the slope of IJm is steeper
compared to that of IJaux due to the series connection of the primary winding of
T/F1. Regardless of this phenomenon, both currents are turned OFF rapidly (15
µs after initialization for IJm

and 20 µs for IJaux
). The gate-source voltage of

the main SiC JFET, Vgs,m is shown with the purple line, while the drain-source
voltage of the same device, Vds,m is depicted with the dark-pink line. This figure
basically shows that the SPGD is able to rapidly supply a negative voltage to the
gates of Jm and Jaux, very quickly after the shoot-through current starts flowing.
The drain-source voltage is also rapidly increasing to the blocking voltage of 500 V .
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(a)

(b)

Figure 5.10: Schematic diagrams of (a) the stand-alone setup and (b) the half-bridge
converter with the SPGDs.
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Table 5.1: Basic parameters of the experimental setup.

Main and auxiliary SiC JFET SJDP120R085
Input voltage, Vdc 500 V
Capacitor Cdc 160 µF
Start-up resistor, Rstart−up 18 Ω
IGBT IXYS, IXA55I1200HJ
IC-driver IXYS, IXDD614
Optocoupler TLP-350
Mechanical relay 20A277VAC, 20 A / 250 V
Inductor, L 1 mH / 8 A
Load resistor, R 30 Ω
Switching frequency, fsw 50 kHz
Maximum duty ratio, Dmax 0.5
Rated power, Pn 2.5 kW

Moreover, the difference in pinch-off voltages between the main and the auxiliary
devices is also visible in this figure. Even though IJm has been turned OFF, there
is still a current flowing through IJaux . Besides this, the response of the SPGD is
very fast, and any possible difference in the pinch-off voltages might only count as
a minor issue.

The output voltage of the SPGD, which is supplied to the IC-driver and the
optocoupler, is clearly shown with the pink line in Figure 5.12. When the start-up
process is initialized, it is only the start-up converter that operates and supplies Vsu

to the IC-driver and the gate of Jaux. The drain-source voltage of Jm (presented
with the purple line) is also high, and thus the input to the steady-state converter
is also high. Even though there is a high input voltage to the steady-state converter
(500 V ), a certain time is required in order to start operating. As mentioned above,
this is caused by the soft-starting feature of M1. A delay of approximately 20 ms
in the starting process of the steady-state converter is observed from Figure 5.12.
After this time delay, the output voltage of the SPGD is decreasing from Vsu to
Vss, which has been set equal to –30 V .

The second set of measurements has been performed on a half-bridge circuit
which operates as a dc/dc step-down converter (Figure 5.10b). Two normally-ON
SiC JFETs, Jm1 and Jm2 are employed in the half-bridge converter as the upper
and the lower switches, respectively, while they are driven by two individual SPGD
units. The start-up converters of the SPGDs are directly connected across the
main SiC JFETs. However, the steady-state converters are both supplied from the
dc-link input voltage. An additional feature of this converter is the absence of
the antiparallel diodes, which is called diodeless operation. As for the stand-alone
circuit setup, a start-up resistor is also connected in series with the input of the
half-bridge converter in order to limit the shoot-through current during the start-up
process. During the steady-state operation of the converter, Rstart−up is bypassed
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Figure 5.11: Measured gate-source voltage of the main SiC JFET, Jm (purple line,
10 V/div), drain-source voltage of Jm (dark-pink color, 200 V/div), shoot-through
current IJm

(green line, 10 A/div), shoot-through currents through Jaux, IJaux

(yellow line, 10 A/div) and the sum of the shoot-through currents (light-pink color,
10 A/div), (time-base 10 µs/div).

by closing the contact of the mechanical relay. The function of the circuit breaker is
emulated using a silicon IGBT. The circuit parameters of the half-bridge converter
are shown in Table 5.1.

The start-up process of the half-bridge converter is depicted in Figure 5.13.
This figure shows the gate-source voltages of the upper and the lower JFETs with
the pink and yellow lines, respectively. The short-circuit currents of Jm1 and Jm2 are
also shown in Figure 5.13. The time interval where the start-up converters operate
(approximately 25 ms) is indicated with an arrow, and the same has been done for
the operating interval of the steady-state converters. As soon as the steady-state
converters supply –30 V to the IC-drivers and the optocouplers, the mechanical
relay is closed and Rstart−up is bypassed. Thus, PWM signals can be provided to
the SPGD units and the SiC JFETs are able to switch. The whole control process
has been performed using a digital signal processor.

From Figure 5.13 it is clear that the gate-source voltages of Jm1 and Jm2 are
different during the operation of the steady-state converters. This is caused by the
different reverse breakdown voltages of the gates of the upper and the lower SiC
JFET.

The PWM operation starts after a certain time interval, which can be adjusted
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Figure 5.12: Measured supply voltage of the SPGD (pink line, 10 V/div), drain-
source voltage of the main SiC JFET, Jm (purple color, 500 V/div), shoot-through
current IJm

(green line, 10 A/div) and shoot-through current IJaux
(yellow line, 10

A/div), (time-base 5 ms/div).

by the user, as illustrated on the right-hand side of Figure 5.13. This practically
means that a certain time is required in order to ensure that the steady-state
converters are both operating and that the mechanical relay is closed. It must be
noted that in order to avoid any high transient current when the switching of the
JFETs starts, the duty ratio of Jm1 is slowly increasing until reaching its final value
which equals Dmax=0.5.

A crucial parameter which must be taken into account for the diodeless op-
eration of normally-ON SiC JFETs is the choice of the blanking time between the
switching of the upper and the lower devices. In this case, however, a fixed blank-
ing time has been selected, which equals 250 ns, so that any shoot-through current
during the switching transitions will be avoided. Finally, the oscillogram in Fig-
ure 5.14 shows the gate-source voltages of the upper and the lower JFETs and the
current through Jm1 when the duty ratio approximately equals 0.25.

5.4 Limitations of the Self-Powered Gate Driver

The presented SPGD is a circuit solution to the normally-ON problem of
SiC JFETs. In this chapter, the design process, the operating states and various
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Figure 5.13: 24 Measured gate-source voltage of the upper SiC JFET, Jm1 (pink
line, 10 V/div), gate-source voltage of the lower SiC JFET, Jm2 (yellow color, 10
V/div), shoot-through current IJm

measured on the drain of Jm1 (green line, 10
A/div) and on the drain of Jm2 (purple line, 10 A/div), (time-base 10 ms/div).

experimental results have been presented. However, there are basically three design
limitations regarding the SPGD which must be taken into consideration.

1. The first design limitation has already been analyzed above. This deals with
the values of the short-circuit currents which flow through Jm and Jaux. These
currents are adjusted by properly selecting the value of the start-up resistor,
Rstart−up. Two issues which are related to the selection of the short-circuit
currents must be taken into account during the design process of the start-
up converter. These currents must always be kept within certain limits, in
order to avoid any thermal destruction of the devices. On the other hand,
IJaux

must be adequately high such that the stored energy in C1 will also be
enough in order to keep both Jm and Jaux in the off-state until the steady-
state converter starts operating. Furthermore, it has been shown that the
output voltage of the start-up converter also depends on the value of IJaux

(Figure 5.9). For instance, if the shoot-through current IJaux
equals 5 A, then

in order to reach the desirable output voltage Vsu, a very low capacitor value
is required. However, the stored energy in this case might not be sufficient to
keep both SiC JFETs in the off-state for a certain time interval.

2. A basic requirement in order to activate the start-up converter of the SPGD
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Figure 5.14: Measured gate-source voltage of the upper SiC JFET, Jm1 (pink
line, 10 V/div), gate-source voltage of the lower SiC JFET, Jm2 (yellow color, 10
V/div), drain current of the upper SiC JFET IJm1 (green line, 5 A/div), (time-base
10 ms/div).

is a rapidly increased shoot-through current, which implies that the input
impedance is low. On the contrary, if the input impedance is high, the slopes
of the shoot-through currents are also less steep. Thus, a longer time is
required in order for the start-up converter to supply an adequately negative
Vsu. Considering, for instance, a typical dc/dc boost converter, the input
impedance of this circuit is high due to the series connected inductor. Thus,
the slope of IJaux

is slow and the time necessary to activate the start-up
converter is longer compared to the low-impedance case. Such a situation
might result in thermal destruction of the SiC JFETs due to the shoot-through
current. However, in the case of an inverter leg where the input impedance is
low, and the SPGD is able to efficiently operate without facing any activation
problems.

3. The shut-down process of the SPGD also counts as a design limitation. In the
case, for instance, of a phase-leg where SPGD units are employed, the stored
energy in the dc-link capacitor must be dissipated before the power to the
gate drivers disappears. If the power to the gates disappears faster than the
stored energy in the dc-link capacitor, the normally-ON SiC JFETs will be
subjected to a shoot-through current, which might thermally destroy them.
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There might be several different ways to dissipate the stored energy of the
dc-link capacitor. This energy can, for instance, be dissipated to the load as
such, or through discharging resistors. Generally, the solution to this design
issue is, to some extent, related to the design of the whole system and not to
the individual SPGD units.

5.5 Conclusion

In this chapter, a self-powered gate driver which is basically a circuit solution
to the normally-ON problem of the SiC JFET has been presented. The proposed
circuit is not only able to clear the short-circuit current within reasonable times,
but also to continuously supply an adequately negative voltage to the gate driver in
the off-state during the steady-state operation. It consists of the start-up converter
which is a dc/dc forward converter without a freewheeling diode and the steady-
state dc/dc flyback converter which converts a high-voltage input to a negative
low-voltage output. A certain value of the short-circuit current is necessary in order
to activate the start-up converter. However, it has been shown that this current
does not need to be particularly high if the passive components of the start-up
converter (T/F1 and C1) are properly adjusted. Thus, the devices are kept far from
their thermal limits. Furthermore, the parameters of the steady-state converter
can be selected in such a way that its output voltage is also properly adjusted
according to the design requirements. The proposed self-powered gate driver was
experimentally investigated on a stand-alone test circuit and when employed in a
half-bridge converter. From experiments, it is shown that even if the shoot-through
current is half of the rated current of the JFET, the start-up converter can clear
the short-circuit current within approximately 20 µs. Finally, it is also shown that
the self-powered gate driver is able to normally switch the upper and the lower SiC
JFETs employed in a half-bridge converter.



Chapter 6

Applications of SiC power devices

The information presented in this chapter is based on Publications III and
IX.

6.1 Introduction

The advantageous performance of SiC power devices compared to silicon coun-
terparts have been shown in several sections in this thesis. Considering the charac-
teristics of SiC power devices, there are three different design directions which can
be followed: high switching frequency, high efficiency and high temperature [Pub-
lication I]. However, in order to fully commercialize SiC power devices, such as SiC
JFETs, MOSFETs and BJTs, several remaining issues must be solved. Such issues
might either be related to the material quality and structure design of the devices
as such, or to the driving of the devices and these issues have already been ana-
lyzed in Chapter 2. At a later stage extensive investigations regarding a multitude
of reliability issues must be performed.

The potential to replace the existing silicon technology with the promising
SiC technology in a wide range of power electronics applications has been shown by
various research groups around the world. Laboratory prototypes of isolated and
non-isolated dc/dc converters, as well as dc/ac and ac/ac converters rated from
a few hundreds of W up to tens of kW have been demonstrated during the last
decade [17,26,72–75,79,87,88], [Publication IV]. To the knowledge of the author,
however, none of them have been commercialized due to quite obvious reasons. In
particular, if a SiC device has excellent performance from the switching and the
conduction loss points-of-view, it might suffer, for instance, from the normally-ON
problem (normally-ON vs. normally-OFF JFETs). Furthermore, a similar situation
can be seen in the case of SiC MOSFETs, where the instability of the gate-oxide
layer at elevated temperatures counts as an obstacle to employ this device at high-
temperature applications. Similar examples are also met in the case of SiC BJTs,

75
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where the need for base drive power is significantly higher than for a corresponding
silicon IGBT.

In this chapter, two potential applications where the main design target is
high efficiency are presented. The first application is the so-called Modular Mul-
tilevel Converter (M2C), where one of the sub-modules was built using SiC power
devices, while the second one is a conventional two-level voltage source converter
(VSC) with several parallel-connected SiC devices in each switch position. In both
prototypes normally-ON SiC JFETs were employed. Theoretical estimations of
various important quantities along with experimental results are shown for both
converters.

6.2 Modular multilevel converter with normally-ON SiC
JFETs

For high-power converters with power rating higher than 10 MW, a very
promising topology, which has been proposed more than ten years ago, is the M2C
[89, 90]. A vital building block of this converter is the half-bridge submodule.
A number of submodules are series connected to form an arm (Figure 6.1). A
small inductor is also connected in series with each arm in order to take up the
voltage difference when the submodules are switched in or out. Figure 6.2 illustrates
the simplified schematic diagram of a single submodule. It consists of two series
connected power semiconductor switches, T1 and T2 with two antiparallel diodes,
D1 and D2, respectively. The storage element on the input of each submodule is a
capacitor, which can either be inserted or bypassed (according to the modulation
pattern) in order to obtain a certain output voltage waveform. Two important
quantities that must properly be controlled are the voltages across the capacitors
and the circulating currents in the arms.

The M2C has the advantages of excellent output waveforms and very high pos-
sible efficiency. In particular, efficiencies in the range of 99.5% have been reported
for HVDC M2Cs [89]. The main reason for high efficiency is the very low switching
frequencies that are used in an M2C. For instance, for a converter that operates at
50 Hz of fundamental frequency, the required switching frequency might be equal
to 150 Hz [89]. However, switching frequencies equal to the fundamental have also
been reported for M2Cs [91]. It is, therefore, obvious that the main contribution to
the total power losses of such a system is the conduction losses. This kind of losses
depend on the on-state voltage drop of the power semiconductor devices, which
must be kept as low as possible.

Potentially lower on-state power losses can be obtained using SiC power de-
vices compared to, for instance, high-voltage silicon IGBTs. However, fabrication of
SiC IGBTs suffers from various issues as already mentioned in Chapter 2 (stability
of the gate oxide layer, far too high resistivity etc). Keeping the fabrication prob-
lems of SiC IGBTs in mind the three most realistic switch candidates are the SiC
JFETs and the SiC BJTs, as well as the SiC MOSFETs. Even though the ratings
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Figure 6.1: Schematic of the M2C converter.

Figure 6.2: Schematic diagram of a single submodule.
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of the currently available devices are not sufficient for high-power applications, it is
not unrealistic to foresee substantially increased ratings within 5 years. Comparing
these three SiC devices, it turns out that the normally-ON SiC JFET is the most
promising one from the performance and the driving requirements points-of-view.
Moreover, issues related to the fabrication of SiC MOSFETs have also been pre-
sented in Chapter 2, while the specific on-state resistance of SiC MOSFETs are
higher compared to SiC JFETs. Furthermore, the SiC BJT is a current-driven
device, and especially a large amount of base current is required if high currents
flow. Regardless of these characteristics, it is believed that an additional advan-
tage of employing SiC JFETs is the diodeless operation. In diodeless operation,
the reverse current can flow through the channel of the device resulting in lower
conduction losses than if antiparallel SiC diodes had been employed (e.g. in the
case of SiC BJTs). Based on the information given in Chapter 2 and in conjunction
with the short overview of the SiC power devices given in this section, it is likely
that the best candidate SiC device for the future high-power M2C converters is the
SiC JFET. The potential benefits of employing normally-ON SiC JFETs in a M2C
have been demonstrated on an existing 3 kVA M2C lab prototype, while power loss
estimation for future high-voltage SiC JFETs have also been performed based on
device simulation studies.

The information presented in this section has been derived from [Publication
III], [56]. However, this section only shows a general overview of these publications
and mainly focuses on the potential benefits of using SiC JFETs in an M2C topology.
Information regarding the design and the control of the topology as such, is not
treated in this section at all.

Submodule design with SiC devices
The schematic diagram of a single submodule has already been presented in

Figure 6.2. Each phase-leg of the existing lab prototype consists of 10 submod-
ules, which have been implemented using conventional silicon MOSFETs rated at
300 V and 46 A. For the current investigation, however, one of the submodules
was redesigned using normally-ON SiC JFETs. Thus, the feasibility of employing
normally-ON SiC JFETs in an M2C is going to be investigated.

Each submodule has been implemented on an individual printed circuit board
(PCB), while the main storage unit is an electrolytic capacitor which is placed
aside to the submodule. A film capacitor is also connected on the PCB, such that
the effect of the stray inductances is reduced. In order to drive the normally-
ON SiC JFETs, this PCB has properly been modified as shown in Figure 6.3. In
particular, it is the gate-drive circuit which is different between the two different
power semiconductor devices. A negative gate-source voltage is required in order to
turn OFF the SiC JFETs, while in the case of silicon MOSFETs, which are basically
normally-OFF devices, a positive gate-source voltage turns ON the device. It must
be noted that the SiC submodule was implemented using SiC LCJFETs, while no
external antiparallel diodes were connected with the JFETs. Nevertheless, this
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(a)

(b)

Figure 6.3: Schematic diagrams of the submodule with (a) silicon MOSFETs and
(b) SiC LCJFETs.

kind of SiC JFETs have an antiparallel body diode, which only conducts during
the blanking time. The blanking time has been set equal to 100 ns. After the
blanking time, the complementary JFET is turned ON, and thus the reverse current
is flowing through the channel of the device. Therefore, lower conduction losses are
expected since the on-state voltage drop of the channel is lower compared to that
of the antiparallel body diode. The voltage across the capacitor of each module
is measured using a voltage controlled oscillator (VCO), as depicted in Figure 6.3.
Detailed information regarding the design of the silicon and SiC submodules is
given in [Publication III].
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Experimental results

Even though the M2C aims to be used in high-power applications, the ex-
periments were performed on a down-scaled prototype which is rated at 3 kVA.
This prototype consists of 5 submodules per arm, which means 10 submodules per
phase-leg. However, in a high-power M2C, the number of submodules will be signif-
icantly higher. One of the submodules employed in the upper arm of the converter
prototype was replaced by the SiC submodule. An open-loop control algorithm,
which has been proposed in [92], was utilized during the experiments.

The main focus of these experiments was the performance of the SiC submod-
ule during the normal operation of the prototype. Thus, various electrical quantities
related to the SiC submodule were measured.

Figure 6.4 shows the current and the voltage of the upper arm of the M2C,
while the third trace of this figure depicts the drain-source voltage across the lower
SiC JFET employed in the SiC submodule. It is clear that the converter operates
as expected. Moreover, the switching of the SiC JFET is also normal, as can be
seen from Figure 6.5. The upper and the lower traces of this figure illustrate the
switching currents flowing through the upper and the lower SiC JFETs, respectively.
The currents shown in this figure correspond to the drain-source voltages which are
presented in the lowest trace in Figure 6.4. Based on Figure 6.5, it is also proven
that the operation of the two SiC JFETs is complementary as expected. Moreover,
it is clear that the reverse current (negative current shown in Figure 6.5) also flows
through the devices. With the chosen control method, the switching states are not
identical for each time period, but they depend on the charges of the submodule
capacitors and the sorting algorithm. As mentioned above, the low switching fre-
quency of the M2C is one of its greatest advantages. Thus, low switching losses
are also anticipated. This statement is verified by carefully examining Figures 6.4
and 6.5. From these figures it is clear that either the upper or the lower SiC JFET
is switching 7 times during the 2 fundamental-cycles frequency shown in these two
figures.

Finally, Figure 6.6 presents the voltages across the capacitors of the phase-leg
in which the SiC submodule is connected. These 10 voltages look similar to each
other even for the SiC submodule, also proving that it operates in the same way of
operation as the silicon submodules.

Power loss estimation

Apart from the experimental results showing the normal operation of the SiC
submodule in the M2C, it is also worth to investigate the performance of a future
high-power M2C, equipped with high-voltage SiC JFETs. For this study, a 350
MW three-phase M2C which is completely equipped with high-voltage normally-
ON SiC JFETs without external antiparallel diodes has been considered. Data
from two different high-voltage normally-ON SiC JFETs have been used in order to
estimate the power losses. The first SiC JFET is rated at 3.3 kV and the second one
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Figure 6.4: Upper-arm current and voltage, and drain-source voltage of the lower
SiC JFET.

at 4.5 kV, while the current rating of both equals 1.2 kA. The on-state resistances of
these two JFETs at 150oC, as well as the switching energies at turn-ON and turn-
OFF are shown in Table 6.1. It must be noted that the values shown in this table
have been calculated using the software Medici and considering a current density of
200 A/cm2 and a switching speed of di/dt = 500A/µs. Even though the switching
energies for the two SiC JFET cases are similar, the on-state resistance of the 4.5 kV
JFET is significantly higher, because this device is closer to the theoretical limits
of the unipolar SiC devices [93]. Although it seems that these high-voltage SiC
JFETs are unrealistic devices today, in the future such devices might be fabricated.

The parameters for the HVDC M2C which is considered in these calculations
are summarized in Table 6.2. Moreover, a few assumptions must also be made in
order to calculate the power losses and the efficiency of the 350 MW three-phase
M2C:
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Figure 6.5: Switching currents of the SiC JFETs.

Figure 6.6: Capacitor voltages for a whole phase-leg during steady-state operation.
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Table 6.1: SiC JFET on-state resistances and switching energies at 150oC.

3.3 kV SiC JFET 4.5 kV SiC JFET
On-state resistance (mΩ · cm2) 7.8 29
Turn-ON energy (µJ) 68 57
Turn-OFF energy (µJ) 75 74

Table 6.2: Parameters of the HVDC reference systems.

3.3 kV SiC JFET 4.5 kV SiC JFET
dc-link voltage (kV) 300 300
Rated power (MW) 350 350
Nominal voltage of each submodule (kV) 1.8 2.4
Number of submodules per arm 167 125

• Power losses associated to the gate-drive circuits and to the auxiliary power
supplies have been neglected since they are significantly lower compared to
the conduction and the switching losses. However, in practice these power
losses must also be taken into account.

• The inductor power losses are also neglected.

• Since the voltage rating of each SiC JFET is 3.3 kV, a voltage of 1.8 kV is
assumed across the capacitor of each submodule. Similarly, a voltage of 2.4
kV is assumed across the capacitor when 4.5 kV devices are used.

• Considering a dc-link voltage of 300 kV, a number of n=167 submodules are
required per arm in the case of 3.3 kV SiC JFETs, while in the case of 4.5 kV
devices this number equals n=125.

• The power is flowing from the dc to the ac side.

• Based on the experimental results, each JFET is switching 4 times on aver-
age every fundamental-frequency cycle. Assuming that the fundamental fre-
quency of the output voltage equals 50 Hz, the average switching frequency
is considered to be approximately 200 Hz.

• Due to the very narrow blanking time (100 ns), the conduction losses of the
body diodes are also neglected.

• The function of the upper and the lower SiC JFETs in each submodule is
complementary.

The power losses have been estimated at various power levels of the M2C
considering both SiC JFET cases. Figures 6.7 and 6.8 show the conduction and
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the switching power losses when 3.3 kV and 4.5 kV SiC JFETs are taken into con-
sideration, respectively. From both figures, it is clear that regardless of the voltage
rating of the SiC JFETs, the switching losses are significantly lower compared to
the corresponding conduction losses. Moreover, the total power losses when 3.3 kV
SiC JFETs are employed, are lower than in the case of 4.5 kV devices. Thus, a
cooling system with a smaller volume is required in the case of 3.3 kV SiC JFETs.
Finally, Figure 6.9 illustrates the efficiency of the studied M2C at various output
power levels for both cases of SiC JFETs. The obtained efficiency using SiC JFETs
is at least 0.3% higher than if 4.5 kV silicon IGBTs would be used [89].

Figure 6.7: Power losses for different output power levels with 3.3 kV SiC JFETs.

Conclusion
The potential advantages of building high-power M2Cs equipped with normally-

ON SiC JFET has been presented. By employing currently available normally-ON
SiC JFETs, a submodule of a down-scaled prototype has been designed and ex-
perimentally tested. During the operation of the SiC submodule with the exist-
ing silicon-based submodules a normal operation has been achieved as expected.
Moreover, it has been shown that the diodeless operation is feasible by employing
normally-ON SiC JFETs. This fact might also contribute to further cost reduction
of future SiC M2Cs.

Finally, the case study of a future 350 MW M2C reveals that an increase
of 0.3% in the efficiency, compared to a typical silicon based counterpart, can be
achieved.
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Figure 6.8: Power losses for different output power levels with 4.5 kV SiC JFETs.

Figure 6.9: Comparison of the SiC M2C efficiency for both high-voltage SiC JFET
cases considering a junction temperature of 150oC.
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6.3 40 kVA three-phase inverter

As already presented in the introduction of this chapter, there are three pos-
sible design directions when SiC power devices are employed: high switching fre-
quency, high efficiency, and high temperature. When minimization of the volume
and weight of the passive components is necessary, the high-switching-frequency ap-
proach should be followed. However, in the case, for instance, of industrial motor-
drive inverters high switching frequency is not necessary as the inductance of the
electric motor is sufficiently large in order to filter the current already at moderate
frequencies. On the other hand, if the high-temperature-design direction is chosen,
special packaging technology is required, such that the various components (passive
components, logic circuits etc.) can withstand the high temperatures. The third
design direction is the high-efficiency approach. If this direction is only followed,
special packaging technology is not necessary. Moreover, using a high-switching
frequency is not a primary design requirement for medium and high-power inverter
circuits.

Considering that a dc/ac inverter with very high-efficiency should be built,
the starting point of the design process is to study the various power loss contri-
butions. In particular, the three different power loss contributions in the inverter
total losses are the on-state and the switching power losses, as well as power losses
associated with the auxiliary and gate-drive circuits. The on-state power losses can
be minimized if the on-state resistances of the power semiconductor switches are
properly minimized. On the other hand, the switching power losses mainly depend
on the switching speeds of the devices. The switching speed of the switches can
be adjusted to a desired value by means of properly tuning the parameters of the
gate drivers. Finally, the power consumption of the gate-drive circuits can also be
optimized if a sophisticated design of the PCBs is followed.

Taking into consideration all the information presented above, and assuming
that the power semiconductor devices employed are normally-ON SiC JFETs, the
design process of a three-phase VSC rated at 40 kVA and having an efficiency
exceeding 99.6% is shown. Various design aspects of the VSC prototype as such
are discussed and information regarding the gate-drive circuits is given. Last but
not least, the very high efficiency of the converter has also been measured by using
a developed electro-thermal method [Publication IX].

Design and construction of the 40 kVA VSC

Since the rated power of the VSC equals 40 kVA and assuming a typical output
voltage of 400 V rms, the phase current has been calculated to be equal to 58 A
rms, which means a peak current of approximately 82 A. It is, therefore, clear that
the current ratings of the available SiC power switches are not sufficient to carry
this current. Thus, as already discussed in Chapter 4, parallel-connection of several
discrete SiC devices seems to be the only solution in order to reach higher currents.
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The SiC DMVTJFETs which have been chosen are rated at 1200 V and 27 A
at RT. According to the manufacturer the on-state resistance at RT equals 85 mΩ
and the chip area is 4.5 mm2. Due to the unavailability of power modules at the
time of building this VSC, discrete SiC JFETs in TO-247 package were used. An
estimation of the expected switching losses has been done based on the switching
waveforms of this certain JFET, as shown in Chapter 4. Taking into account all the
information regarding the power losses caused in the JFETs and also the ratings of
the converter, the efficiency has been estimated as a function of the total chip area
of the parallel-connected JFETs per switch position. The graphical representation
of these calculations is shown in Figure 6.10. It is clear that the efficiency starts
saturating when the chip area exceeds approximately 50 mm2, while the maximum
value is reached when the total chip area is larger than 150 mm2. Assuming that
the SiC DMVTJFETs which are employed have a chip area of 4.5 mm2, it does not
pay off to have more than 15 chips connected in parallel. An even larger number of
parallel-connected JFETs might result in even higher efficiencies. However, if more
than 10-15 JFETs are employed, the complexity of the system will be higher, on
the one hand, while on the other hand the total efficiency will not be significantly
higher. Moreover, with large numbers of parallel-connected JFETs, the gate driver
design becomes more complicated and the associated power consumption of them
is also increased. Consequently, it has been decided to employ only 10 parallel-
connected SiC DMVTJFETs in each switch position. This number of parallel-
connected JFETs gives a good trade-off between low power losses and complexity
of the system. The total chip area of the devices per switch position equals 45
mm2, which is close to the point where the efficiency is “driven” into the saturation
region (Figure 6.10).

The different contributions of the power losses have been investigated sepa-
rately. The on-state power losses are decreasing when the number of the parallel-
connected SiC JFETs is increasing. In other words, it is basically the current
density which is reduced and thus, assuming a constant current flowing through
the devices the conduction losses are also reduced. In fact, the current density in
this case equals approximately 180 A/cm2, which is still much higher than the usual
current density of silicon devices. Assuming 75 oC as the operating junction tem-
perature of the JFETs, the on-state resistance of 10 parallel-connected devices per
switch position equals 10 mΩ. Therefore, the corresponding on-state power losses
have been estimated to be slightly higher than 100 W. The switching losses are
also increasing with the number of parallel-connected JFETs, due to the parallel-
connection of the stray capacitances of the devices and the parasitic inductances
of the circuit layout. Moreover, the distribution of the switching losses among the
parallel-connected JFETs is of high importance and it has been investigated deeply
in [Publication V]. A brief estimation of the expected switching losses has also
been performed. Assuming a switching speed of 10 kV/µs and the nominal con-
ditions of the inverter (700 V, 82 A and 10 kHz), the switching losses have been
estimated to be 38 W. Hence, apart from the power consumption of the drivers
and the control unit, a rough estimation of the total power losses in the SiC JFETs
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Figure 6.10: Efficiency versus the total chip area of the parallel-connected
DMVTJFETs per switch position.

as such are approximately 138 W. The power losses of the gate-drive circuits also
increase if the number of parallel-connected devices is increased.

As mentioned above, the parallel-connected JFETs operate in a diodeless
operation. The reverse current is able to flow through the channel of the JFETs
instead through the antiparallel diodes. However, for safety reasons, a SiC Schottky
diode was antiparallel-connected in each switch position. The on-state voltage drop
across the 10 parallel-connected JFETs equals approximately 0.8 V at the rated
current of the VSC and the threshold voltage of the SiC diode is 0.85 V. Thus, the
SiC Schottky diode only conducts during the blanking time, which has been set
to 250 ns, while after this the reverse current flows through the JFETs. This also
means that the power losses of the VSC are not influenced by the power factor of
the load. Moreover, the conduction losses of the diodes are negligible, and hence
they have not been taken into account during the estimation of the VSC losses.

In order to drive the parallel-connected SiC JFETs in the most efficient way,
DRC gate drivers have been employed. In Chapter 4, it has been shown that
this gate driver is able to handle the spread in the reverse breakdown voltages of
the gates among the parallel-connected SiC JFETs. In addition to this, the 60
DMVTJFETs have been sorted with respect to their reverse breakdown voltages of
the gates and they were divided into 6 groups. Each group consists of 10 JFETs
having the closest reverse breakdown voltages of the gates. These groups were then
used to form the six switch positions of the inverter. A separate DRC gate driver
is employed for each discrete SiC JFET as shown in Figure 6.11, while the supply



6.3. 40 KVA THREE-PHASE INVERTER 89

voltage to the gate drivers equals –30 V.

Figure 6.11: Schematic diagram of the separate DRC gate drivers for the parallel-
connected SiC JFETs employed in the 40 kVA VSC.

The main design challenge during the construction phase of the VSC prototype
deals with the placement of the large number of discrete power devices on a common
heatsink. The total number of discrete devices to mount equals 66, which are 60
SiC JFETs and 6 SiC Schottky diodes (11 devices in TO-247 package in each switch
position). Thus, there is a risk that the stray inductance of the busbar layout is high
and that this might have adverse effects on the switching transients. However, in
order to compensate for the stray inductances, distributed dc-link capacitors were
connected across the parallel-connected discrete SiC JFETs as shown in Figure 6.12
(grey capacitors mounted in the space between the discrete JFETs). This figure
illustrates one phase-leg of the VSC during the assembly phase. A heatsink with
the dimensions of 300×300×40 mm was used, and the overall shape of the busbars
resembles a rotated capital letter E where the three-phase outputs and two DC
inputs are also depicted in Figure 6.12. Furthermore, the gate driver PCBs for
the upper and the lower switch positions were mounted vertically to the heatsink.
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The SiC Schottky diodes are also shown in Figure 6.12. It must be noted that
each antiparallel diode has been mounted in the opposite row to the corresponding
switch position. In total, six additional dc-link capacitors have also been mounted
close to the dc-input and the ac-output as shown in Figure 6.13. The dimensions of
the final prototype are also presented in this figure. Taking into consideration these
dimensions and the rated power of the inverter, a power density of approximately
3.6 kW/dm3 is obtained. There is no doubt that much higher power densities can
be reached when SiC devices are packaged in a module [75,76].

Figure 6.12: Phase-leg with gate-drive PCBs during the assembly process.

Experimental verification
In order to verify the very high efficiency of the 40 kVA three-phase SiC VSC,

two sets of experiments were performed. During the first set of measurements, the
SiC VSC was loaded with a resistive-inductive load which equals 50% of the rated
power. The load was composed of three 1 mH air-cored inductors and adjustable
resistors. A high-accuracy power meter (Yokogawa WT-3000) has been used to
measure the power losses and the efficiency as illustrated in Figure 6.14. Space-
vector pulse-width modulation (SV-PWM) and a switching frequency of 10 kHz
have been used for the measurements.

Figure 6.15 depicts the output line to line voltage of the inverter, as well
as the phase currents. The measured power losses approximately equal 106 W
which correspond to an efficiency of 99.47%. It must be noted, that since the
output voltage of the VSC has been measured across the adjustable resistive load,
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Figure 6.13: Prototype of the 40 kVA SiC VSC.

the resistive losses of the air-cored inductors had to be subtracted. However, power
losses associated with eddy currents and also additional power losses of the inductors
are included in the final power loss value (106 W). Thus, the final estimation of the
efficiency is slightly higher than 99.47%.

Figure 6.14: Schematic diagram of the experimental setup with resistive-inductive
load.

The second set of measurements has been performed at both 50% of resistive-
inductive load and at full apparent power by employing a pure inductive load. The
main feature of this set of measurements deals with the way that the efficiency was
measured. In particular, an electro-thermal method has been developed in order to
accurately obtain the efficiency of the 40 kVA SiC VSC. The basic assumption which
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(a)

(b)

Figure 6.15: Waveforms recorded during operation with resistive-inductive load at
50% of the rated power (a) dc-link and output line-line voltages and (b) phase
currents.
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was made is that regardless of the type of the power losses (conduction or switching
losses), their sum causes the same temperature rise of the heatsink. Thus, the
temperature of the heatsink during the steady-state operation can be used as a non-
electrical measurable quantity which represents the power losses of the converter.
Before performing measurements of the temperature rise on the heatsink under
PWM operation of the VSC, dc-characterization tests were necessary. Thereby, the
power losses as a function of the temperature rise are determined.

The 60 SiC JFETs employed in the VSC were kept in the ON-state by turning
OFF the supply to the gate drivers and a direct current was fed through all of them.
Under these conditions, the JFETs operate as resistances and hence, the quantities
which were measured during these tests were the direct current and the voltage
across the JFETs as well as the temperature rise on the backside of the heatsink
(Figure 6.16). It must be noted that the temperature has been measured using an
infrared thermal camera. Thus, the power which causes a certain temperature rise
on the heatsink can be determined. As seen from Figure 6.13, the discrete devices
are spread in the whole area of the heatsink. Thus, the temperature distribution on
the heatsink was uniform and the average temperature rise of the heatsink can be
accurately determined without special averaging functions. If, for instance, power
modules would have been used, the temperature rise would have been higher in the
area close to the modules compared to the free space between them.

Figure 6.16: Schematic diagram of the experimental setup and measurement
method during the dc-characterization tests.

The SiC VSC was characterized at various direct currents and power values
where a typical heat-up test approximately lasted for 1.5 h. Images using the ther-
mal camera were recorded (as shown in Figure 6.17) and analyzed every 5 minutes in
order to ensure that steady-state conditions were established in each measurement
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cycle. Selected data from the direct current and dc power characterization tests are
summarized in Table 6.3. When a constant direct current was fed to the JFETs, the
corresponding power was changed due to the temperature variations of the on-state
resistances of the devices. Thus, the values of the power for constant direct current
tests (shown in the third column of Table 6.3), are the average values during the
measuring time period of 1.5 h. Due to the power variations, tests with constant
power, where the direct current was continuously adjusted, were also performed.
The corresponding results are presented in the last two rows of Table 6.3.

Figure 6.17: Thermal camera image of the backside if the heatsink.

Table 6.3: dc-characterization test results.
No. of test Current conditions Power (W) Temperature rise (oC)
DC1 Idc=80 A 38.5 12
DC2 Idc=120 A 85.9 25.6
DC3 Variable current 100 28.3
DC4 Variable current 120 34.1

Two sources of measurement errors have been found during the electro-thermal
tests. The first one is related to the accuracy of the measurement of the direct volt-
age and current during the dc-characterization tests. The second one is associated
with keeping the ambient temperature constant during the experimental procedure.
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Furthermore, the conditions under which the temperature rise of the heatsink has
been measured can also affect the accuracy of the results. However, the distance
between the thermal camera and the backside of the heatsink has been kept the
same during all the measurements. Finally, it is believed that the worst case mea-
surement error might be kept lower than 5%. However, the main goal by performing
these characterization tests was to obtain a reasonable relation between the power
losses and the temperature rise of the heatsink.

The electro-thermal method was first used on the SiC VSC while it was op-
erating with a resistive-inductive load at 50% of the rated power. A temperature
rise of approximately 13oC was recorded. Consequently, by comparing this tem-
perature rise with the results from the dc-characterization test, the power losses
of the power semiconductor devices were estimated to be approximately 50 W and
the corresponding efficiency 99.75 W. Nevertheless, the power consumption of the
gate-drive circuits have not been taken into account.

The second test of the three-phase SiC VSC has been performed by employing
a pure inductive load and operating the inverter at the rated power. A fundamental
frequency of 500 Hz was used in order to reach the desired output reactive power,
while the switching frequency was kept at 10 kHz. Various electrical quantities
which were measured during the experimental procedure with the pure inductive
load at the rated power are illustrated in Figure 6.18. Moreover, an average temper-
ature rise of approximately 34oC was observed during this test, which corresponds
to power losses of approximately 120 W. It must be noted that this number only
corresponds to the power losses caused in the SiC JFETs as such, and not in the
gate-drive units. Under the typical operating conditions (10 kHz of switching fre-
quency and SV-PWM), the power consumption of the gate driver was measured to
be 24 W. Thus, the total power losses of the whole system are approximately 144
W, which results in efficiency exceeding 99.6%.

There is no doubt that the electro-thermal method of efficiency estimation
might be affected by various measurement errors. It is, however, believed that the
main source of errors is the measurement of the dc power, while the measurement of
the heatsink temperature was conducted under exactly the same conditions without
significant changes in the system configuration (same distance between the thermal
camera and the backside of the heatsink, approximately the same ambient tem-
perature, etc.). Therefore, if any errors had appeared they were cancelled by the
comparative nature of the method. Even in the worst case, as mentioned above,
where the measurement error is 5%, the power losses would be equal to 151 W,
which also corresponds to an efficiency well above 99.6%.

In order to obtain a more precise value for the accuracy, a more detailed
investigation of the various error contributions was performed. Based on the man-
ufacturer calibration data for dc voltage and current measurements, the estimated
error is approximately 2.7% of the reading values. Moreover, errors associated with
measuring the ambient temperature, using a mercury-in-glass thermometer, must
also be taken into account. In particular, the measuring error of the mercury-
in-glass thermometer equals 0.1oC of the reading value and the reading error is
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considered to be 0.1oC of the reading value. Thus, taking into account data from
the dc-characterization tests, the resulted error in the power loss estimation equals
±0.36 W of the total losses of 120 W. All in all, the worst case error regarding the
estimation of the power losses in the main circuit is approximately equal to 3%. If
this is calculated in terms of power, it equals ±3.6 W.

Similar considerations can also be done for the measurement of the auxiliary
power consumprion. The error of measuring the power consumed in the gate-drive
circuits and in the controller equals 2%. Taking into account that the estimated
auxiliary power consumption is 24 W, the worst case error would be ±0.48 W.

Consequently, the total efficiency of the inverter including any possible accu-
racy errors has been calculated to be 99.63–99.65%. However, even if a worst-case
error of 10% in the power loss measurement is considered, the estimated efficiency
will also exceed 99.6%.

An additional feature of the presented three-phase SiC VSC, which can be
foreseen based on the very promising experimental results, is the exceptionally low
cooling requirements of the system. In particular, a natural-convection cooling is
enough in order to dissipate the power losses caused in the VSC and keep the system
within reasonable temperature limits (typically at temperatures lower than 50oC).

Conclusion

In this section, a 40 kVA three-phase VSC with natural-convection cooling
and an efficiency exceeding 99.5% has been presented. Two main constraints have
been taken into consideration during the design phase. The first one is to reduce the
conduction power losses. This has been achieved by parallel-connecting several SiC
devices. Thus, keeping the rated current constant, the current density is reduced.
However, it was still kept much higher than the corresponding current density of
silicon devices. The second constraint deals with further decreasing the switching
power losses, since the switching frequency in this case is significantly higher than
in the SiC M2C. The switching power losses can be reduced, by properly adjusting
the switching speeds of the SiC switches. All in all, it has been shown that an
efficiency approximately 99.6% can be reached for this 40 kVA VSC at a current
density of 180 A/cm2 and by using 10 kV/µs as switching speed of the devices.
It must be noted that the current density is significantly higher than the typical
current density of silicon devices (100 A/cm2). Finally, the power density of this
converter was found to be 3.6 kW/dm3.

In addition to the design of the high efficiency SiC VSC, an electro-thermal
method for accurately measuring the efficiency has also been developed. A detailed
description of the measurement procedure is shown above. It is believed that the
worst case measurement error is not higher than 5%.
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(a)

(b)

Figure 6.18: Waveforms recorded during operation with pure inductive load at
rated power (a) dc-link and output line-line voltages and (b) phase currents.
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6.4 Conclusion

This chapter shows two possible future applications of normally-ON SiC JFETs.
The main design target for both deals with the very high efficiency, which counts as
one of the three possible design directions when SiC power devices are used. The
key factor to reach efficiencies exceeding 99.5% using SiC device is to find ways in
order to further reduce the conduction and switching power losses.

Based on the current development of SiC power switches, the only way to
reach lower conduction losses is to reduce the current density of the devices. This
can basically be done by parallel-connecting several devices or chips. However, in
the future, high-power SiC devices having reasonably low on-state resistances are
expected. Therefore, high-power converters are also expected to operate with very
low conduction losses.

On the other hand, the switching power losses must also be reduced, by prop-
erly adjusting the switching speeds of the SiC switches. As mentioned in Chapter
2, SiC power devices exhibit higher switching speeds compared to the silicon coun-
terpart and they can, therefore, operate with lower switching losses. However,
electromagnetic interference (EMI) issues caused due to the high switching speeds
must also be handled in a proper way.

In this chapter, two design cases were dealt with. It has been shown that
an efficiency exceeding 99.6% can be reached for a three-phase 40 kVA VSC at
a current density of 180 A/cm2. Moreover, efficiencies in the range of 99.8% are
expected for a 350 MW M2C equipped with high-voltage normally-ON SiC JFETs.

The main message of this chapter deals with showing the potential benefits
of replacing the existing silicon technology with the SiC one, in power electronics
converters operating in a wide range of rated powers.



Chapter 7

Conclusions and Future Work

In order to foresee the potential benefits of replacing the existing silicon tech-
nology with SiC in power electronics applications, the currently available SiC power
devices have been presented. SiC material properties in conjunction with a brief
description of the structures and characteristics of the “commercially” available SiC
switches reveals that they count as excellent candidates if high-temperature, high
efficiency, and high switching frequencies are desired. Four different SiC power
semiconductor switches were available as engineering samples at the end of 2012.
These are the SiC normally-ON and normally-OFF JFETs, the SiC BJT and the
SiC MOSFET. However, it is shown that each of them suffers from various issues
(e.g. normally-ON characteristics of the SiC DMVTJFET, current-driven SiC BJT
etc.). Moreover, the expected performance of the future SiC power devices, which
are mainly intended for high-voltage applications, is also presented in Chapter 2.
High-voltage SiC power devices with voltage ratings exceeding 10-12 kV have al-
ready been demonstrated, while it is believed that such SiC devices will be available
for evaluation within the next decade.

The main focus of this thesis deals with the investigation of various aspects
regarding the normally-ON SiC JFET. Among all the aforementioned SiC devices,
the normally-ON SiC JFET requires the simplest fabrication process, while it has
no gate-oxide layer and it is a voltage-driven switch when it is compared to the
SiC MOSFET and SiC BJTs, respectively. The main drawback, however, is the
normally-ON characteristic. The choice of the normally-ON SiC JFET for investi-
gation is fully motivated in Chapter 3.

Regardless of the device type, the available chip sizes at present and in a
foreseeable future will not be sufficient for single-chip high-current switches. Thus,
it is obvious that the only way to reach higher current ratings are either to parallel-
connect several discrete devices or to build mutli-chip modules. In the case of
normally-ON SiC JFETs, it has been shown that there are four device parameters
that affect the feasibility of the parallel-connection:

• The on-state resistance
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• The pinch-off voltage

• The reverse breakdown voltage of the gates

• The static transfer characteristics of the devices

Parameter variations might appear not only among the different samples of the
devices, but also temperature variations should be expected. Hence, the static and
dynamic performance of the parallel-connected normally-ON SiC JFETs may differ.
Especially, the switching performance has been deeply investigated for normally-ON
SiC JFETs having the same and different Vbr,g by employing two different versions
of the DRC gate driver. It has been experimentally shown that there is also a
fifth parameter which is not a device parameter and affects the performance of the
parallel-connected JFETs. This is the placement of the discrete devices in the circuit
layout, which basically corresponds to variations in the stray inductances between
the various connections. Nevertheless, even if a symmetrical way of placement
is used, it is not obvious that the switching performance will be the same and,
thus, the switching loss distribution may not be equal. The influence of the stray
inductances might be, to some extent, reduced if power modules are designed. All
in all, sorting the devices with respect to a specific device parameter can be a
solution. However, it is not guaranteed that the rest of the device parameters will
also be sorted (e.g. transconductances etc.).

The main challenge regarding the normally-ON SiC JFETs deals with solving
the “normally-ON problem”. The word “problem” refers to the majority of the
power electronics applications, where normally-OFF power devices are preferred
instead of normally-ON ones. Nevertheless, in few applications normally-ON de-
vices might also be used without facing any problems. A circuit solution to the
normally-ON characteristic of the normally-ON SiC JFET has been proposed in
Chapter 5. The self-powered gate driver is able to clear the shoot-through cur-
rent flowing through the normally-ON JFET during the start-up process, while it
also supplies an adequately negative gate voltage during the steady-state opera-
tion. These two functions of the SPGD are realized by employing the start-up and
the steady-state converters, respectively. The start-up converter utilizes the energy
from the shoot-through current and the input voltage of the steady-state one equals
the blocking voltage of the device. By properly adjusting the values of the passive
elements of the start-up converter, the required shoot-through current does not
need to be significantly high. For the experimental investigation the shoot-through
current of the JFET has been set to half of the rated current. Moreover, from
experiments it has been presented that the shoot-through current can be cleared
within reasonable time intervals, without forcing the JFET into thermal destruc-
tion. In particular, for a 1200 V/ 27 A SiC DMVTJFET and a shoot-through
current half of the rated current, a time of approximately 20 µs is required in order
to turn OFF the shoot-through current. The SPGD has also been experimentally
tested in a half-bridge converter, where it was shown that apart from handling the



101

start-up current, the proposed solution can also properly switch the upper and the
lower normally-ON DMVTJFETs.

As shown in Chapter 5, a rapidly increasing shoot-through current is required
in order to activate the SPGD very fast, which implies a low input impedance. If,
on the other hand, the input impedance is high, the activation time of the SPGD
will also be longer. This basically counts as the main design limitation of the
SPGD. In other words, the proposed solution to the “normally-ON problem” is
only suitable for power electronics circuits having low input impedance (e.g. half-
bridge converters etc.). The choice of the parameters and the shut-down process
also count as design limitations of the SPGD and they must be taken into account
during the design process.

Two potential power electronic applications of normally-ON SiC JFETs where
high efficiency is the main design target have been studied in Chapter 6. Reducing
the conduction and the switching power losses count as a key factor in order to
reach higher efficiencies than with silicon technology. Fast switching speeds and
lower on-state voltage drops can both contribute towards this direction. However,
considering the present development of SiC JFETs, it has been shown that the
only way to reach lower on-state voltages are to parallel-connect several discrete
devices or single chips. Hence, the current density for a certain load current is
reduced, but still it is higher than the corresponding one of the silicon devices. An
additional feature, which contributes to the elimination of the antiparallel diode and
consequently to lower conduction losses is the diode-less operation of normally-ON
SiC JFETs. The benefits of employing normally-ON SiC JFETs in a high-power
modular multilevel converter and in a three-phase 40 kVA VSC have been shown
in the last chapter of this thesis. Efficiencies well-above 99.5% are expected for
both circuits when they are equipped with SiC JFETs. Furthermore, the diode-less
operation of the devices in both converters are also demonstrated. Considering
these two application cases and keeping in mind the development of more efficient
and larger devices in the future, the foreseeable benefits of normally-ON SiC JFETs
can be clearly seen.

Future work
The performance of SiC power modules populated with several parallel-connected

normally-ON JFETs has already been investigated. In this case, the effect of the
various parasitic components are less severe compared to the parallel-connection
of discrete JFETs. However, in a phase-leg configuration, problems related to
the Miller currents during the switching transients might appear if high switch-
ing speeds are used. Thus, sophisticated gate drivers for power modules, which will
be able to handle the discharging currents caused by the Miller capacitance, must
definitely be designed.

An additional issue which also needs to be studied is related to the short-
circuit protection of normally-ON SiC JFETs. In particular, the short-circuit cur-
rent must not only be detected sufficiently fast, but it must also be cleared within
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reasonable time in order to protect the equipment. In this case, a non-trivial issue
concerns finding ways in order to accurately detect the short-circuit currents and
distinguish a fault condition from a normal operating state.

In this thesis, the diode-less operation of normally-ON SiC JFETs has been
mentioned several times, while it has also been experimentally shown in Chapter 6.
It is believed that further investigation on various aspects of diode-less operation
is necessary. For instance, in a phase-leg configuration a smart gate-drive design in
conjunction with optimal selection of the blanking times might play an important
role for efficient operation without external antiparallel diodes. Efficient operation
means that the shoot-through current during the switching transients will be either
eliminated or be kept within certain limits. Thus, the devices will be operating far
from their thermal limits.

Three design limitations regarding the design and operation of the SPGD have
been reported in Chapter 5. Out of these three limitations the required low input
impedance and the shut-down process of the SPGD are of the highest importance. A
solution which allows the use of SPGD even in circuits with high input impedance,
as for instance in dc/dc boost converters, must be found. Also, the shut-down
process must be investigated, so that the SPGD will keep the JFETs in the off-
state as long as there is energy stored in the dc-link capacitor. All in all, regardless
the type of the power electronics converter a more general solution based on the
proposed SPGD must be studied.

Last but not least, a way of accurately measuring the very high efficiencies
which are expected using SiC devices has also to be investigated. Due to the various
errors caused during the measurement of the electrical quantities, the conventional
power meters are not able to accurately measure efficiencies exceeding 99.5%. Thus,
the only way that such efficiencies can be measured is by means of a calorimeter.
Such a measurement setup is currently under development and it will soon be ready
for operation.



List of Figures

2.1 Cross-section of a SiC Lateral-Channel JFET. . . . . . . . . . . . . . . . 14
2.2 Cross-section of a SiC Vertical-Channel JFET. . . . . . . . . . . . . . . 15
2.3 Cross-section of a SiC Buried-Grid Vertical-Channel JFET. . . . . . . . 17
2.4 Cross-section of a SiC Dual-Gate Trench JFET. . . . . . . . . . . . . . . 18
2.5 Cross-section of a SiC BJT. . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.6 Cross sections of SiC MOSFETS . . . . . . . . . . . . . . . . . . . . . . 22
2.7 Percentage rise of the on-state resistance at elevated temperatures for

four SiC power devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 Schematic diagram of a normally-ON SiC JFET. . . . . . . . . . . . . . 29
3.2 Schematic diagram of a simple totem-pole gate driver for normally-ON

SiC JFETs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.3 Schematic diagram of the DRC gate driver for normally-ON SiC JFETs.

The gate current during the turn-OFF process is shown. . . . . . . . . . 31
3.4 Schematic diagram of the DRC gate driver for normally-ON SiC JFETs

showing the gate current during the turn-ON process. . . . . . . . . . . 32
3.5 Schematic diagram of the DRC gate driver for normally-ON SiC JFETs

showing the path of the drain leakage current during the off state. . . . 32
3.6 Turn-ON process of the SiC LCJFET using the DRC gate driver (Vds-

pink line: 100 V/div, Ids-blue line: 2 A/div and time scale: 20 ns/div). 34
3.7 Turn-OFF process of the SiC LCJFET using the DRC gate driver (Vds-

pink line: 100 V/div, Ids-blue line: 2 A/div and time scale: 20 ns/div). 35
3.8 Turn-ON process of the SiC DMVTJFET using the DRC gate driver

(Vds-light blue line: 100 V/div, Ids-pink line: 5 A/div and time scale:
40 ns/div). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.9 Turn-OFF process of the SiC DMVTJFET using the DRC gate driver
(Vds-light blue line: 100 V/div, Ids-pink line: 5 A/div and time scale:
20 ns/div). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.1 On-state resistance variation with temperature for four different SiC
JFET devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

103



104 List of Figures

4.2 Measurements of the temperature dependence of the reverse breakdown
voltage of the gate of a DMVTJFET. . . . . . . . . . . . . . . . . . . . 41

4.3 Static transfer characteristics at various gate-source voltages for two
different SiC JFET devices: (a) Device No 21 and (b) Device No 50. . . 42

4.4 Measured static transfer characteristic showing the relevance between
the reverse breakdown voltage of the gate and the pinch-off voltage. . . 44

4.5 Schematic diagrams of the double-pulse test setups (a) with separate
DRC gate drivers (b) with a single DRC gate driver. . . . . . . . . . . . 46

4.6 Graphical illustrations of the circuit layouts used for the experimental
investigation of the switching performance of the parallel-connected SiC
JFETs: (a) Circuit layout L1 (b) Circuit layout L2 and (c) Circuit layout
L3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.7 Switching transients for the SiC JFETs having different reverse break-
down voltages of the gates when a single DRC network is employed and
various circuit layouts are used (a) turn-ON and (b) turn-OFF tran-
sients using circuit layout L1, (c) turn-ON and (d) turn-OFF transients
using circuit layout L2 and (e) turn-ON and (f) turn-OFF transients
using circuit layout L3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.1 Block diagram of the proposed self-powered gate driver for normally-ON
SiC JFETs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.2 Detailed schematic diagram of the self-powered gate driver. . . . . . . . 58
5.3 Identification of (a) start-up and (b) steady-state converters of the self-

powered gate driver. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.4 Short-circuit current paths during the start-up process. . . . . . . . . . 60
5.5 Start-up sequence of the self-powered gate driver. . . . . . . . . . . . . . 61
5.6 Operating state of the start-up converter. . . . . . . . . . . . . . . . . . 62
5.7 Operating state of the steady-state converter. . . . . . . . . . . . . . . . 63
5.8 Schematic diagram of the start-up converter. . . . . . . . . . . . . . . . 65
5.9 Output voltage of the start-up converter for various values of the capac-

itor C1 and short-circuit currents IJaux . . . . . . . . . . . . . . . . . . . 66
5.10 Schematic diagrams of (a) the stand-alone setup and (b) the half-bridge

converter with the SPGDs. . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.11 Measured gate-source voltage of the main SiC JFET, Jm (purple line,

10 V/div), drain-source voltage of Jm (dark-pink color, 200 V/div),
shoot-through current IJm

(green line, 10 A/div), shoot-through cur-
rents through Jaux, IJaux

(yellow line, 10 A/div) and the sum of the
shoot-through currents (light-pink color, 10 A/div), (time-base 10 µs/div). 70

5.12 Measured supply voltage of the SPGD (pink line, 10 V/div), drain-
source voltage of the main SiC JFET, Jm (purple color, 500 V/div),
shoot-through current IJm (green line, 10 A/div) and shoot-through
current IJaux (yellow line, 10 A/div), (time-base 5 ms/div). . . . . . . . 71



5.13 24 Measured gate-source voltage of the upper SiC JFET, Jm1 (pink
line, 10 V/div), gate-source voltage of the lower SiC JFET, Jm2 (yellow
color, 10 V/div), shoot-through current IJm measured on the drain of
Jm1 (green line, 10 A/div) and on the drain of Jm2 (purple line, 10
A/div), (time-base 10 ms/div). . . . . . . . . . . . . . . . . . . . . . . . 72

5.14 Measured gate-source voltage of the upper SiC JFET, Jm1 (pink line, 10
V/div), gate-source voltage of the lower SiC JFET, Jm2 (yellow color, 10
V/div), drain current of the upper SiC JFET IJm1 (green line, 5 A/div),
(time-base 10 ms/div). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

6.1 Schematic of the M2C converter. . . . . . . . . . . . . . . . . . . . . . . 77
6.2 Schematic diagram of a single submodule. . . . . . . . . . . . . . . . . . 77
6.3 Schematic diagrams of the submodule with (a) silicon MOSFETs and

(b) SiC LCJFETs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.4 Upper-arm current and voltage, and drain-source voltage of the lower

SiC JFET. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.5 Switching currents of the SiC JFETs. . . . . . . . . . . . . . . . . . . . . 82
6.6 Capacitor voltages for a whole phase-leg during steady-state operation. 82
6.7 Power losses for different output power levels with 3.3 kV SiC JFETs. . 84
6.8 Power losses for different output power levels with 4.5 kV SiC JFETs. . 85
6.9 Comparison of the SiC M2C efficiency for both high-voltage SiC JFET

cases considering a junction temperature of 150oC. . . . . . . . . . . . . 85
6.10 Efficiency versus the total chip area of the parallel-connected DMVTJFETs

per switch position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.11 Schematic diagram of the separate DRC gate drivers for the parallel-

connected SiC JFETs employed in the 40 kVA VSC. . . . . . . . . . . . 89
6.12 Phase-leg with gate-drive PCBs during the assembly process. . . . . . . 90
6.13 Prototype of the 40 kVA SiC VSC. . . . . . . . . . . . . . . . . . . . . . 91
6.14 Schematic diagram of the experimental setup with resistive-inductive load. 91
6.15 Waveforms recorded during operation with resistive-inductive load at

50% of the rated power (a) dc-link and output line-line voltages and (b)
phase currents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.16 Schematic diagram of the experimental setup and measurement method
during the dc-characterization tests. . . . . . . . . . . . . . . . . . . . . 93

6.17 Thermal camera image of the backside if the heatsink. . . . . . . . . . . 94
6.18 Waveforms recorded during operation with pure inductive load at rated

power (a) dc-link and output line-line voltages and (b) phase currents. . 97

105



106 List of Tables

List of Tables

2.1 Material properties of Silicon and 4H-SiC . . . . . . . . . . . . . . . . . 12
2.2 Basic characteristics of SiC JFETs. . . . . . . . . . . . . . . . . . . . . . 19
2.3 Expected characteristics of future SiC devices. . . . . . . . . . . . . . . 26

3.1 Basic device parameters of the SiC LCJFET and DMVTJFET used for
the evaluation of the DRC gate driver . . . . . . . . . . . . . . . . . . . 33

3.2 Basic parameters of the DRC gate driver . . . . . . . . . . . . . . . . . 33

4.1 Device parameters of the SiC LCJFET and DMVTJFET used for the
investigation of parallel-connection . . . . . . . . . . . . . . . . . . . . . 39

4.2 Basic device parameters of the three DMVTJFET used for the investi-
gation of the switching performance under parallel-connection. . . . . . 44

4.3 Parameters of the double-pulse experimental setup. . . . . . . . . . . . . 45
4.4 Parameters of the gate driver circuits. . . . . . . . . . . . . . . . . . . . 45
4.5 Switching losses for the SiC JFETs with different values of Vbr,g when a

single DRC gate driver is used. . . . . . . . . . . . . . . . . . . . . . . . 52

5.1 Basic parameters of the experimental setup. . . . . . . . . . . . . . . . . 69

6.1 SiC JFET on-state resistances and switching energies at 150oC. . . . . . 83
6.2 Parameters of the HVDC reference systems. . . . . . . . . . . . . . . . . 83
6.3 dc-characterization test results. . . . . . . . . . . . . . . . . . . . . . . . 94



Bibliography

[1] B. Ållebrand and H.-P. Nee, “Comparison of Commutation Transients of In-
verters with Silicon Carbide JFETs with and without Body Diodes,” in Pro-
ceedings of the Nordic Workshop on Power and Industrial Electronics (NOR-
pie), (Trondheim, Norway), Jun. 2004.

[2] B. Ållebrand and H.-P. Nee, “On the choice of blanking times at turn-on and
turn-off for the diode-less SiC JFET inverter bridge,” in Proceedings of the
European Conference on Power Electronics and Applications (EPE), (Graz,
Austria), Aug. 2001.

[3] G. Kelner, M. Shur, S. Binari, K. Sleger, and H.-S. Kong, “High-
transconductance β-SiC buried-gate JFETs,” IEEE Transactions on Electron
Devices, vol. 36, pp. 1045 –1049, Jun. 1989.

[4] G. Kelner, S. Binari, K. Sleger, and H. Kong, “SiC MESFET’s and buried-gate
JFET’s,” IEEE Electron Device Letters, vol. 8, pp. 428 – 430, Sep. 1987.

[5] G. Kelner, S. Binari, M. Shur, and J. Palmour, “High temperature operation of
alpha -silicon carbide buried-gate junction field-effect transistors,” Electronics
Letters, vol. 27, pp. 1038 –1040, Jun. 1991.

[6] Y. Chang and J. Kuo, “SiC vs. Si: two-dimensional analysis of quasi-saturation
behavior of DMOS devices operating at elevated temperatures,” in 4th Inter-
national Conference on Solid-State and Integrated Circuit Technology, 1995,
pp. 298–300, Oct. 1995.

[7] V. Veliadis, T. McNutt, M. Snook, H. Hearne, P. Potyraj, and C. Scozzie,
“A 1680-V (at 1 mA/cm

2 ) 54-A (at 780 W/cm
2 ) Normally ON 4H-SiC

JFET With 0.143- cm2 Active Area,” IEEE Electron Device Letters, vol. 29,
pp. 1132–1134, Oct. 2008.

[8] V. Veliadis, E. Stewart, H. Hearne, M. Snook, A. Lelis, and C. Scozzie, “A
9-kV Normally-on Vertical-Channel SiC JFET for Unipolar Operation,” IEEE
Electron Device Letters, vol. 31, pp. 470–472, May 2010.

107



108 BIBLIOGRAPHY

[9] K. Lawson, G. Alvarez, S. Bayne, V. Veliadis, and D. Urciuoli, “Analysis of
SiC JFET devices during pulsed operation,” in IEEE Pulsed Power Conference
(PPC), 2011, pp. 1102–1104, Jun. 2011.

[10] P. Friedrichs and R. Rupp, “Silicon carbide power devices - current develop-
ments and potential applications,” in European Conference on Power Electron-
ics and Applications, 2005, 2005.

[11] P. Friedrichs, “Silicon carbide power devices - status and upcoming challenges,”
in European Conference on Power Electronics and Applications, 2007, pp. 1
–11, Sept. 2007.

[12] L. Cheng, J. R. B. Casady, M. S. Mazzola, V. Bondarenko, R. L. Kelley,
I. Sankin, J. N. Merrett, and J. B. Casady, “Fast Switching (41 MHz), 2.5
mΩcm2, High Current 4H-SiC VJFETs for High Power and High Temperature
Applications,”Material Science Forum, vol. 527-529, pp. 1183–1186, Oct. 2005.

[13] A. Ritenour, D. C. Sheridan, V. Bondarenko, and J. B. Casady, “Performance
of 15 mm2 1200 V Normally-Off SiC VJFETs with 120 A Saturation Current,”
Material Science Forum, vol. 645-648, pp. 937–940, Apr. 2009.

[14] M. S. Mazzola, J. B. Casady, N. Merrett, I. Sankin, W. Draper, D. Seale,
V. Bondarenko, Y. Koshka, J. Gafford, and R. Kelly, “Assessment of "Normally
On" and "Quasi On" SiC VJFET’s in Half-Bridge Circuits,” Material Science
Forum, vol. 457-460, pp. 1153–1156, Jun. 2003.

[15] J. B. Casady, D. C. Sheridan, R. L. Kelley, V. Bondarenko, and A. Ritenour,
“A Comparison of 1200 V Normally-OFF & Normally-on Vertical Trench SiC
Power JFET Devices,” Material Science Forum, vol. 679-680, pp. 641–644,
Mar. 2010.

[16] R. K. Malhan, M. Bakowski, Y. Takeuchi, N. Sugiyama, and A. Schöner,
“Design, process, and performance of all-epitaxial normally-off SiC JFETs,”
Physica Status Solidi (A), vol. 206, no. 10, pp. 2308–2328, 2009.

[17] S. Round, M. Heldwein, J. Kolar, I. Hofsajer, and P. Friedrichs, “A SiC JFET
driver for a 5 kW, 150 kHz three-phase PWM converter,” in Conference Record
of the Fourtieth IAS Annual Meeting, 2005., vol. 1, pp. 410–416 Vol. 1, Oct.
2005.

[18] F. Björk, M. Treu, J. Hilsenbeck, M. Kutschak, D. Domes, and R. Rupp, “1200
V SiC JFET in Cascode Light Configuration: Comparison versus Si and SiC
Based Switches,” Material Science Forum, vol. 679-680, pp. 587–590, Mar.
2010.

[19] T. Funaki, A. Kashyap, H. A. Mantooth, J. Balda, F. Barlow, T. Kimoto, and
T. Hikihara, “Characterization of SiC diodes in extremely high temperature



BIBLIOGRAPHY 109

ambient,” in Twenty-First Annual IEEE Applied Power Electronics Conference
and Exposition, 2006. APEC ’06., 2006.

[20] D. Jiang, R. Burgos, F. Wang, and D. Boroyevich, “Temperature-Dependent
Characteristics of SiC Devices: Performance Evaluation and Loss Calculation,”
IEEE Transactions on Power Electronics, vol. 27, no. 2, pp. 1013–1024, 2012.

[21] B. Ållebrand and H.-P. Nee, “Minimizing oscillations in the diode-less sic JFET
inverter bridge,” in Proceedings of the Nordic Workshop on Power and Indus-
trial Electronics, NORpie 2002, (Stockholm, Sweden), Aug. 2002.

[22] G. Tolstoy, D. Peftitsis, J. Rabkowski, and H.-P. Nee, “Performance tests of a
4.1x4.1mm2 SiC LCVJFET for a DC/DC boost converter application,” Ma-
terial Science Forum, vol. 679-680, pp. 722–726, Mar. 2011.

[23] R. Siemieniec and U. Kirchner, “The 1200V direct-driven SiC JFET power
switch,” in Proceedings of the 2011-14th European Conference on Power Elec-
tronics and Applications (EPE 2011),, pp. 1–10, 30 2011-sept. 1 2011.

[24] “CoolSiC 1200V SiC JFET & Direct Drive Technology www.infineon.com,”
Jun. 2012.

[25] I. Sankin, D. Sheridan, W. Draper, V. Bondarenko, R. Kelley, M. Mazzola, and
J. Casady, “Normally-Off SiC VJFETs for 800 V and 1200 V Power Switch-
ing Applications,” in 20th International Symposium on Power Semiconductor
Devices and IC’s, 2008. ISPSD ’08., pp. 260–262, May 2008.

[26] R. Kelley, M. Mazzola, S. Morrison, W. Draper, I. Sankin, D. Sheridan, and
J. Casady, “Power factor correction using an enhancement-mode SiC JFET,” in
Power Electronics Specialists Conference, 2008. PESC 2008. IEEE, pp. 4766–
4769, Jun. 2008.

[27] I. Sankin, J. Casady, J. Dufrene, W. Draper, J. Kretchmer, J. Vandersand,
V. Kumar, M. Mazzola, and S. Saddow, “On development of 600-850 V 6H-SiC
LDMOS transistors using silane-ambient implant anneal,” in Device Research
Conference, 2001, pp. 205–206, 2001.

[28] Q. Shui, X. Gu, C. Myles, M. Mazzola, and M. Gundersen, “Simulations of a
high power 4H-SiC VJFET and its GaAs counterpart,” in 14th IEEE Interna-
tional Pulsed Power Conference, 2003. PPC-2003., vol. 1, pp. 123–126 Vol.1,
Jun. 2003.

[29] B. Wrzecionko, D. Bortis, J. Biela, and J. Kolar, “Novel AC-Coupled Gate
Driver for Ultrafast Switching of Normally Off SiC JFETs,” IEEE Transactions
on Power Electronics, vol. 27, pp. 3452–3463, Jul. 2012.



110 BIBLIOGRAPHY

[30] I. Abuishmais and T. Undeland, “Dynamic characterization of 63 mQ, 1.2
kV, normally-off SiC VJFET,” in Power Electronics and ECCE Asia (ICPE
ECCE), 2011 IEEE 8th International Conference on, pp. 1206–1210, 2011.

[31] J. K. Lim, M. Bakowski, and H. P. Nee, “Design and Gate Drive Considera-
tions for Epitaxial 1.2 kV Buried Grid N-on and N-off JFETs for Operation at
250oC,” Material Science Forum, vol. 645-648, pp. 961–964, Apr. 2009.

[32] Y. Tanaka, M. Okamoto, A. Takatsuka, K. Arai, T. Yatsuo, K. Yano, and
M. Kasuga, “700-V 1.0- mΩcm2 Buried Gate SiC-SIT (SiC-BGSIT),” IEEE
Electron Device Letters, vol. 27, pp. 908–910, Nov. 2006.

[33] R. K. Malhan, Y. Takeuchi, M. Kataoka, A. P. Mihaila, S. J. Rashid, F. Udrea,
and G. A. J. Amaratunga, “Normally-off trench JFET technology in 4H silicon
carbide,” Microelectron. Eng., vol. 83, pp. 107–111, Jan. 2006.

[34] J. Rabkowski, D. Peftitsis, M. Bakowski, and H.-P. Nee, “Evaluation of the
Driver Circuit for a Dual Gate Trench SiC JFET,” Material Science Forum,
vol. 740-742, pp. 946–949, Jan. 2012.

[35] J. Biela, D. Aggeler, D. Bortis, and J. Kolar, “Balancing Circuit for a 5-
kV/50-ns Pulsed-Power Switch Based on SiC-JFET Super Cascode,” IEEE
Transactions on Plasma Science, vol. 40, pp. 2554–2560, Oct. 2012.

[36] T. McNutt, V. Veliadis, E. Stewart, H. Hearne, J. Reichl, P. Oda,
S. Van Campen, J. Ostop, and C. Clarke, “Silicon carbide JFET cascode switch
for power conditioning applications,” in IEEE Conference Vehicle Power and
Propulsion, 2005, pp. 499–506, Sept. 2005.

[37] D. Aggeler, J. Biela, and J. Kolar, “Controllable du/dt behaviour of the SiC
MOSFET/JFET cascode an alternative hard commutated switch for telecom
applications,” in Twenty-Fifth Annual IEEE Applied Power Electronics Con-
ference and Exposition (APEC), 2010, pp. 1584–1590, Feb. 2010.

[38] B. Weis, M. Braun, and P. Friedrichs, “Turn-off and short circuit behaviour of
4H SiC JFETs,” in Conference Record of the 2001 IEEE Industry Applications
Conference, 2001. Thirty-Sixth IAS Annual Meeting., vol. 1, pp. 365–369 Vol.1,
Sept. 30-Oct. 4 2001.

[39] L. Lanni, R. Ghandi, M. Domeij, C. M. Zetterling, B. G. Malm, and M. Östling,
“Measurements and Simulations of Lateral PNP Transistors in a SiC NPN
BJT Technology for High Temperature Integrated Circuits,” Material Science
Forum, vol. 679-680, pp. 758–761, Mar. 2011.

[40] M. Domeij, A. Lindgren, C. Zaring, A. O. Konstantinov, K. Gumaelius,
H. Grenell, I. Keri, J. O. Svedberg, and M. Reimark, “1200 V SiC BJTs with
Low VCESAT and High Temperature Capability,” Material Science Forum,
vol. 679-680, pp. 686–689, Mar. 2011.



BIBLIOGRAPHY 111

[41] M. Domeij, A. O. Konstantinov, A. Lindgren, C. Zaring, K. Gumaelius, and
M. Reimark, “Large Area 1200 V SiC BJTs with β > 100 and ρON <
3mΩcm2,” Material Science Forum, vol. 717-720, pp. 1123–1126, May 2012.

[42] H. S. Lee, M. Domeij, C. M. Zetterling, R. Ghandi, M. Östling, F. Allerstam,
and E. Sveinbjörnsson, “1200 V 4H-SiC BJTs with a Common Emitter Current
Gain of 60 and Low On-Resistance,” Material Science Forum, vol. 600-603,
pp. 1151–1154, Sept. 2009.

[43] A. Lindgren and M. Domeij, “Fast switching 1200 V 50 A silicon carbide BJT’s
in boost converters,” in Proceedings of the 2011-14th European Conference on
Power Electronics and Applications (EPE 2011), pp. 1–8, Aug. 30-Sept. 1 2011.

[44] J. Zhang, A. P., T. Burke, and J. Zhao, “4H-SiC power bipolar junction tran-
sistor with a very low specific ON-resistance of 2.9 mΩcm2,” IEEE Electron
Device Letters, vol. 27, pp. 368–370, May 2006.

[45] A. Lindgren and M. Domeij, “1200V 6A SiC BJTs with very low VCESAT and
fast switching,” in 6th International Conference on Integrated Power Electron-
ics Systems (CIPS), 2010, pp. 1–5, Mar. 2010.

[46] Q. Zhang, C. Jonas, A. Agarwal, P. Muzykov, T. Sudarshan, B. Geil, and
C. Scozzie, “Degradation Mechanisms in SiC Bipolar Junction Transistors,” in
Device Research Conference, 2008, pp. 285–286, 2008.

[47] R. Ghandi, B. Buono, M. Domeij, C. M. Zetterling, and M. Östling, “High
Voltage, Low On-Resistance 4H-SiC BJTs with Improved Junction Termina-
tion Extension,” Material Science Forum, vol. 679-680, pp. 706–709, Mar.
2011.

[48] J. Cooper, J.A., M. Melloch, R. Singh, A. Agarwal, and J. Palmour, “Sta-
tus and prospects for SiC power MOSFETs,” IEEE Transactions on Electron
Devices, vol. 49, pp. 658–664, Apr. 2002.

[49] T. Nakamura, Y. Nakano, M. Aketa, R. Nakamura, S. Mitani, H. Sakairi, and
Y. Yokotsuji, “High performance SiC trench devices with ultra-low ron,” in
IEEE International Electron Devices Meeting (IEDM), 2011, pp. 2651–2653,
Dec. 2011.

[50] M. Sasagawa, T. Nakamura, H. Inoue, and T. Funaki, “A study on the high fre-
quency operation of DC-DC converter with SiC DMOSFET,” in International
Power Electronics Conference (IPEC), 2010, pp. 1946–1949, Jun. 2010.

[51] J. Palmour, R. Singh, R. Glass, O. Kordina, and J. Carter, C.H., “Silicon
carbide for power devices,” in IEEE International Symposium on Power Semi-
conductor Devices and IC’s, 1997. ISPSD ’97., pp. 25–32, May 1997.



112 BIBLIOGRAPHY

[52] Q. Zhang, R. Callanan, M. Das, S.-H. Ryu, A. Agarwal, and J. Palmour,
“SiC Power Devices for Microgrids,” IEEE Transactions on Power Electronics,
vol. 25, pp. 2889–2896, Dec. 2010.

[53] H. Zhang and L. Tolbert, “Efficiency Impact of Silicon Carbide Power Electron-
ics for Modern Wind Turbine Full Scale Frequency Converter,” IEEE Trans-
actions on Industrial Electronics, vol. 58, pp. 21–28, Jan. 2011.

[54] L. Yu, G. Dunne, K. Matocha, K. Cheung, J. Suehle, and K. Sheng, “Reliability
Issues of SiC MOSFETs: A Technology for High-Temperature Environments,”
IEEE Transactions on Device and Materials Reliability, vol. 10, no. 4, pp. 418–
426, 2010.

[55] Y. Nakano, R. Nakamura, H. Sakairi, S. Mitani, and T. Nakamura, “690
V , 1.00 mΩcm2 4H-SiC Double-Trench MOSFETs,” Material Science Forum,
vol. 717-720, pp. 1069–1072, May 2012.

[56] D. Peftitsis, G. Tolstoy, A. Antonopoulos, J. Rabkowski, J.-K. Lim,
M. Bakowski, L. Ängquist, and H.-P. Nee, “High-power modular multilevel
converters with SiC JFETs,” in IEEE Energy Conversion Congress and Expo-
sition (ECCE), 2010, pp. 2148–2155, Sept. 2010.

[57] S. Balachandran, C. Li, P. Losee, I. Bhat, and T. Chow, “6 kV 4H-SiC
BJTs with Specific On-resistance Below the Unipolar Limit using a Selectively
Grown Base Contact Process,” in 19th International Symposium on Power
Semiconductor Devices and IC’s, 2007. ISPSD ’07., pp. 293–296, May 2007.

[58] J. Zhang, J. Zhao, P. Alexandrov, and T. Burke, “Demonstration of first 9.2
kV 4H-SiC bipolar junction transistor,” Electronics Letters, vol. 40, pp. 1381–
1382, Oct. 2004.

[59] Q. Chun, J. Zhang, R. Callanan, A. K. Agarwal, A. A. Burk, M. J. O’Loughlin,
J. W. Palmour, and C. J. Scozzie, “10 kV , 10 A Bipolar Junction Transistors
and Darlington Transistors on 4H-SiC,” Material Science Forum, vol. 645-648,
pp. 1025–1028, Apr. 2010.

[60] Q. J. Zhang and A. K. Agarwal, “Design and technology considerations for SiC
bipolar devices: BJTs, IGBTs, and GTOs,” physica status solidi (a), vol. 206,
no. 10, pp. 2431–2456, 2009.

[61] J. Wang, T. Zhao, J. Li, A. Huang, R. Callanan, F. Husna, and A. Agarwal,
“Characterization, Modeling, and Application of 10-kV SiC MOSFET,” IEEE
Transactions on Electron Devices, vol. 55, pp. 1798–1806, Aug. 2008.

[62] J. Wang, X. Zhou, J. Li, T. Zhao, A. Huang, R. Callanan, F. Husna, and
A. Agarwal, “10-kV SiC MOSFET-Based Boost Converter,” IEEE Transac-
tions on Industry Applications, vol. 45, pp. 2056–2063, Nov.-Dec. 2009.



BIBLIOGRAPHY 113

[63] G. Wang, X. Huang, J. Wang, T. Zhao, S. Bhattacharya, and A. Huang,
“Comparisons of 6.5 kV 25 A Si IGBT and 10-kV SiC MOSFET in Solid-
State Transformer application,” in Energy Conversion Congress and Exposition
(ECCE), 2010 IEEE, pp. 100–104, Sept. 2010.

[64] S.-H. Ryu, S. Krishnaswami, M. O’Loughlin, J. Richmond, A. Agarwal, J. Pal-
mour, and A. Hefner, “10-kV , 123-mΩcm2 4H-SiC power DMOSFETs,” IEEE
Electron Device Letters, vol. 25, pp. 556–558, Aug. 2004.

[65] Y. Li, J. Cooper, and M. Capano, “High-voltage (3 kV ) UMOSFETs in 4H-
SiC,” IEEE Transactions on Electron Devices, vol. 49, pp. 972–975, Jun. 2002.

[66] Q. Zhang, M. Das, J. Sumakeris, R. Callanan, and A. Agarwal, “12-kV p-
Channel IGBTs With Low On-Resistance in 4H-SiC,” IEEE Electron Device
Letters, vol. 29, pp. 1027–1029, Sept. 2008.

[67] X. Wang and J. Cooper, “High-Voltage n-Channel IGBTs on Free-Standing
4H-SiC Epilayers,” IEEE Transactions on Electron Devices, vol. 57, pp. 511–
515, Feb. 2010.

[68] W. Sung, J. Wang, A. Huang, and B. Baliga, “Design and investigation of
frequency capability of 15 kV 4H-SiC IGBT,” in 21st International Symposium
onPower Semiconductor Devices IC’s, 2009. ISPSD 2009., pp. 271–274, Jun.
2009.

[69] M. K. Das, Q. J. Zhang, R. Callanan, C. Capell, J. Clayton, M. Donofrio,
S. K. Haney, F. Husna, C. Jonas, J. Richmond, and J. J. Sumakeris, “A 13 kV
4H-SiC n-Channel IGBT with Low Rdiff,on and Fast Switching ,” Material
Science Forum, vol. 600-603, pp. 1183–1186, Sept. 2009.

[70] Q. Zhang, J. Wang, C. Jonas, R. Callanan, J. Sumakeris, S.-H. Ryu, M. Das,
A. Agarwal, J. Palmour, and A. Huang, “Design and Characterization of High-
Voltage 4H-SiC p-IGBTs,” IEEE Transactions on Electron Devices,, vol. 55,
pp. 1912–1919, Aug. 2008.

[71] I. Abuishmais, S. Basu, and T. Undeland, “On understanding and driving
SiC power JFETs,” in Applied Power Electronics Conference and Exposition
(APEC), 2011 Twenty-Sixth Annual IEEE, pp. 1071–1075, 2011.

[72] T. Friedli, S. Round, D. Hassler, and J. Kolar, “Design and Performance of
a 200-kHz All-SiC JFET Current DC-Link Back-to-Back Converter,” IEEE
Transactions on Industry Applications, vol. 45, pp. 1868–1878, Sept.–Oct.
2009.

[73] R. Burgos, Z. Chen, D. Boroyevich, and F. Wang, “Design considerations
of a fast 0-Ω gate-drive circuit for 1.2 kV SiC JFET devices in phase-leg
configuration,” in IEEE Energy Conversion Congress and Exposition, 2009.
ECCE 2009., pp. 2293–2300, Sept. 2009.



114 BIBLIOGRAPHY

[74] P. Ning, D. Boroyevich, K. Ngo, F. Wang, D. Jiang, R. Burgos, D. Zhang,
R. Lai, K. Karimi, V. Immanuel, and E. Solodovnik, “Development of a 10 kW
high temperature, high power density three-phase AC-DC-AC SiC converter,”
in IEEE Energy Conversion Congress and Exposition (ECCE), 2011, pp. 2413–
2420, Sept. 2011.

[75] F. Xu, T. Han, D. Jiang, L. Tolbert, F. Wang, J. Nagashima, S. J. Kim,
S. Kulkarni, and F. Barlow, “Development of a SiC JFET-Based Six-Pack
Power Module for a Fully Integrated Inverter,” IEEE Transactions on Power
Electronics, vol. 28, pp. 1464–1478, Mar. 2013.

[76] F. Xu, D. Jiang, J. Wang, F. Wang, L. Tolbert, T. Han, and S. Kim, “Charac-
terization of a high temperature multichip SiC JFET-based module,” in IEEE
Energy Conversion Congress and Exposition (ECCE), 2011, pp. 2405–2412,
Sept. 2011.

[77] M. Chinthavali, L. Tolbert, and B. Ozpineci, “SiC GTO thyristor model for
HVDC interface,” in IEEE Power Engineering Society General Meeting, 2004.,
pp. 680–685 Vol.1, Jun. 2004.

[78] K. Acharya, S. Mazumder, and P. Jedraszczak, “Efficient, High-Temperature
Bidirectional Dc/Dc Converter for Plug-in-Hybrid Electric Vehicle (PHEV)
using SiC Devices,” in Twenty-Fourth Annual IEEE Applied Power Electronics
Conference and Exposition, 2009. APEC 2009., pp. 642–648, Feb. 2009.

[79] H. Zhang, L. Tolbert, and B. Ozpineci, “Impact of SiC Devices on Hybrid
Electric and Plug-In Hybrid Electric Vehicles,” IEEE Transactions on Industry
Applications, vol. 47, pp. 912–921, Mar.–Apr. 2011.

[80] B. Wrzecionko, J. Biela, and J. Kolar, “SiC power semiconductors in HEVs:
Influence of junction temperature on power density, chip utilization and effi-
ciency,” in 35th Annual Conference IEEE Industrial Electronics, 2009. IECON
’09., pp. 3834–3841, Nov. 2009.

[81] O. Stalter, D. Kranzer, S. Rogalla, and B. Burger, “Advanced solar power elec-
tronics,” in 22nd International Symposium on Power Semiconductor Devices
IC’s (ISPSD), 2010, pp. 3–10, Jun. 2010.

[82] K. Norling, C. Lindholm, and D. Draxelmayr, “An Optimized Driver for SiC
JFET-Based Switches Enabling Converter Operation With More Than 99%
Efficiency,” IEEE Journal of Solid-State Circuits,, vol. 47, pp. 3095–3104, Dec.
2012.

[83] F. Dubois, D. Bergogne, D. Risaletto, R. Perrin, A. Zaoui, H. Morel, and
R. Meuret, “Ultrafast safety system to turn-off normally on SiC JFETs,” in
Proceedings of the 2011-14th European Conference on Power Electronics and
Applications (EPE 2011), pp. 1–10, 30 Aug.–Sept. 1 2011.



BIBLIOGRAPHY 115

[84] F. Guedon, S. Singh, R. McMahon, and F. Udrea, “Gate driver for SiC JFETs
with protection against normally-on behaviour induced fault,” Electronics Let-
ters, vol. 47, pp. 375–377, 17 2011.

[85] R. Lai, F. Wang, R. Burgos, D. Boroyevich, D. Zhang, and P. Ning, “A Shoot-
Through Protection Scheme for Converters Built With SiC JFETs,” IEEE
Transactions on Industry Applications, vol. 46, pp. 2495–2500, Nov.–Dec. 2010.

[86] J.-H. Kim, B.-D. Min, J.-W. Baek, and D.-W. Yoo, “Protection circuit of
normally-on SiC JFET using an inrush current,” in 31st International Telecom-
munications Energy Conference, 2009. INTELEC 2009., pp. 1–4, Oct. 2009.

[87] J. Rabkowski, G. Tolstoy, D. Peftitsis, and H. Nee, “Low-Loss High-
Performance Base-Drive Unit for SiC BJTs,” IEEE Transactions on Power
Electronics, vol. 27, pp. 2633–2643, May 2012.

[88] S. Tiwari, I. Abuishmais, T. Undeland, and K. Boysen, “Silicon carbide power
transistors for photovoltaic applications,” in PowerTech, 2011 IEEE Trond-
heim, pp. 1–6, 2011.

[89] S. Allebrod, R. Hamerski, and R. Marquardt, “New transformerless, scalable
Modular Multilevel Converters for HVDC-transmission,” in Power Electronics
Specialists Conference, 2008. PESC 2008. IEEE, pp. 174–179, Jun. 2008.

[90] M. Glinka and R. Marquardt, “A new AC/AC multilevel converter family,”
IEEE Transactions on Industrial Electronics, vol. 52, pp. 662–669, Jun. 2005.

[91] K. Ilves, A. Antonopoulos, S. Norrga, and H.-P. Nee, “A New Modulation
Method for the Modular Multilevel Converter Allowing Fundamental Switching
Frequency,” IEEE Transactions on Power Electronics, vol. 27, pp. 3482–3494,
Aug. 2012.

[92] L. Angquist, A. Antonopoulos, D. Siemaszko, K. Ilves, M. Vasiladiotis, and H.-
P. Nee, “Open-Loop Control of Modular Multilevel Converters Using Estima-
tion of Stored Energy,” IEEE Transactions on Industry Applications, vol. 47,
no. 6, pp. 2516–2524, Nov.–Dec.

[93] M. Bakowski, “Status and Prospects of SiC Power Devices,” IEEJ Transactions
on Industry Applications, vol. 126, pp. 391–399, 2006.


