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ABSTRACT

This thesigrovidesinsight into stateof-the-art 1.2 kVsilicon arbide (SiC) power

semiconductor transistors, including the MOSFET, BJT, SJT, and noramadynd normallyoff

JFETs. Both commerci al and sample &wwin ces from

manufacturers were evaluated in this study. These maotdeginclude: Cree Inc., ROHM
Semiconductor, General Electric, Fairchild Semiconductor, GeneSiC Semiconductor, Infineon
Technologies, and SemiSouth Laboratories. To carry out this work, static characterization of each
device was performeitiom 25 °Cto 20 °C. Dynamic characterization was also conducted

through doublepulse tests. Accordingly, thikesisdescribes the experimental setup used and the
different measurements conducted, which comprise: threshold voltage, transconductance, current
gain, specit onresistance, parasitic capacitances, internal gate resistance, and the turn on and
turn off switchingtimes andcenergies. For the latter, the driving method used for each device is
described in detail. Furthermore, for the devices that requistatndc currents, driug losses

are taken into consideratio/hile all of the SiC transistors characterizedhis thesis
demonstrated low specifan-resistances, the SiC BJT showed ltheest, with

Fairchildés FSI CBHOZ.7AAM@snGdieQredtlI°C havi ng

However the onresistanceo6E6s Si C MOSFET proved to have

t

t



temperatur@lependencyincreasindy only 59 % from 25 °C to 200 °Crémthe

dynamic characteri zatC2p0080120D secoraeneraidno wn t hat
SiC MOSFETachieveddv/dtrates of 57 V/ns. The SiC MOSFETSs afsaturedow turn

off switching energy losses, which weypically less than 70 puJ at 600 V$uoltage

and 20 A load current
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Chaplerlntroducti on

1.1 Motivation and Application Background

Power electronics are fundamental components in consumer electronics and clean
energy technologidd], [2]. For several decades, silic{Bi) has been the primary
semicondutor choice for power electrondevices Due to the mangecades dedicated
to the development and fabrication optimizatiorsoflevicesas well as the large
abundance of materif8], the manufacturing capability is higand the costs are
extremely low. HoweverSiis quickly approaching its limits in power convers[8h,

[4]. Wide bandgap (WBG) semiconductors offer promise of improved efficiency, reduced
size, and lower overall system c§3}.

Of the various types of WBG semiconductab¢on carbide (SiC) angallium
nitride (GaN) have proven tee the most promising technologi&$, [4], with several
devices already being sold commercially. GaN is favored for itsfhegliency switching
capability, though its high costmddriving intricaciescurrentlylimit its commercial
viability [5]. In particular, the lack of quality substraténders the development of the
economically advantageous vertical struc{die[5]. Vertical devices are desirable as
thelateralarrangemerntimits the current density, and voltage capabilities of the GaN
technology[5]. Alternatively, SiC hashowntremendou$igh temperatureapabilit, as

well asaptitudefor highvoltage appcations[3], [4]. Furthermore, theost of SiC



devices hasglecreasedithin thelastdecade, anthe performance hggoven superior to
that ofconventionalSi devices.

Same of the potential application ardas these WBG devices include:
transportatiorelectrification downhole drilling, and renewable enefgy.
Transportation electrification is a jpatrend today, especially in the aerospace and
automotive industries. Further success of electric cars andetemteic aircrafts hinges
on advances in power electronics. Within the oil and gas industry, high temperature
electronics are in demand forwliohole drilling in the exploration of peieum. These
deep oil wells can reach temperatures greater than 200 °C, which is far beyond the limit
of traditional Si deviceRRegarding renewable energy,particular WBG devices have
been explored for replaceent of Siinsulated gate bipolar transistors (IGBTrs)
photovoltaic inverters order to improve efficiencyVBG semiconductors are well
suited for these applications due to thegh temperatureapabilities, fast switching
speeds, and low losses. The high temperature capability of these devicebeatioiw
better withstand the harsh environmental conditiansl have relaxed cooling system
requirement$3], [4]. In additionto this high temperature capability, the fast switching
speed of these devices allows for higher frequency operation thereby resuttieg in
reduction of the passive components, which decreheéstal size, weight, and cost of

the systenj3].

1.2 Silicon Carbide Power Devices

These benefits dVBG semiconductors such &C arise from theigreater
thermal conductivity, higher critical electric field for breakdoavid saturation electron

drift velocity, andlower intrinsic carrier concentrati@mompared t&i [6]-[8]. The higher

2



thermal conductivity of SiC makes it superior to Si in terms of heat transfer to the
environment, which allows for increased power densjtig$7]. SIC has a breakdown
electric field that isnore thareight times higher thatiat ofSi [6]. This means thafor a
given blocking voltage, SiC can be more heavily dapan Sithereby reducing the en
state resistandé]. The higher saturation drift velocity makes SiC more suitable for high
frequency applicationg]. Also, due to the wider bagdp of SiC, it has a lowantrinsic
carrier concentration, whidilowsthesedevices to operate at higher temperatures
without suffering from excessive leakd@g, [7].

Infineon Technologiesind Ceelnc. introduced the first commercial SiC power
devicesin 200L and 2002whichwereSiC Schottkydiodes [9], [10]. Thewild succes®f
the SiC Schotti diodes led to the further developmearid eventual commercialization
of the vertical trench SiC junction fiekffect transistor (JFET) by SemiSouth
Laboratoriesn 2008.Although SemiSouth has dissolved, other companies such as
Infineonand United Silicon Carbide, Inc. (USQiave taken ovehe production of SiC
JFETS, thougltchoosing to focus on the depletioode (normallyon) SiC JFET11],
[12].

Just three yeamter the release of the SiC JEEJreecommercializedhefirst
SiC metaloxide-semicondautor field-effect transistorNIOSFET)[9]. Though the gate
oxide reliability proved to be a challenge, improved ofaaturing has resulted in new
generation SiC MOSFETs with supermide quality[13]. Today,more manufacturers
are producing SiC MOSFETSs, including General Electric (&), ROHM

Semiconductofl5], Mitsubishi Electrid16], and Sumitomo Electric Industrigs7].



Bipolar devices are also becoming available. In 2013, Gen@&iticonductor
released its SiC suppmction transistor (SJTL8], and FairchildSemiconductois
developingts SiC bipolar junction transistor (BJT)9]. These SiC devices experience
quite different characteristics as compared to their Si counterpacts as high current
gains and fast switching speeds,will be seein a later chapteiFigurel summarizes

this progression of the commercialization of SiC power semiconductors.

sic sic _
Diode 599 MOSFET 5042  SICBJT

Infineon

& Cree SemiSouth GeneSiC

2001  sicurer 2011 sicsuT

Figure 1: History of the commercialization of SiC power semiconductor devices.

1.3 Resarch Objectives

Due to the continuousmergence ohew SiC transistors, many questions about
their performance arise. Consequentlgjgnificanteffort has been devoted to
characterizing the numerous SiC power semicondugeices some of which are
commercially availablan order to thoroughly evaluate their functionali®f these
devices, th&siC MOSFEThasreceivedsignificant attention up to nov&iC MOSFETSs
were fully characterized if18]-[21], and compared to Si IGBTs jh4], [22]-[29], and Si
MOSFETSs in[14], [30], [31]. Additionally, recent studies have shown that the-gaide
of SIC MOSFETSs is reliablbeyond 200 °@13], [15], [32], which remained one of the

major barriers of this device until now.



Since tle benefits of SiC transistors over conventional Si devices has been
demonstratech the above listed studiethe remaining question is how the various types
of SiC devices compare to one another. This evaluatiorcaragd ouin [33]-[37],
thoughthere was still room for further resear{83] compare six different SiCdevices:
one of Creeods fir staSELCaMOBRERT ftom BOHM&ielly MOSFET s,
version of Fairchildés Si C BJT, a Semi South
mode JFETs (one from SemiSouth and another from Infineon). {@B]evaluatedch
great variety of SiC devices, more characterization could be performed in order to better
compare the device performances. The temperature at thisdiesting was carried out
could also be increased beyond 150 °C in order to take advantage of the full high
temperature capability of SiC.
In [34], three SiC devices were tested to higher temperatures (from 50 °C to 175
°C for the static characterizatiprirhese devices were depletion mode and enhancement
mode JFETs from Semi South, and Cre®ps first
tested the devices to higher temperatures B}y and provided better comparison of the
on-state characteristics of the devices, the switching energy loss information presented in
the paper was taken from the datasheet for the Cree MOSFET and obtained from
SemiSouth for the JFETSs. By using the informatirom the different manufacturers, the
benefit of peforming the comparison is losds the variability between the testing
conditions is unknown, anehly conservative temperaturae tested125 °C in this
case).
In [35], on the other handhe driving conditions used for each of the three SiC

devices under test, which included a SiC MOSFET, BJT, and enhancement mode JFET



(the manufaatrersof whichwere not specifiedyere providedHowever, the

temperature was only increased up to 125 °C, and the switching waveforms showed
substantial ringing. Limited results were also presented on the static characteristics of the
devices, though thiafluence of the die area on the-msistance was taken into

consideration by using the specific-osistance to compare the-state performances of

the transistors.

As in [34], [36] again characterized depletion mode and enhancement mode
JFETs from Semi Sout h, IGMOSFECAeghs f i rst gener
explanations othe methods used for the temperature satarovidedthe static
operation of the devicegasonly tested up to 100 °C, and the dynamic characterization
wasevaluated at even lower temperatures of a mere 80 °C. Mordwstydyagaindid
not specify the driving conditiortbat were used in the characterization.

High temperatureperation was evaluated [87]. The paper showed the\
curves, specific omesistances, and blocking characteristics of a SiC depletion mode
JFET and a SiC MOSFET (manufacturers not specified) up to 300 °C. However, no
dynanic characterization was reported.

Additionally, new generations of SiC devices have become available since these
studies Accordingly, histhesisoffersinsight into thehigh temperaturperformances of
stateof-the-art SiC power semiconductors blyaracterizing and comparing the latest
generation of 2kV SiC MOSFET, BJT, SJT, and normaliy (depletionmode)and
normally-off (enhancemennode)JFET devices fromwvell-known manufacturers
namely Crednc., ROHM SemiconductqrGeneralElectric (GE) Fairchild

SemiconductgrGeneSiCSemiconductqrinfineon Technologies, and SemiSouth



LaboratoriesTo carry out this studyull static and dynamic characterizatsoere
performed fron 25°C to 200 °C on each transistor. Some of this characterization was
previously reported i{38]-[40].

Moreover the characterizatiownf the 1.2 kV SiC MOSFETgonducted in this
work revealed behaviors not experiencedtandardsi MOSFETSs. These unique
characteristics include an extended transition region between the linear and saturation
regimes of the atput characteristic curves, a nfhat Miller Plateau, and a decrease in
channel resistance with increased terajure[41]-[44]. These phenomenon can be
attributed to the modest transconductgded, shortchannel effects, and traps at the
SIC/SIG interface[43], [44], [53].

Due to these unorthodoxies, models developed for Si MOSFETs aelhot
suited for SiC. Consequently, significant effort has been made to pdgwsbus, or
develop entirely newnodels to accommodate the abnornmediseen by SiC MOSFETS.
However, many of these new models for SiC MOSFETSs involve knowledge of the
physical parameters of the device, or require extensive parameter extraction from the
electrical characteristic curveBhis work instead seeks tealizea simple methodor
users tgredict the dynamic performance of these SiC devices using their readily
available static characteristida this way, the dynamic characterization of these devices
can be significantly reduced or eliminated entirely. Thisf isiterest because this
dynamic testing can be tirensuming and expensiveo accomplish thigoal a
simplified analytical model, which utilizes thMOSFET switchingwaveforms and

equivalent circuit to calculate the turn on and turn off switchinggimg be proposed



Similar models were developed Hmetpast for the ideal Si MOSFET, and proved useful

in the early design stages.

1.4 Thesis Organization

To satisfy the above objectives, this thesis is organized as follows. Chapter 2

introduces the SiC MCGEET, and provides the results of the complete static and dynamic

characterization performed up to 200 eC.

Si and SiC MOSFETSs will then be detailed, followed by a survey on the types of models
that have been delaped for SIC MOSFETSs. A new analytical model will then be
proposed. Chapter 3 expés the performances of SiC Bdiid SJTdevices Particular
attention is paid to the driving of thesansistorsas they require dc current in the-on

state. Chapter 4 elmtes the characteristics $iC normally-on and normallyoff JFETS.
Again, the driving of these devices is taken into consideration. Chapter 5 presents a
summary of th&ey characterizatiomesults forall of the 1.2 kV SiC devices studied in

this thesis Conclusions will then be drawn in Chapter 6, followed by a discussion of the

future work.
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Chap2erCharacterl.zZ23k®@nMO@SFETS

2.1 Introduction

With the push to higher powestdinarySi MOSFETs become less favorable due
to increased owtate losses. Consequently, théG@BT wastypically the preferred
choice for voltages greater thapproximately200 V. The emergence of the
superjunction MOSFET (SMOSFET)and CoolMOS technologiesl@aived Si unipolar
transistors to contend with 600 V devices. However, above this vogalfeBTs are
again favored. Although the Si IGBT has lowergiate losses than high voltage Si
MOSFETS, it experiences slow switching speeds and thus high dynaseslo

Alternatively, the larger critical electric field for breakdown of SiC allows it to
have a greatly reduced drift region resistance for the same breakdown {@jtage
Furthermore, SiC MOSFETSs have the benefit of being unipolar degicdshus
typically experience faster switching than an IGBT. As a result, extensive work on the
characterization of SIC MOSFETs,choonparisonof theirdynamt performance to Si
IGBTS, has been carried da#], [22]-[29].

In this chapter, the background of SiC MOSFETSs will first be discussdokvéad
by detailed descriptions of the complatgh temperaturstatic and dynamic
characterization methods and resulisis chapter will then explore the unique

characteristics observed for SiC MOSFETSs that are unsemmventional Si MOSFETS.



A surveyof models for SIiC MOSFETSs will then be providéallowed bya new

proposedanalytical model for predicting the switching times of these 1.2 kV devices.

2.2 Background of SiC MOSFETSs

The initialfabricationof SIC MOSFETs was stifled by two main issues: (1) the
quality of the SiC/SiQinterface[4], and (2) the high electric field generati@h. The
poor quality of the boundary between the SiC surface and oxide resulted in low mobility
in the inversion layer, while the high electric field getedawithin the SiC caused
degradation of the gate oxif. Significant improvement has been made to the
manufacturing of SIC MOSFETS, and thubats been demonstrated that these issues
have been resolvdd3], [15].

A common structure for SiC MOSFETSs is the deutiffused or DMOSFET
(Figure2), which allows for fast switching speed and high durabilitythis structure,
when no voltage is applied to the gate, a high voltage can be supported within the thick,
lightly doped R drift region. Upon application of a positive gate bias, an inversion layer
is produced at the surface of thenell region underneath the gate electrode. This
inversion layer provides a path for the flow of current from the drain to the 4é{irce
This structure includes an intrinsic body diode, and allows operation in both the first and
third quadrantsCurrent flows through the body diode when the MOSFET gate is off, and
a positive drain bias exceeding approximately 0.7 V is applied. If instpasitave gate
voltage is appliedand the drain is negatively biased, then the channel will conduct with

current flowing from the source to the drain, resulting in third quadrant operation.

1C



n - drift region

n* - substrate

Drain

Figure 2: SiC DMOSFET structure.

The SiC power MOSFET is also cdyba of supporting high positive drain
voltages. Furthermore, due to its greatéraal eectric field for breakdown, the doping
concentrations in therift region of SiC MOSFETSs can be increased, thereby resulting in
a lower drift resistance for a given blocking voltage. This relationship is shown by the

following equation for the idd onstate resistancecRdeal

4BV?
Ron- idear = e—m_g
S c ( 1 )

where BV is the breakdown voltadéj s t he di el ectric constant
is the mobility of the drift region, and:. ks the critical electric field for breakdow].
Moreover, SiC also features a higher saturation drift velocity, allowing for faster
switching and thus is suitable for highequency applidions.
Given these benefits of Si@iany companies have invested extensively in
research and development of SiC transisidre.SiC MOSFETSs that will be assessed in
this work are shown iifablel, where all of the devices are rated at 1.2 kV and are in TO

247 packageThis table lists the device manufacturer, part number, continuous current

11



and operation temperature ratings as ligtettheir respective datashe@i®]-[49], and

their

di e

ar eas

nor mal

i z €%Generatiort ZRET t

of

Creebds

Normalizing the die areas shows the sizes of the devices relative to one another, which is

significant because the size of the device directly relates to teatmresistance and

junction capacitance. As the device size is reducedistate resistance increases,

thereby resulting in higher conduction losses. On the contrary, smaller devices feature

lower junction capacitances, which results in faster switching and thus reduced dynamic

losses.
Tablel: 1.2 kV SiC MOSFETSs under study.
Mfg DEV|Ce ID,Cont TMax ANorm
CMF20120D 42 A (25 °C); o
(1Gen. ZFET) | 24A(100°C) ~ 13°°C SR
Cree
C2M0080120D | 31.6 A @5 °C); o
(29 Gen. ZFET) = 20 A (100 °C) 150°C 1.00
30 A (25 °C);
GE GE12N20L 22.5 A (100 °C) 200°C 0.97
20 A (125°C)
40A (25 °C); o
SCT2080KE 28 A (100 °C) 175°C 1.21
ROHM
22 A (25 °C); o
SCT2160KE 16 A (100 °C) 175°C 0.75

2.3 Static Characterization othe 1.2 kVSIiC MOSFETs

In the following subsections, the methods and measurement results for the static

characterization of the SiC MOSFETSs listed'ablel will be presergd. The parameters

include: blocking capability, threshold voltage, transfer characteristics and

transconductance, output characteristics ancksistance, body diodev

12



characteristics, internal gate resistance, and junction capacitances. Each panatheter
the exception of the internal gate resistance and junction capacitances, was measured
from 25 °C to 200 °C in order to assesshigh temperatureapabilities of the devices
under studyMuch of the results presented in the following sections wereously

reported in38]-[40].

2.3.1 Static Characterization Methods

The static characterization was performed using a Tektronix 371b curve tracer,
and Agilent 4294A impedance analyzer. For the Tektronix 371b curve tracer, four
terminal (also known as Kelvin) sensing was employed to enswasuranent accuracy.

The curve tracer was connected via GPIB to a computer such that the data from the
curves could be quickly and easiBtrieved An oscilloscope was also utilized for the
threshold voltage measurements to obtain improved resolutiontpfateoand

thermocouple were used for heating and temperature sensing. Measurements were taken
in 25°C increments from 25 °C to 200 °C. Once the desired stattytemperature was
reached, measurements were taken quickly in order to avoid tHeeaéiiy of the

devicesFigure3 depicts the static characterization setup.

13



Curve tracer

| J | J l

Thermometer DUT on hot plate PC (GPIB controller)

Figure 3: Static characterization setup, showing the hotplate and thermocouple used for heating and
temperature sensing, curve tracer with fourterminal measurementsfor obtaining the curves, and
PC with GPIB controller for retrieving the data. Imagefrom [Z. Chen, ifiCharacterization a
modeling of high-switching-s peed behavior of SiC active devices, o M
Eng., Virginia Tech, Blacksburg, VA, 2009], with permission from

Zheng Chen

2.3.2 Blocking Capability

The curve tracer was used to meadhe leakage current of the SiC MOSFETSs at
increasing temperatur&his was done by first shorting the gate and source terminals of
the device under test such that the gaterce voltage remasdat O V, and thus the
devicewasoff. Next, the drain cuant of the devicewvasmeasured as the drasource
voltagewasincreased. This measured drain current is known as leakage current since it is
current thaflows through the device when it is in the off state. The applied-dmirce
bias is known as thddxking voltage as it is the voltage that the device is suppoAing.

a blocking voltage of 1200 V, all of ttf®&C MOSFETSdlisted inTablel showed leakage

14



currentswell below 10 pA.Since the resolution of the 371b curve tracdiOg1A/div at
this power level, a specific leakage current value could not be accurately determined.
Typically, as the temperature of transistoses the leakage currents increase.
This is due tdhe intrinsic carrier concentration increasing exponentially with
temperaturg8]. However, even at 200 °C, the SiC MOSFETSs under study revealed
leakage currents ohuchless than 10 pA at a blocking voltage of 1200TYisis a
significant improvement when compared to similadye Si transistors, and is due to the
lower intrinsic carrer concentration and wide bagap of SiC.This result demonstrates

the high temperature capabilities of the SiC MOSFETSs.

2.3.3 Threshold Voltage

The threshold voltage is the gateurce voltage needed for current to start
flowing through the channel of the device. In this study, the threshold voltage was taken
to be the gatsource voltage at which the drain current redcheA. For the
measurementhe gate and drain terminals of the device were shorted such that the gate
source and dratsource voltagewereequal, which is a standard practice. The curve
tracerwasthen put into high voltage mode such that fine current resolatiold be
achieved However, in this mode, the minimum voltage resolution is 50 V/div, which is
more than an order of magnitude higher than the threshold voltages of these devices.
Consequently, an oscilloscope was used to measure theagate (or equivalently the
drainsource) voltage at which 1 mA of drain current was reached.

Figure4 shows a plot of threshold voltage versus temperature for the SiC
MOSFETS in questiorThe threshold voltages tieseSiC MOSFETs are low compared

to thoseof Si MOSFETSs. Furthermore, the threshold voltages show a negative
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temperature coefficient, decr@as by nearly 40 % at 200 °C when compared to their
room temperaturealues.This negative temperature coefficient of the threshold voltage
is also experienced in Si MOSFETS, and is due to the increase in intrinsic carrier
concentration with increased teerptureg[6]. Due to the combination of a low threshold
voltage at room temperature afis negative temperature coefficient, when utilizing
theseSiC MOSFETS, a negative gageurce voltage should be applied during the off

state to ensure that the devicesnbt experience false turn on.

r
)

ROHM SCT2080KE MOSFET

/ ROHM SCT2160KE MOSFET

W M

=Y
(7]

GE SiC MOSFET

—
i -5

Threshold Voltage (V)

Cree C2ZM0O080120D MOSFET |

—
=

25 50 75 100 125 150 175 200
Temperature (°C)

Figure 4. Plot of threshold voltage versus temperature for all five SiC MOSFETs with arain
current of 1 mA and the gatedrain terminals shorted [C. DiMarino, Z. Chen, M. Danilovic, D.
Boroyevich, R. B u r g-tesperatBre chdlacterizagion @nd komparisoroif 1g2HV

SiC power MOSFETs, 0 {3HEBepEXBE, pp. 3235

2.3.4 Transfer Characteristics/Transconductance

The transfer characteristics of the MOSFE#&seobtained bymeasuring the

drain current as the gassurcevoltagewas sweptdr a fixed dran-source voltage.
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Figure5 shows the transfédrain arrent versus gatsource voltag) curvesof each of
the SiC MOSFETSs taken at a draource voltage of 20 V for temperatures of 5hd
200 °C. It can be obsem¢hat the majority of the SIC MOSFETs have similar transfer
curves at room temperatuiehe transfercurves@r ee 6s C2M0080120D MOSF
however showeda noticeablysteepegradient especially at lower current densitiés
can also be observed fromgtigure that the slopes of the transfer curves for these
MOSFETSs ircrease with temperature at lawrrent densities, but decrease with
temperature at higher currenidthough the transfer curves presented in the datasheets
[45]-[49] for these devices were obtained under different esaurce voltage conditions,
in general, the measured results presented in this work are in good agreement with the
manufacturedata.

Theslope of the transfer curve is known astiia@sconductances®f the
MOSFET. The transconductance can therefore be expressed as

_ D,

g fs
DV, (2)

This is the gain of the MOSFET as it gives the change in drain cutient (
output)obtained for a given change in gat@urce voltagetieinput). Figure6 shows the
transfer curves for Creeods -Shardddage®m12da 0D Si C N
V for temperatures from 25 °C to 200 °C. From this figure, it can observed that the slope
of the transfer curve, and thus the transconductance, of the SiC MOSFET does not
change much as the temperature is increased from 25 °C to 200 P@ymefits of
approximately 30 A. At drain currents larger than this valumteeabledecrease in the
slope is observed as the temperature is increased. Companeudlady rated Si power
MOSFETS, these SiC MOSFETexperiencdower transconductancebut featuresmaller

17



negative temperature coefficisniThe impact of this modest transconductance will also

be discussed in a subsequent section.

50

——Cree CMF20120D

45/ — Cree C2M0080120D
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Figure 5: Transfer curves of each of the SiC MOSFETSs taken at a draisourcevoltage of 20 V for

temperatures of 25 °C (solid curves) and 200 °C (dashed curves).
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Figure6: Tr ansfer curves for Creeds C2-80oroedoitage 6fPOVSi C MOSFE

for temperatures from 25 °C (blue) to 200 °Qred).

2.3.5 Output Characteristics/On-Resistance

Thel-V curves, or output characteristicd,each MOSFET were measured using
a curve tracer and foderminal(or Kelvin) snsingfor temperaturerom 25 °C to 200
°C. Figure7 shows the-V curve comparison of one of the SiC MOSFETS for
temperatures of 252°and200 °C,and gatesource voltages of 10 V to 20 V. This
comparison demonstrates the low temperature dependency of steg@icharacteristics
of the SiC MOSFETSs. It can also be observed that forgaiece voltages of 16 V or
less, the linear region of thevl curves become steeper with increased temperature. This
indicates that ithis MOSFETis driven at gatesource voltages of 16 V or less, then the
onresistance will feature a negative temperature coefficient. At 18 Vsgatee

voltage, almost no change e between the curves taken at 25 °C and 200 °C,
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suggesting near constant conduction losses with increased temperature. However, for
optimal performance, a gasaurce voltage of 20 V is recommended for the SiC
MOSFETSs. As shown by figure, the slope o ttnear region of the-V curves at this
gatesource voltage decrses with increased temperature, resulting in a positive

temperature coefficient of the @asistanceinder this input condition.

From the 4V curve, the orresistance of each SiC MOSF®&Bscalculated.
Figure8 shows the oiesistance versus temperature curves for each of the SiC
MOSFETSs. The oimesistances were measured at a-gatee® voltage of 20 V, and at the
drain current values I|isted in parenthesis I
SCT2160KE MOSFET has a higher-msistance than the other SIC MOSFET#is

study. This can be partly attributemlits smaller size.

As mentioned previously, a smaller device will result in a higheesistance for
a given blocking voltage. Consequenityis important to look at the specific-on
resistances of the devices. In this case, this figure was obtained by multiplying the
measured ofresistance values by the die area of the device. Typically, the active area is
used for this calculation, however, this dimension could not be obtained for all of the

devices in this study, and so the die area was used instead.

Figure9 shows the measured specifici@sistance versus temperature. The drain
currens used for the measurememi® shown in parenthesé@he gatesource voltage
used for the orresistance measurement was 20 V since this is the voltage at which the
MOSFETSs will be driven. As seen in the figure, the GE MOSFET is the least temperature
dependent, increasing by approximatedpbo at 200 °C with respect to tsom

tempeatureresistanceWhen compared to Si power MOSFETS, these SiC MOSFETSs
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feature significantly lower, and less temperatseasitive, orresistances. This lesser
temperature coefficient can be partially attributed to the decrease in the channel
resistance ofH-SiC MOSFETSs with increasing temperature due to an increase in MOS
channel mobility37] caused by the deapping of charges in the gate oxide. This

decrease in the channel resistance counteracts the increase of the drift region resistance,

resulting in a lower positive tempeua¢ coefficient in the total estate resistand&7],

[41]-[44].
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Figure 7: 1-V curves of a SiC MOSFET for temperatures from 25 °C (blue solid curves) to 260C

(red dashed curves), and gatsource voltages of 10 V to 20 V with 2 V steps.
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Figure 8: On-resistance versus temperature curves for each of the SIC MOSFE®@ta gatesource

voltage of 20 V and the drain currents specified in arentheses.
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Figure 9: Specific onresistance(using die area)versus temperature curves for each of the SiC

MOSFETSs at a gatesource voltage of 20 V and the drain currents specified iparentheseqC.
DiMarino, Z. Chen,M.Dani | ovi ¢, D. Boroyevich,-terRoeratBair gos, P. M
characterization and comparison of 1.2 -342, Si C power

Sept. 2013]

Figure10a andFigure10b showthe specific ofresistance versus drain current
curvesat 25 °Cand 200 °C, respectivelfgr eachof the SiC MOSFETSs. As shown,
while most of the MOSFETSs have similar specificro®e si st ances at 25 UC,
C2M0080120D experiences a | ower spatali fic res
drain currents. However , avethelowkstéperificeBEO s MO S
resistance. Furthermore, ROHM6s SCT2160KE MC
sensitive to higher load currents. This can be attributed to the fact that it has the smallest
die area, and thus the highest resistance and lowest catiagt As listed inTablel, the
SCT2160KE has a continuous current rating of 16 A at 100 °@hisarease in on

resistance at larger drain currents is expected, especially at elevated tempédiagures.
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onrresistanceurvespresented in this wordre in good agreement with thageenin the

datasheetpl5]-[49] of theseSiC MOSFETs
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Figure 10: Specific onresistance(using die area)versus drain current curves for each of the SiC

MOSFETSs at a gatesource voltageof 20 V, and (a) 25 °C, and (b) 200 °C.
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2.3.6 Body Diode IV Characteristics

The body diode-V curves weraleterminedising a curve tracemnd four
terminal measuremeniVith the gate and source terminals shoréebiaswas applied
across the source and drainthe device, and the current flowing from the source to the
drain through the body diode could $ensedThe resultingoody diode 4V curves for
the SiC MOSFETSs at 25 °C and 200 °C are shovwigarell. As can be seen from the
figure, all of the SIC MOSFETSs experience a reduction in the body diode forward turn on
voltage as the temperature is increased. However, it can also be observed that each of the
SiC MOSFETs feature different slopes in their boubdd FV curves, with the Cree
C2M0080120D MOSFET having the steepest slapd the ROHM SCT2080KE
MOSFET having the most gradual. A steeper slope corresponds to a lower resistance in
series with the body diode, and thus allows for reducestate lossehen the body

diode isconducting50].

25



16

Cree CMF20120D
141 — Cree CM0080120D
ROHM SCT2080KE
1ol —ROHM SCT2160KE
— GE GE12N20L
1
10-1 25 C
g [ | ey 1
> 81 200 C !
_U) ------ ==
6
4
2 M
ez
0 w2k —— i
0 1 7

Figure 11: Body diode IV curves for the SiC MOSFETSs at 25 °Qsolid curves)and 200 °C(dashed

curves)for a gate-source voltage of 0 V.

2.3.7 Internal Gate Resistance

The internal gate resistanceadflOSFET will greatly influence its dynamic
performanceFigurel2 depicts the measurement setup and equivalent circuit for the
determination of thinternalgate resistance$he internal gate resistance of each SiC
MOSFET was determined using the impedance analgzeeasurecross tk gate and
source terminals with the drain floating. Measurements were taken at a frequency of 1
MHz. The resulting values are presentedablell, andare in good agreement with
those listed in the datashefpt§]-[49].1t can be seen that ROHMO6s S
hi ghest i nternal gate resistance, while GEO®Gs
in internal gate resistances among the different MOSFETS in this study makes iakessent

to test various external gate resistances when evaluating their dynamic performance.
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Figure 12: (a) Measurement setup, and (b) equivalent circuit, for the measuring the internal gate

resistance of the devices.

Table Il : Internal gate resistances of the SIiC MOSFETEC. DiMarino, Z. Chen, M. Danilovic, D.
Boroyevich, R. B u r g-tesperatBre chdlacterizagion @nd komparisoroif 1g2HkV

Si C power MOSFETs, 0 {3HEBEeptE20BE, pp. 3235

Mfg. Device Internal Gate Resistance
CMF20120D 4. 98 q
Cree
C2M0080120D 4. 85 q
GE GE12N20L 2.41 q
SCT2080KE 7.25 q
ROHM
SCT2160KE 13.7 q

2.3.8 Junction Capacitances

The junction capacitances of each SiC MOSFET were measured under increasing
drainsource voltage. The measurements were only conducted at room temperature since
it has been shown that the junction capacitances are independemperatur¢s0].
Schematics of the test circuits used for the measurement of the input capacgance C
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(Ces + Cap), output capacitancedss(Cps + Cep), and Millercapacitance gss(Cep),

are shown irFigure13a, Figure13b, andFigurel3c, respectively. These circuits,

presented ifi50], were used to extend the voltage l{r@presented by d4in the

schematicsgince the Agilent 4294A can only supply up to 40 V. The 1 puF capacitor
connected to the ipddancelanalyzereserves topgotectthd t he i m
instrument from the high voltage biagd/ The capacitances were all measured at a

frequency of 1 MHz.

1 uF MOSFE
HE—] !E} s

Impedance a 1pF V.
Analyzer 1.2 Mw bS
L
(a)
1 uF 620k
H —| ] _n
Impedance MOSFET s
Analyzer 620 kwn
L ®) AVAVAY
1 uF = 1.2
H— 1 IMOSFET
Impedance vV
Analyzer bs
L
L Guard (©) 1.2 Mw=

Figure 13 Measurement setup for determination of the (a) input capacitance, (b) output capacitance,
and (c) Miller capacitance of the devices as was presented[ii. Chen, fACharacteri zati c
modeling of high-switching-s peed behavi or of StheSs, BepttBlest.€Condpetvi ces, 0 M
Eng., Virginia Tech, Blacksburg, VA, 2009, and used in[C. DiMarino, Z. Chen, M. Danilovic, D.
Boroyevich, R. B u r g-temperatBre chalacterization @rd komparisortoif 1g2hkV

Si C power MOSFETsp.82383HE BeptE20BE, p
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The resulting capacitance versus voltage curves at room temperature are shown in
Figurel4, Figurel5, andFigurel6, and are in good agreement with those given in the
datasheetpl5]-[49] of these SIC MOSFET#s shown inFigurel4, Cr ee 0 s
C2M0080120D has the lowest input capacitance, followed by Ehard ROHM
SCT2160KE MOSFETS, which have nearly identical values. A smaller input capacitance
will reduce the time constant of the gate loop, resulting in shorter switching delays and
faster drain current slew rates.

Figurel5s hows t hat ROHMG6s SCT2160KE has the
while Creeb6s CMF20120D has the highest. The
capacitances at all measured bia3é® output capacitance is the primary contributor to
the parasitic ringing during the turn off transient. This is because during turn off the
current sees the dragource parasitic inductance in series with the output capacitance.

During turn on, howewe the junction capacitance of the freewheeling diode is also in the
current path, and, since this capacitance I
output capacitance, it is the main contributor of the parasitic rirj§@lg The output

capacitance is also responsible for a slower esaurce voltage slew rate. This is due to

a longer charging time of the drasource capacitance.

Finally, Figure16 shows that the ROHM SCT2160KE and Cree C2M0080120D
MOSFETSs have the smallest Miller capacitances, while the ROHM SCT2080KE
MOSFET has the largé The Miller capacitances of the GE and Cree CMF20120D
MOSFETSs are similar at biases greater than 40 V. The Miller capacitance has a more
pronounced impact on the drasource voltage slew rate, and thereby has a greater

influence on the switching lossékhe impact of these capacitances on the switching
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performance of these SiC MOSFETSs will be appreciatieein evaluating the switching
behaviors of the devices in the subsequent section

These capacitance curves also show that, in general, the MOSFETSs with the larger
die sizes tend to have higher capacitances. If these measured capacitances are divided by
the die area, then the specific capacitances of the devices can be plotted thigerify
postulation. As shown byigurel17, Figurel18, andFigurel9, the distribution in specific
capacitances is much narrower than that of the regular capacitance measufagweets.
17 shows that the specific input capacitances of the ROHM SiC MOSFETSs are identical.
Figurel8reveals that all of the SIC MOSFETSs have nearly overlapping specific output
capacitances. No substantial changes were seen for the specific Miller capacitance curve

(Figure19) though.

30



10000
m ROHM SCT2080KE (1.21)| |Cree CMF20120D (1.59)
3 w ! —s i s s
c
] M e : I
% 1000 *—o ® o o o
=3 Cree C2M0080120D (1.00)
o ROHM SCT2160KE (0.75)
=
£ GE (0.97)
100
0 50 100 150 200
DC Voltage (V)

Figure 14: Input capacitance versus voltage curves for the SiC MOSFETs measured at 1 MHz and
room temperature. The die areas othe devices normalized o t hat of Creeb6s C2M00801
MOSFET are shown in parenthese§C. DiMarino, Z. Chen, M. Danilovic, D. Boroyevich, R. Burgos,
P. Mattaveemper da&Hugbh characterization and compari son
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Figure 15: Output capacitance versus voltage curves for the SiC MOSFETs measured at 1 MHz and

room temperature. The die areasothed evi ces nor mali zed to that of Cree
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Figure 16: Miller capacitance versus voltage curves for the SiC MOSFETs measured at 1 MHz and
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Figure 17: Specific input capacitance versus voltage curves for the SiC MOSFETs measured at 1

MHz and room temperature. The die areasofhedevi ces nor mal i zed to that

C2M0080120D SiC MOSFET are shown in parentheses.
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Figure 18: Specific output capacitance versus voltage curves for the SiC MOSFETs measured at 1

MHz and room temperature. The die areasothed evi ces nor mali zed to that

C2M0080120D SiC MOSFET are shown in parentheses.
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Figure 19: Specific Miller capacitance versus voltage curves for the SiC MOSFETs measured at 1
MHz and room temperature. The die areasothedevi ces nor mal i zed to that

C2M0080120D SiC MOSFET are shown in parentheses.

2.4 DynamicCharacterizationof the 1.2 kVSiC MOSFETs

In the following subsections, the driving and measurement methods used for the
dynamic characterization of the SIiC MOSFETSs will be presented. The switching energy
losses of each device for different load currents and temperatures will also be shown. A

comparison of the dynamic performance of the devices will then be provided.

2.4.1 Dynamic Characterization Methods

DoublePulse Tests (DPTs) were performed on each SiC MOSFET with a DPT
setup specifically designed to reduce the parasitic components that inhibit switching
performance. The layout is based on the DPT board descrilffet] jmnd issimilar to

the tester used i®0]. A simplified schematiof the DPTsetyp is shown inFigure20.
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Creebs C2D10120A SiC Schottky diode was wused

the same IXDD614 lovside MOSFET gate drivgwhich has an output resistance of 0.3

q) was wused for all of the devices in this s
To conduct the measurements, a BNC and hatage probe were used to

measure the draisource voltage, a prodg-adapter and lowoltage passive probe

were usedo measurethega;eour ce voltage, and a 0.1 q coa:

BNC cable was used to measure the drain current of the different devices. The source

ground was isolated to reduce noise. All of the DPTs reported in this paper were

conducted for ac bus voltage of 600 \Figure21 shows an image of the DPT hardware

with the key components labeled.
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Figure 20: Schematic of the doublepulse test setup used for the dynamic characterization of the SiC
MOSFETs[ C. Di Marino, Z. Chen, M. Danilovic, -D. Boroyev
temperature characterization and colBEE&COESppP.Nn of 1.2 K
32353242, Sept. 2013], [C. DiMarino, Z. Chen, D. Boroyevich, R. Burgos, P. Mattavelli,
fiCharacterization and comparison ofIEEEERE,ppV- Si C power
10, Sept. 2013], and [C. DiMarino, Z. Chen, D. Boroyevich, R Bur g o s, P. -Mattavelli,
temperature characterization and compariJdson of 1.2

Microelectron. Electron. Packagingvol. 10, no. 4, pp. 138, 2013.]
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Bulk Capacitors
Figure 21: DPT hardware with the key components labeled.

A block diagram was created in LabVIEW that could interface with the function
generator. In this way, many doulgalse signals (corresponding to different load
current, dc voltage, and inductaramambination} could be easily programmexhd
stored. This method speeds up the testing of the devices since the signals can be quickly
loaded and sent to the function generator. The function generator is then triggered,
sending the pulses to the hardware. The oscilloscope then capturesnbeafadlirising
edges of the gateourcevoltagewaveform for the turn off and turn on transitions,
respectively. MATLAB is then used to retrieve the data from the oscilloscope, and to
compute the turn on and turn off switching energies. The switching lassesalculated
by multiplying the drain current and drasource voltage waveforms in order to get a plot

of the instantaneous power. This plot is then integrated 10 % above the peak power value
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for both the turn on and turn off transients. The totaldwig loss is the sum of the turn

on and turn off energiegigure22 depicts this process.

Devq!gp Double Pulse Function Generator

JCACRCRCNCET
p— Orenns p—

| &5 &

. =k -

—
S

Pouer (W)

Figure 22: Process used for thelouble-pulse testing.

2.4.2 Switching Characteristics

In this section, the process used for selecting the optimal external gate resistance

for the SIC MOSFETSs will be showithe external gate resistance that yielded the lowest
switching energy loss without caangisignificant ringing was selectedithough details
will only be provided for the Cree CMF20120D, ROHM SCT2080KE, and GE
GE12N20L MOSFETSs, similar testing was performed on the other SiC MOSFETSs as
well. Once justification has been given on the seleafdhe external gate resistances,
theroom temperaturswitching performance of all of the SiC MOSFETs will be
comparedThehigh temperaturewitching behavior of the SiC MOSFETs will then be

presented.
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2.4.2.1 Cree CMF20120DSiC MOSFET

The turn on and turn off waveforms for C
shown inFigure23 andFigure24, respectivelyfor a DPT conducted at 600 V, 20 A, and
25 AC with external gate resistances of 0 q,
the oftstate and 20 V for the orstate were usefibr the DPTsNote that thegatesource
voltage waveforms have been aligrfbdttom subplotsfor ease of viewingAs shown by
these waveforms, while there was a drastic increase in delay times and slew rates when an
external gat e r eeal]tlere was ttte charfge vihén thg resistasce was

reduced beyond 2.5 q.

When no external gate resistor was added, the CiE&20120D MOSFET
experienced noticeable ringing in the turn off wavefo(figure24). As a result of this
ringing, the total switching energy loss was nearly the same forthe cadgsaaihd 2. 5 (q
external gate resistancegth values of 432 uJ and 430 pJ, respectively,D&Ts at 600
V, 20 A, Sanmnde2bBoe€eduction in the switching
as the external gate resistance, 2.5 q was

demonstratetkss ringing in the waveforms.
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Figure 23: Turn on waveforms for the Cree CMF20120D MOSFET at 600 V, 20 A, and 25 °C for

external gate resistances®of 0 q (gold), 2.5 q (green)., 5 q (darKk
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Figure 24: Turn off waveforms for the Cree CMF20120D MOSFET at 600 V, 20 A, and 25 °C for

external gate resistancesgof 0 q (gol d) , 2.5 q (green)., 5 q (dar k

2.4.2.2 ROHM SCT2080KE SiC MOSFET

The turn on and turn off waveforms BrOHMG6 s S C TSCM®SHEEare
shown inFigure25 andFigure26, respectivelyfor a DPT conducted at 600 V, 20 A, and
25 AC with external gate r eGatewlagesaf@¥forof 0 q,
the offstate, and 20 V for the estate wee used for the DPTSAs shown by these
waveforms, unlike the case for the CeBIF20120DMOSFET, using no external gate
resistor continued to improve the devicebdbs
loss reduced from 576 pJ with a 215 e x t ete resstincega502 pJ with no external
gate resistor for DPTs conducted at 600 V, 2

to the slightly larger internal gate resistance ofR@HM SCT2080KEMOSFET (Table
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I1). This higher internal gate resistance also prevented ringing whenteimad gate
resistor was wused. Consequentl vy, a 0 q exte

optimal choice.

N
(2,1

T 20 et
o —— Rohm: 10 Ohm R
= A5 PO R e G

E Rohm: 5 Ohm R,
g 10 | A Rohm: 2.5 Ohm R,
w H |
I [ /i i e s B — Rohm: No R,
0 : | g P s o i YY)
100 150 200 250

Time (ns)

Figure 25: Turn on waveforms for the ROHM SCT2080KE MOSFET at 600 V, 20 A, and 25 °C for

external gate resistances®of 0 q (bl ue), 2.5 q (light .blue), 5 q
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Figure 26: Turn off waveforms for the ROHM SCT2080KE MOSFET at 600 V, 20 A, and 25 °C for

external gate resistances®of 0 q (bl ue), 2.5 q (light blue), 5 q

2.4.2.3 GE GE12N20LSiC MOSFET

The turn on and turn off wahoewnfinéigues f or G
27 and Figure 28, respectivelyfor a DPT conducted at 600 V, 15 A, and 25 °C with
external gat e r esi stGatawlages a O V for the gétatd, andq, and 1
20 V for the orstate were user the DPTsAs shown by these waveforms, reducing the
external gate resistance beyond 5 q resultect
the case of the Cr&&MF20120DMOSFET, using no external gate resistor further reduced
the switching energy lefrom 254 pJwitha§f ext ernal gate resistor

carried out at 6.0N6veritielessfinbay e prefarable tacdptthig C)
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extra loss in order tdiminishthe ringing.For this work, the external gate resistance value

of5 q was determined to be opti mal

o s o T T e T T 2

B L | W S— e — :
| e | |

N
o

-
[2,]

[4,]

V630 (V)i 1 (A)
s

i 1 i
100 120 140 160 180 200 220

Time (ns)
——GE: 10 Ohm RG
30 ! ! ! ! GE: 5 Ohm RG
VGS GE: No RG

Ve V)

: : .r : :
100 120 140 160 180 200 220
Time (ns)

Figure 27: Turn on waveforms for the GE GE12N20L MOSFET at 600 V, 20 A, and 25 °C for

external gate resistances®o f  @inky , ( Bed)g, (and 1réd).g (dar k
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Figure 28 Turn off waveforms for the GE GE12N20L MOSFET at 600 V, 20 A, and 25 °C for

external gate resistances®of 0 q (pi nk) , 5 q (red), and 10 q

2.4.2.4  Comparison ofthe SIiC MOSFET Switching Behaviors

The determined optimal external gate resistancedoh SiC MOSFET are listed
in Tablelll. The internal gate resistance measured for each device is repeated in the table
for reference. As can be seen, the sum of the internal and external gate resistances for the
majority of the MGG FETs i s about 7.4 q. However, due t
resistance of the ROHM SCT2160KE MOSFET, even when no external gate resistance is
used the total gate resistance is still nearly double that of the other devices. Consequently,
although the ROHMSCT2160KE MOSFET proved to have low junction capacitances,

the device can be expected to experience higher losses. Although the external gate
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resistances of the other MOSFETSs could have been increased to match that of the internal

gate resistance of thed®M SCT2160KE MOSFET, this was not done because it was

desired to obtain the best possible switching performance for each device.

Table 1l ; Internal, external, and total (sum of the internal and external) gate resistances of the SiC

MOSFETs[ C.

temperatur e

Di Mari no,

Z.

characterizati on

Chen, M.

and

32353242, Sept. 2013]

Danil ovi c,

compari son

-D.

Boroyeyv

of 1.2 Kk

Mf Internal Gate External Gate Total Gate
9- Resistance Resistance Resistance
CMF20120D 4 .98 2.5 q 7. 48

Cree
C2M0080120D . 85 q 7. 35
GE GE12N20L .41 7. 41
SCT2080KE . 25 7.25

ROHM
SCT2160KE 13. 7 13. 7

Theturn onandturn off switchingwaveformsfor all of theSiC MOSFETSs under

study are shown iRigure29 andFigure30, respectivelyfor tests conductedt room

temperaturaising a 600 V dbusvoltage 20 A load currentand thecorresponding

external gate resistance listedTliablelll . Gate voltages of 0 V for the eftate, and 20 V

for the onstate were used for the DPPs shown inFigure29, for theturn ontransient,

Creeds

c2M0080120D MOSFET

has the

fastest

accredited to the fact that it possesses the smallest input capacitance. This MOSFET,
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however, also experiences the most ringing due to a combination of a sitexll Mi
capacitance, which increases the cigonrce voltage slew rate, and a low internal gate
resistance. It can also be seen from the figure that the ROHM SCT2MQISEEThas
the longesti/dt rate, which can be attributed to the combination of a langemal gate

resistance and input capacitance.

For the turn off transient{gure30), both of the ROHM MOSFETSs experience a
slow drairsource voltagslew rate. While for the ROHM SCT2160KE MOSFET this
can again be a result of the larger internal gate resistance, for the SCT2080KE this could

be a result bthe larger Miller capacitance.
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Figure 29: Turn on switching waveforms of all five SIC MOSFETs atroom temperature, with a dc

bus voltage of 600 V, load current of 20 A, and using the external gate resistances listed able Il|

[€C. DiMarino, Z. Chen, M. Danilovic, -tBmperducer oyevi ch,
characterization and comparison of 1.2 -342, Si C power

Sept. 2013]
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Figure 30: Turn off switching waveforms of all five SiC MOSFETs atroom temperature, with a dc

bus voltage of 600 V, load current of 20 A, and using the external gate resistances listed able Il|

[ C.

characterizati on

Di Mari no,

Plots of theturn on turn off, and total switching energies versus load current for

Z.

Chen,

and

M.
compari so

Sept. 2013]

n of

Danil ovi c,

1.

-t@mperdBucer oy evi ¢ h,

all of the SiC MOSFETs under study are showRigure31, Figure32, andFigure33,

2 -2, Si C power

respectively, for tests conducted at room temperature using a 600 V dc bus voltage, and

the corresponding external gate resistance list@altelll . Gate voltages of 0 V for the

off-state,and 20V for the on state were used for the DPTIse onrresistancgof the

MOSFETs are shown in parenthesin these figures as a referengs.expected, the Cree

C2M0080120D MOSFET shows the lowest turn on swiiglenergy losses. However,

f

or

t

he

turn

of f

process,

5C

GEO s

MOSFET

proves



summing these turn on and turn off switching energies, the total value can be found
(Figure33). The Cree C2M0080120D MOSFET shows the lowest total switching loss,
while the ROHM SCT2160KE MOSFET demonstrates the largest. The higher switching
loss of the ROHM SCT2160KE device can again be attribiotéd higher internal gate

resistanceTablelll) and slower switching speedsdure29 andFigure30).

900 ROHM SCT2160KE MOSFET (150 mQ)
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ROHM SCT2080KE MOSFET (102 mQ)
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600 GE MOSFET (124 mQ)

500 | Cree CMF20120D MOSFET (84 mQ)

Turn On Switching Energy (pJ)

400
300
200
100
0 Cree C2M0080120D MOSFET (88 mQ)
0 5 25 30

10 15 20
Load Current (A)

Figure 31 Turn on switching energy lossversus load current for all five SiC MOSFETS at room
temperature, with a dc bus voltage of 600 V, and using the external gate resistances listed able
Il . The onresistance of each device is shown in parenthessas a referencg¢C. DiMarino, Z. Chen,
M. Danilovi c, D. Bor oy evi c lHempeRature Bharactpiazation aid. Mattavel

comparison of 1.2 kV Si C powa3sh32mEsfE BEOLY, 0 | EEE ECCI
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Figure 32: Turn off switching energy loss versus load current for all five SiC MOSFETSs at room
temperature, with a dc bus voltage of 600 Vand using the external gate resistances listed ifiable
Il . The onresistance of each device is shown in parenthessas a referencg¢C. DiMarino, Z. Chen,

M. Danilovic, D. Boroyevich, R. Burgos, P. Mattavellifi H i -teiperature characterization and

comparison of 1.2 kV SiC power32C8fkBOLY, 0 | EEE ECCI
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Figure 33: Total switching energy loss versus load current for all five SIC MOSFETSs at room

temperature, with a dc bus voltage of 600 Vand using the external gate resistances listed irable

Il . The onresistance of each device is shown in parenthessasa reference[C. DiMarino, Z. Chen,
M. Danil ovi c, D. Boroyevi c Hemperature Bharacterzatiopnafkd. Matt av el

comparison of 1.2 kV SiC power32MCGsfEBOLY, 0 | EEE ECCI

However, the draisource capacitance of the MBETdischarges its stored
energy through the device channel during the turn on process, and draws some current
from the load during the turn off procd8€)]. This results in an underestimation of the
turn on switching loss measurements, and an overestimation of the turn off loss
measuremen{$0]. Thoughthe total switching energy loss remains the sggg To
account for this behavior, the energy stored in the capacitancealgatated, and added
to the turn on switching energjeand subtracted frome turn off switching energies
The adjusted turn on and turn off switching energy loss plots are shdwgune34 and
Figure35, respectivelyAs shown by the figures, when comparing the switching losses of
the MOSFET<0 one another, nooticeablechanges can be observed.
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Figure 34: Turn on switching energy lossEon versus load current for the SiC MOSFETSs with the

energy stored in the output capacitance &ssadded.
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Figure 35: Turn off switching energy lossEorr versus load current for the SiC MOSFETSs with the

energy stored in the output capacitance &sssubtracted.
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TablelV lists the turn on and turn off timesnd slew rates for the SiC
MOSFETSs. For the turn on process, the drain current rise tiragd slew rateli/dt were
measured from 10 % to 90 % of the steathte load current, which was 20 A in this
case. The draksource voltage fall time&s, and slew ratelv/dtwere measured from 90 %
to 10 % of he steadystate dc bus voltage, which wé@0 Vfor the listed @alues The
turn off drainsource voltage risgrtand drain current fallsttimes, anccorresponding
slew rates were measured similarly. As shown by the tidvléhe current risand fall
stags, the GE and Cree C2M0080120D MOSFETSs had similarly fassifion times
anddi/dt rates The Cree CMF20120D arRIOHM SCT280KE devices also had
comparableurrentriseand falltimesanddi/dtrates However, Cr eeods
MOSFET proved to have the fastest voltage fall and rise times, as well as the highest

dv/dtrates.
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Table IV: Turn on and turn off times and slew rates for the SiC MOSFETs at room temperature, 600

V, 20 A, and the external gate resistances listed iFable Il .

Turn On Turn Off
Device tir di/dt tuf dv/dt tur dv/dt tif di/dt
(ns) (A/ns) (ns) (VIns) (ns) (VIns) (ns) (A/ns)
Cree
CME20120D 11.3 1.4 13.5 35.5 15.6 30.7 21.9 0.72
Cree
C2M0080120D 6.2 2.5 8.5 56.6 8.5 56.6 16.2 0.98
GEGE12N20L| 6.6 2.4 12.9 37.7 11.0 43.8 16.8 0.94
ROHM
SCT2080KE 12.2 1.3 15.8 30.5 18.1 26.5 20.3 0.78
ROHM 21.4 0.73 15.2 31.6 18.4 26.1 26.6 0.60
SCT2160KE

2.4.3 High Temperature Switching Behavior

Figure36 shows thenigh temperatur®PT setup. For this testing, only the device

under test was heated; the MOSFET was soldered to the underside of the DPT PCB and

mounted to a hotplate. The temperature of the device was measured using a

thermocouple, and a fan was used to keep the DPTde@Bonents at a reasonable

temperature. Thermal camera images verified that the PCB components remained at

temperatures below 50 °C. An overcurrent protection circuit was also utilized to protect

the device fronpossible faultsThe purpose for only heagirthe SiC transistor is to allow

for insight into the highemperatur@peration of the device alone. In this way, the results
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can be applied to a wide range of applicatidhsisteadthe other componentwerealso
heated, thetheresults would not bepplicable to systems #h utilize, for instance,
differentgate drives or FWDs, as these parts may featuiguehigh temperature

performance characteristics.

Overcurrent Protection

Device Under Tesf

Figure 36: High temperature DPT setup with key components identifiedC. DiMarino, Z. Chen, M.
Danilovic, D. Bor oyevi c h,-tefRperatlBaichagactarizatoRand Mat t avel | i,
comparison of 1.2 kV SiC power322C8fBOLJC.0 | EEE ECCE

Di Marino, Z. Chen, D. Bor oy e v-tempgeratur&kcharddtarizagian s , P. Mat t

and comparison of 1.2 kV SiJMigoelecegon. Electroni Packagidguct or dev

vol. 10, no. 4, pp. 138, 2013]

Theturn on and turn oféwitching waveforms for the CréeMF20120DSiC
MOSFET for temperatures of 25 °C to 200 °C, BRI's at 600 V and 20,Aising a 10
q external g at einFiguel7andRgure3s, reapectivelgAs shovm,
while thedi/dt anddv/dtrates increased duririgrn on they decreased durirtigrn off. It
can also be seen that thuen ondelay times decreased, whereasttita off delays

increased. These phenomena are primarily due to the decrease in threshold and plateau
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voltages experiencadlith increasing temperatur@s0]. Consequently, theirn onenergy
loss decreased with temperature, whiletthra off energy loss increased, as shown in
Figure39. This trend was verified by the device datasl®g}, as well ag50]. The DPTs
for the ROHM and GE MOSFETSs shed similar waveforms ahtrends. The results of

these high temperature DPTs are summariz8aiieV.
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Figure 37: Turn on switching waveformsforCr ee6s CMF20120D Si C MOSFET with

of 600 V, a |l oad current of 20 A, a2b5dC (biuw)it200 a n

°C (red)[ C. Di Marino, Z. Chen, M. Danilovic, -D.

temperatur e characterization and comparison of 1.

exter

Boroyevi
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kv Si

32353242, Sept. 2013] C. Di Marino, Z. Chen, D. Boroyevich, R.

temperature characterization and comparison of 1.2 kV SiC power semiconductor devie sJ., 0

Microelectron. Electron. Packagingvol. 10, no. 4, pp. 138, 2013].
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Figure 38 Turn off switching waveforms for Creebds CMF20
voltage of 600 V, a load current of 20 A, and using an externalgee r esi st ance of 10 q for
to200°C (reg[ C. Di Mari no, Z. Chen, M. Danilovic, -D. Boroye
temperature characterization and comparison of 1.2 Kk
32353242, Sept. 2013[C.Di Mar i no, Z. Chen, D. Boroyev-s ch, R. Bur
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Figure 39: Turn on (solid line) and turn off (dashed line) switching energy loss versus load current

for Creebs CMF20120D Si C MSOFET with a dc bus voltac¢
resistance of 10 q f ECrDiMadho,Z.bkCheaneV. Danilovic2D0 Boroyédch,( r e d )
R. Bur gos, P . -tdhaperatuaevclearatterization ahd gpmparison of 1.2 kV SiC power
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semi c ondu c tJoMicroglectron. ElecronoPackagingvol. 10, no. 4, pp. 138, 2013].
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Table V: Change in the turn onaEon, turn off aEorr, and total aEorr switching energiesof the SiC

MOSFETSs for temperaturesfrom 25 °C to 200 € , 600 V, 20 A, and 10 q extern

Device aEon aEoFF aEToT

/ Z 6%

L @)

CreeCMF2012D

N
L @)

GE GE12N20L constant

Zsw

N
>

ROHM SCT2080KE

2.5 Modeling of 1.2 kV SIGMOSFETSs

This sectiorwill begin with a discussion otie distinctive features of the SiC
MOSFET that were not observed in their typical Si counterparts. A survey of the various
types of models will then be presented, which will include the advantages and
disadvantagesf each. Finally, a new analytical model will be proposed for the 1.2 kV

SiC MOSFETSs.

2.5.1 Unique Characteristics of 1.2 kV SiC MOSFETs

In carrying out theharacterizatin ofthesefive different1.2 kV SiC MOSFETs
behaviors not experienceddonventional Si MOSFETwere revealedTheseunique
characteristics include an extended transition region between the linear and saturation
regimes of the output characteristic curves, afletrMiller Plateau, and a decrease in
channel resistance withdreasedemperatureThis stretched transition region of the SiC

MOSFET was seen iRigure?. Figure40 shows a comparison of the gate charge curves
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of the Cree CMF20120D SiC MOSFET and a 1000 V, 10 A Si MOSFET
(IXFH10N100), where the data was extracted from the device dataftele{s52]. As
shown by the figure, whelthe IXFH10N100 Si MOSFET has a flat plateau voltage, the
SiC MOSFET does not. In other words, the gaiarce voltage of the SiC MOSET
changes during the drasource voltage fall and rise transitions instead of remaining
constant.

The onresistance oA MOSFET can be approximated as the sum of the drift and
channel resistances. While, as expected, the drift region resistance features a positive
temperature coefficient, the channel resistance decreases with increased temperature.
This decrease in the afwael resistance with increased temperature causes-the on
resistance of SiIC MOSFETSs to have a negative temperature coefficient at |lesogate
voltages since the channel resistance is dominant when the device channel is in weak
inversion. This phenomenavas clearly shown if43]. Theseunique features of the SiC
MOSFETcan be attributed to the modest transconductpi#jeshortchannel effects,

and traps at the SiC/Sinterface[43], [44], [53].
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Figure 40: Gate charge curves for Cree's CMF20120D SiC MOSFET (blue) and IXYS's

IXFH10N100 Si MOSFET (red). This data was extracted from their respective datashedi5], [52].

2.5.2 Survey of Models

Due to these unorthodoxies, models developed for Si MOSFETSs are not well
suited for SiC. Consequently, significant effort has been made to adjust these models to
accommodate the abnormalities seen by SiC MOSFETS. The types of models can be
grouped into twanajor categories: (1) physitmsed, and (2) analytical. The physics
based models utilize physical parameters and equdbgredict the device behavior.
Unfortunately, although this type of modehighly accurate, much of the required
information, sgh as doping concentration and channel length and &8this often
unknownto users, and thus these models cannot be properly utilized.

Theanalytical models, on the other hand, rely on electrical characteristics and
extraction techniques to determine and/or find other ways to express these physical
parameters. Regrettably, the number of parameters that need to be extracted for this type

of model can be extensiveor instancel43] proposed a model that requires parameters
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to be extracted from common curves found in the datasheet. Howewe than twenty
parameters needed to be extracted. This extraction involved finding the slopes of
numerougurves, and then substituting these valuesvatmusdifferent equations.

Alternatively,[44] presents a model and parameter extraction sequence for SiC
MOSFETS, which utilizes software packages (IMPACT and SATSMR) talied
necessarparametersHowever, sme of these parameters reguaxtraction from
saturation current versus gaeurce voltage, and estate voltage versus gageurce
voltage curves, which are nebrmallyfoundin the datasheets SiC MOSFETSsIt
should also be noted that this model requires knowledge of the @detive areand
drift region width whichis typicallyunknown to consumertn [54], a tool was proposed
for easy extraction of these static, thermal, and dynamic parametteosit the need of
active area or drift region widtiNevertheless, the extraction procedure i$ sidre time
consuming, and requires a more adequate knowledge of device characteristics, than what
is preferred by most users.

Instead, tiis desirable to have a famtd simple modeling process that can allow
for directevaluation and comparison thfe dynamic performance of SiC MOSFETS for
use inpreliminarydesignsFor Si power MOSFETY55]-[57] provide simplesquations
that could be used to determine the turn on and turn off durations by calculating the turn
on delay, current rise, and voltage fall times, and the turn off delaggeotise, and
current fall times, respectively. The aim of these models is to allow designers to choose
suitable devices for their applications using minimal information found in the device
datasheets. These models utilize the MOSFET equivalent circLgvatching

waveforms to derive simple equations that can be used to calculate the transition times
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mentionedThis model therefore utilizes a minimum number of parameters, all of which
can be taken directly from the datasheet, and a few equations thdeptee switching
times in order to determine the dynamic performance of the dévsienilar model was
shown in[50] and[58], which discussed its application 8iC MOSFEE. However, it
will be shownin this workthat this model is not appropriate for SiIC MOSFETSs. There
are two primary reasons for this: (1) the model requires ambiguous determination of the
transconductance parameter, and (2) even if the proper transconductanceordtites
found, poor matching ith experimental resultwasobserved for some of thsnsition
times.

Moreover, sme manufacturers, such as CiR®HM, GeneSiCand Infineon,
provideSPICE models for their devices their websitefs9]-[62]. However, these
models areftennot able to keep up with the release of newegdion devices. For
instance, although Cree is now planning to release a thirdagemeSiC MOSFET, the
SPICE modedavailable ort h e ¢ o mgbsitgf59]Gae currentlyfor ther first
generatiorCMF10120D and CMF20120Bevices onlyFigure41 shows a comparison
of the measured, datashg#s], and SPICEmodetV cur ves for Creeos
While thisparticularmodel showsdequatenatching in the output characteristitdse
complexity and accuracy of these models will vary based on the manufacturer.
Consequently, experimental results need to be conducted to therifyecisiorof the
model.As such, these models are generally more useful later in the converter design
stage when one or a select few devices have been chosen for further evahsatien.

goal of this thesis is to providemethod fopreliminarydevice assessmei othe
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words prior toacquiring these transistoasid measuring their characteristics, a general

model that can be applied to all of these SiC MOSFETSs is desired.
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Figure 41. Comparison of the measured, datasheg#5], and SPICE model }V curves.

2.5.3 Evaluation of Previous Analytical Model

In this section, thequationgpresentedhn [50] and[58] will be evaluated. This is

achieved by utilizing the device parametemvmted in the datasheets to calculate the

current risd;jr and voltage faltyt times during the turn on transition, and the voltage rise

tvr and current falti times for the turn off transitiohese calculated switching times

can then be compared teetmeasured values for the five different 1.2 kV SiC MOSFETs

that have been characterized in this wéiam [50] and[58], the ideal turn on and turn

off waveforms for a typical Si power MOSFEFigure42 andFigure43, respectively),

alongwith the MOSFET equivalent circuit, are used to derive the following transition

time equations.
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From[50] and[58], the current rise and voltage fall times during the turn on

process are given by

~

é VDrive - Ves( th O | oal
= Y, . ;8Where \glateau tir =toad -t/S( th ( 3)
Drive Plateay tir = g fs
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to be

- QGD l% _lLoad

; where \, =0
vf ’ lateay tvf
VDrive - VPIateau tvf O

(4)

For the turn off proces§0] and[58] gives the voltage rise and current fall times

Quo R

IL d
t, = ' Where \élateau tvr o

\'i§

Plateay, tvr fs

é‘vpl if 6 |
tif = % c;Ssln w ;8Where \élateau it~ o t/s( th
Q GS( tﬁ = gfs

where

R, = total gate resistance
Cs = Input capacitance
VDrive

Ves(wy = device threshold voltage

= on-state gate driving volta

G
Voeas = Plateau voltage

| ¢ = load current
g, = device transconductance

Q.p = gae-drain charge

(5)

(6)

The total gate resistance is taken to be the sum of the internal and external gate

resistances, where the internal gate resistance of the device is pioyitieddatasheet.

The input capacitance is taken at high cisonrce bias, as it can be seen fitbm

switching waveforms ifrigure42 andFigure43that during theurrenttransitions the

drain-source voltage of the device is equal to the applied dc bsashéwn by the above

equations, the plateau voltagee represented byear expressiagrelated to the device

transconductance and threthvoltage (for the current transitignases), and the load

current.[50] states that the gatirain charge was used dueth@ strong notinearity of

the Miller capacitance as a function of the disaurce voltage, which is changing during
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the voltage fall andaltage rise stages. However, the gditain charge also changes with
drain-source bias, where a larger charge is associated with a higher voltage.

To evaluate these equations, the current rise, voltage fall, voltage rise, and current
fall times were caldated for each of the five SIC MOSFETS in this study for various
load currents and external gate resistance valleesstandardefinition for the current
rise timeis the time it takes for the drain current of the device to rise from 10 % to 90 %
of thesteadystate load currentt is common practice to measure the voltage fall time
from the time at which the drasource voltage falls from 90 % to 10 % of the steady
state dc voltage. Similar definitions are used for the voltage rise and currentéall tim
measurements.

Figure44 - Figure51 show the measured and calculated current rise, voltage fall,
voltage rise, and current fall times versus load current for various external gate resistance
values and a dc bus voltage of 60@oythe Cree CMF20120D and ROHM SCT2080KE
SiC MOSFETSs. The values used for the model parameters were taken from the device
datasheetpl5], [48], and are listed ifableVI. Note that thgatedrain charge is
adjusted to correspond to a draiource voltage of 600 V. It should also be noted that
this model was applied to all of the SIC MOSFETS presented in this work, but for brevity
the comparison between the measured and model data ishamiy for two of the five
MOSFETSs.

As can be seen by the figures, the model does not match well with the measured
switching times. This is partly due to the transconductance value used in the plateau
voltage calculation. The value provided by the datashseypically given at the

continuous current rating of the device. However, this value is not appropriate for all of
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the transition times. For instance, when the current is rising, a smaller transconductance,
which corresponds to a lower current lew#lould be utilized. During the voltage fall
transition, however, the current has risen to the load current, and thus the current gain
specified in the datasheet is appropriate. By adjusting these transconductance values, the
model can be senaurve fittedto better match with the measured results. Two examples
are shown for Cr ee 0 sFig@ddFapdFriuze8Idor thex@EerE T 1 n
rise and fall times using a transconductance of 2/5dSl&5, respectively, instead of the

7.9 S specified in the datash@&]. Although the current rise time calculations with this
transconductanceach fairly well with the measured data, the calculated current fall

times do not. In fact, the model suggests that the current fall time should increase with
increasing load current, whereas the measured data shows the opposite trend. It was
shown in[63] that an increase in the load current will resukh decrease in the current

fall time, which is in agreement with the measured data. Consequevely if these

optimized transconductance values could be determined, the equations still do not
provide good matching with the measured switching times. Accordingly, revisions of this

model are necessary, and will be proposed in the subsequent section.
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Table VI : Parametersfrom the device datasheet§45], [48] that were used to evaluate the switching

time equations (3 )( 6).

Paramete Cree CMF20120D| ROHM SCT2080KE
Ra,int 5q 6.3q
Ciss 1.8 nF 2.08 nF
VDrive 20V 20V
2.65V 2V
VGs(th) 65
79SS 3.7S
Ofs
34 nC* 40 nC*
Qcp

*Adjusted for Vys= 600 V.
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Cree CMF20120D SiC MOSFET
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Figure 44: Comparison of the measured (squares) andalculated (dotted curves) current rise times

of the Cree CMF20120D Si C MOSFET versus | oad current

(bl ue), 5 q (purple), and 10 q (bl ack).
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Figure 45: Comparison of the measured (squares) andalculated (dotted curves) current rise times

of the ROHM SCT2080KE Si C MOSFET versus |l oad current

(blue), 5 q (purple), and 10 q (bl ack).
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Cree CMF20120D SiC MOSFET
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Figure 46. Comparison of the measured (squares) andalculated (dotted curves) voltage fall times of
the Cree CMF20120D Si C MOSFET versus |l oad current f ot

5 q (purple), and 10 q (bl ack).
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Figure 47: Comparison of the measured (squares) andalculated (dotted curves) voltage fall times of
the ROHM SCT2080KE Si C MOSFET versus |l oad current f

(blue), 5 q (purple), and 10 q (bl ack).
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Cree CMF20120D SiC MOSFET
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Figure 48: Comparison of the measured (squares) andalculated (dotted curves) voltage rise times of
the Cree CMF20120D Si C MOSFET versus |l oad current f ot

5 q (purple), and 10 q (bl ack).
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Figure 49: Comparison of the measured (squares) andalculated (dotted curves) voltage rise times of
the ROHM SCT2080KE Si C MOSFET versus |l oad current f

(blue), 5 q (purple), and 10 q (bl ack).
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Cree CMF20120D SiC MOSFET
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Figure 50: Comparison of the measured (squares) andalculated (dotted curves) current fall times of
the Cree CMF20120D Si C MOSFET versus |l oad current f ot

5 q (purple), and 10 q (bl ack).
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Figure 51: Comparison of the measured (squares) ahcalculated (dotted curves) current fall times of
the ROHM SCT2080KE Si C MOSFET versus |l oad current f

(blue), 5 q (purple), and 10 q (bl ack).
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Cree CMF20120D SiC MOSFET
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Figure 52 Comparison of the measured (squares) andalculated (dotted curves) current rise times
of the Cree CMF20120D Si C MOSFET wversus | oad current
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Cree CMF20120D SiC MOSFET
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Figure 53: Comparison of the measured (squares) and calculated (dotted curves) current fall times of
the Cree CMF20120D Si C MOSFET versus |l oad current f ot

5 q (purple), and Indzeddranécbrductarice detarinimed by aumvdittng.t i

2.5.4 Proposed New Analytical Model for 1.2 kV SiC MOSFETs

Theobjectiveof thiswork is to developa way for users to quickly and easily
predict and compare the performance of SiC devices. To accomplisthéhssnple
modelpresented in the previous secti@rhich utilizes theswitchingwaveforms and
MOSFET equivalent circuit to calculate the turn on and turn off switching tiwk&€e
revised to better fit with the measured data

Since the current riseagje for SIC MOSFETH similar tothat of Si MOSFETS,
the current rise timexpression shown iaquation( 1 ) can still be utilized. However,
another method for determining the plateau voltage is required. As five different SiC
MOSFETSs have been extendiveharacterized in this work, a curve fitting approach is

taken to find a common relationship for the plateau voltage. First, the current rise times

78



of each of the SiC MOSFETSs for varying load currents and external gate resistances were
measured. Next, ghcurrent rise time equation was set equal to these measured values
such that the correspondiptateau voltage could be found, where the other parameters in
the equation were taken from the device datasiég}g47], [48] and are listed iTable

VII. Thesedeterminedlateau voltages were then plotted wsrioad current for each of

the SiC MOSFETs with different external gate resistareggife54).

As shown byFigure54, the plateau voltage is linearly related to the load current,
as was seen in the plateau voltage expresgiequation ( 3 jrom [50]. A general linear
expression can be used to now determine approximate plateau voltages for each of the
SiC MOSFETSs for the current rise time stage. With this approximate plateau voltage, the
current rise time can then be calculatisthg equation ( 3 Figure55, Figure56, and
Figure57 show the current rise time results for this revised analyticalel compared to
the measuredatafor the Cree CMF20120D, ROHM SCT2080KE, and GE GE12N20L
SiC MOSFETsrespectivelyAs shownby the figures, the revised model is in better
agreement with the measured resuMgernatively, instead of finding a general
expression relating the plateau voltage to the load current for all of the SiC MOSFETSs, a
specific relationship can be found #each deviceThis would allow for improved

accuracy.
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Table VII : Parameters from the device datasheef#d5], [47], [48] that were used to evaluate th

switching time equations (3) and 7).

Parameter Cree CMF20120D| ROHM SCT2080KE GE GE12N20L
Ra,int 5 q 6.3 q 2.5 q
Ciss 1.8 nF 2.08 nF 1.28 nF
VDrive 20V 20V 20V
2.65V 2V 212V
VGs(th)
25 nC* 35 nC* 25 nC*
Ceb

*Taken at approximately 100.V
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Figure 54: Plot of plateauvoltageversus load current for all of the SiC MOSFETSs with different
external gate resistances for the current rise transition. The red curve is the general linear
relationship to be used to determine the plateau voltage during this stage for each MOSFEMNd a

given load current.
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Cree CMF20120D SiC MOSFET
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Figure 55: Comparison of the measured (squares) and proposed model (solid curves) current rise

times of the Cree CMF20120D SiC MOSFET versus load current for external gate resistances of 2.5

q (blue),pl®)q (@muw 10 q (bl ack).

ROHM SCT2080KE SiC MOSFET

35
RG.ext: 0Q
~30 .
2 Rgex= 10 Q
~ G,ext™
o 25
E n
~ 20
Q
2
x 15
t
S 10
=2
© 5 m Measured
— Proposed model
0
0 5 10 15 20 25 30 35

Load Current (A)

Figure 56: Comparison of the measured (squares) and proposed model (solid curves) current rise

times of the ROHM SCT2080KE SiC MOSFET versus load current for external gate resistances of 0

q (blueurpbeq,(and 10 q (bl ack).
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GE GE12N20L SiC MOSFET
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Figure 57: Comparison of the measured (squares) and proposed model (solid curves) current rise
times of the GE GE12N20L Si C MOSFET versus |l oad curr

(purple),and1 0 q (bl ack) .

For the voltage fall transition period, equation ( 4 ) was adjusted as shown in
equation ( 7 ), below.

_ (VdC(O'l)' VdC(O'g)
tvf - RGCGD Vd V.

Plateay tvf

(7)

rive ~
Instead of using the gati¥ain charge, the gatdrain capacitance and change in
the drainsource voltage were utilized. There are two reasons for this. First, the
capacitance curves in the datasheets can be used to find Hueagateapacitance over a
wide range of voltages, whereas typically the ghiten charge is only specified at a
singlevoltage. Second, this allows the user to take into consideration the fact that the
voltage fall time is commonly measured from 90 % to 10 % of the dc voltagéhusnd

the calculated results will be in line with theseasurement$-orinstance, foa dc
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voltage of 600 V, the voltage fall time would then be taken over the-goairce voltage
range of 540 V to 60 V. As shown ligure16, the Miller capacitance of these SiC
MOSFETSs does not change as dramatically at voltages greater than approxaately
therefore an average capacitance value for this-dante voltage range will result in
sufficient accuracy. In this work, the Miller capacitacoerespondingo a drairsource
voltage of approximately 100 V was used.

With this revisedexpressionthevoltage fall time equation was set equal to the
measured values such that the corresponding plateau voltage could be found, where the
other parameters in the equation were taken from the device datd4bgdts/], [48]
and are listed iTableVIl. These ascertained plateau voltages were then plotted versus
load current for each ohé SIC MOSFETSs with different external gate resistances
(Figureb8).

As shown byFigure58, the plateau voltage is linearly related to the load current,
as was seen for the current rise transition phdswever, it can be noticed that the
plateau voltage during the voltage falfipé is less dependent on load current than for
the current rise transitiod general linear expression cagainbe used to now
determine approximate plateau voltages for each of the SiC MOSFETSs for the voltage
fall time stage. With this approximate @at voltage, the voltage rise time can then be
calculated using equation ( 7Higure59, Figure60, andFigure61 show thevoltage fall
time results for this revised analytical model compardtidaneasuredatafor the Cree
CMF20120D, ROHM SCT2080KE, and GE GE12N20L SiC MOSFEEdspectivelyAs
shown by the figures, the revised model is in better agreement with the measured results.

Also, instead of finding a general expression relating the plateau voltage to the load
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current for all of the SIC MOSFETS, a specific relationship can be faurehth device.

This would allow for improved accuracy.
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Figure 58 Plot of plateauvoltageversus load current for all of the SiC MOSFETSs with different
external gate resistances for the voltage fall transition. The red curve the general linear
relationship to be used to determine the plateau voltage during this stage for each MOSFEMNd a

given load current.
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Cree CMF20120D SiC MOSFET
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Figure 59: Comparison of the measured (squares) and proposed model (solid curves) voltagh f
times of the Cree CMF20120D SiC MOSFET versus load current for external gate resistances of 2.5

qa (bl ue), 5 q (purple), and 10 q (bl ack)
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Figure 60: Comparison of the measured (squares) and proposed model (solid curves) vgksfall
times of the ROHM SCT2080KE SiC MOSFET versus load current for external gate resistances of 0

q (blue), 5 q (purple), and 10 q (bl ack)
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GE GE12N20L SiC MOSFET
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Figure 61. Comparison of the measured (squares) and proposed model (solid curves)tagk fall
times of the GE GE12N20L Si C MOSFET versus |l oad curr

(purple), and 10 q (bl ack).

For the turn off process, the plateau voltagan befound by setting the

following expressions for the voltage rise andrent fall times eggal to the measured

results
Vc(o'l)- Vc(og
tvr = I:§3CGD ( . V . ) (8)
Plateay tvr
_ | é'\/Plateau tif
tif_RGQSSn%V— (9)
C GS(th

Figure62 shows the plot of the plateau voltage versus load current for the voltage
rise transition As shown by the figuret can be seen that the plateau voltdgeermined
using equation ( 8i¥ not linearly related to the load current. Instead, there is a

logarithmic relationshipFigure63 shows the plot of the plateau voltage versus load
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current for the current fall transition. As shown by the figure, it can be seen that the
plateau voltageetermined using equation ( $s)alsonot linearly related to the load
current.

More work needs to be done to determine the reason for this nonlinear
relationship between the plateau voltages and load current for the turn off process. The
proposed model, however, showed good prediction of the current rise and voltage fall
times. Thisnformation is useful in the early design stages of converterexaonple
knowledge othese transition times would allow for sufficient estimation of the switching
losses oflifferent devices undex variety ofoperating conditions (such as load cutren
and external gate resistance valu&g)s gives the designers more flexibility than the
dynamic characteristics presented in the device datasheets, which are typically shown for

a small number of operating conditions.
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Figure 62 Plot of plateauvoltageversus load current for all of the SiC MOSFETSs with different

external gate resistances for the voltage rise transition.
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Figure 63: Plot of plateauvoltageversus load current for all of the SiC MOSFETSs with different

external gate resistances for the current fall transition.

8¢



ChapderCharacterl.za3k @ nBdodi SJT

3.1 Introduction

The Bipolar Junction Transistor (BJWas invented by Wilam Schokley, John
Bardeen, and Walter Brattain in 1940Bell Laboratorie§64]. The BJTrequires a
junction of ntype and gtype doped semiconductawhichresults in the bidirectical
flow of two types of charge carriers: electra@ml holes. This is contrary to unipol
devices, such as FETs, which only have one kind of charge carrier.

The BJT was eventually replaced by CMOS technology for a number of reasons.
First, the Si BJT featured low current gain; that is, the ratio of supplied base current
(input) to the resuibg collector current (output). The current gain would also reduce as
the current rating of these Si BJTs was incre§88H Second, the large dyméac
resistancevithin the device rsulted in high switching loss¢85]. Third, the BJTs
experienced numerous reliability issues. In forwhaiasedmode, high temperature
filaments could arise with current crowding, thereby leading to device f#ilb}e
Reversebiased breakdown could also occur due to voltage and current stress present
during inductive load switching, which caube electric field stress to extend beyond the
drift region[65]. Consequently, strict limits were placed on the Reverse Safe Operation
Area (RSOA) of the Si BJTs, and thus they had no shiartiit capability[65].

It is thought that the implem@&tion of BJTs in SiC would revivdis technology.

The wider band gap of SiC allows for a higher current fZbhand therefore lower
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driver losses and improved efficiency. The higher breakdown field of SiC also makes the
BJT less susceptible to thermal runaway and thus increases the reljébjlity this
chapter, the background of SiC BJTs willdiscussedand then the results of thegh

temperaturetatic and dynamic emacterization will b@resented

3.2 Background of SiC BJs

As mentioned in the previous section, SiC BJTs feature many improvements over
their Si counterparts. SiC BJTs also possess qualities that make them good contenders to
Si IGBTs. These benefits include wideBSOA lower stored chargallowing for faster
switching, more modest reduction of the current gain at high current densities, smaller
collectoremitter saturation voltage, ahthh temperatureperation66]. Of course,
unlike Si IGBTSs, the SiC BJT requirascontinuous base driving current, which can
complicate driving in some applications. However, as will be showlmsrchapterSiC
BJTs have large current gains, therebgucing the needed base curréntypical

structure for the SiC BJT is shownhigure64.

Emitter

n - Emitter

p - Base assivation

n - Collector

n- - substrate

I

Collector

Figure 64: SiC BJT structure.
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The SiC BJTs and SJT that will be assessed in this wollstein Table VIl ,
where all of the devices are rated at 1.2 kV and are w2&Dpackage. This table lists
the device manufacturer, part number, continuous current and operation temperature
ratings as listed in their respective datashgats[69], and their die areas normalized to
that of Cr ee 06"SGeeatibd FFBT0 NoAn@lRing2he die areas shows
the sizes of the devices relative to one another, which is significantdeettee size of
the device directly relates to the-state resistance and parasitic capacitance. As the
device size is reduced, the-state resistance increases, thereby resulting in higher
conduction losses. On the contrary, smaller devices feature éapacitances, which

results in faster switching and thus reduced dynamic losses.

Table VIII : 1.2 kV SiC BJTs and SJT under study.

Anorm to Cree

Mfg. Device Io.cont Tamax | 52M0080120D
FSICBHO57A120 20 A (100°C) 175°C 0.64
Fairchild
Semiconductor
FSICBHO17A120 50 A (100°C) | 175°C 1.88
GeneSIC | - A 06JT12247 6 A (90 °C) 175°C 0.33
Semiconductor

3.3 Static Characterization othe 1.2 kVSIC BJTsand SJT

In the following subsections, the methods and measurement results for the static
characterization ahe SiC BJTs and SJT listedTableVIII will be presented. The
parameters include: blocking capability, colleetonitter saturation voltage, basmitter

saturation voltage, current gain, output characteristics amesistance, internélase
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resistance, and parasitic capacitances. Each péeamwith the exception of the internal
baseresistance and parasitic capacitances, was measured from 25 °C to 200 °C in order to

assess thkeigh temperatureapabilities of the devices under study.

3.3.1 Static Characterization Methods

The static characterizah was performed using a Tektronix 371b curve tracer,
and Agilent 4294A impedance analyzer. For the Tektronix 371b curve tracer, four
terminal (also known as Kelvin) sensing was employed to ensure measurement accuracy.
A hotplate and thermocouple were dder heating and temperature sensing.
Measurements were taken in @5 increments from 25 °C to 200 °C. Once the desired
steadystate temperature was reached, measurements were taken quickly in order to avoid

the selfheating of the devices.

3.3.2 Blocking Capability

For Si BJTsthe breakdown voltage of the device when the base is left open
BVceo, is lower than the breakdown voltage when the base is shorted and the emitter is
openBVcgo [6], [70]. This is because, when the base of the Si BJT is open and a positive
bias is applied to the collector terminal, the basetter junction is forward biased and
the basecollector junction igeverse biase[b]. Therefore, the majority of the voltage is
supported by the basmllector junction6]. Since the leakage current also flows through
the baseemitter junction, the gain of the transistor amplifies the current, reducing the
maximum blocking capability of the Si BJ&]. Consequently, the breakdown voltage of

Si BJTs is limited by B¥eo[6].
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It has been shown {70], however, that SiC BJTs do not experience an obvious
difference between Bd£o and B\Veeo. This can be attributed to the low current gain of
the SiC BJTs at low current densit{@9]-[73]. This change in current gain with collector
current will be discussed in more detail in a later section.

In this work,theleakagecurrent of the SiC BJTs was measured at a collector
emitterbias of 1200 V for increasing temperatuoeslertwo differentconditions (1)
shortedbase and(2) openedbase When the baseiasshorted to the emitteFai r chi | d o6 s
SiC BJTsshowed leakage curreniell below 10 pAup to 200 °Cas was the case for
the SIC MOSFETSs. Since the resolution of the 371b curve tracer is 10 pA/div at this
power level, a specific leakage current véirethese SiC BJTsould not be accurately
determinedFor GeneSi©@ s SJT, When the gate and source terminals were shated,
leakage current of 20A was observed at both 25 °C and 200 °C.

If insteadthe base terminas left open, the leakage currents for 8i€ BJTs and
SJT devicesypically increasd, as is also the case for Si BJH®wever, this parameter
is notspecifed in the datasheets of these devi&g-[69].

TablelX liststhe operbaseeakage currents of the SiC BJTs and SJT that were
measured in this woror a blocking voltage of 1200 ¥t 25 °C and 200 °Gt can be
seen from this table that, whilee FSICBH057A120 BJT maintained low leakage
currents under the open base condition, the leakage currents of the FSICBH017A120 BJT
and SJT increased, especially at high temperature. For the SJT °ax, 200 leakage

current increasedbruptlyafter approxknately 1100 V.
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Table IX: Openbase leakage currents of the SiC BJTs and SJT for a blocking voltage of 1200 V2&t

°C and 200 °C

Mfg. Device T I c,leak

25°C <10 pA

FSICBHO057A120
200 °C <10 pA

Farichild
Semiconductor

25°C 30 HA

FSICBH017A120
200 °C 70 pA
25°C 200 pA

GeneSiC

Semiconductor TSI

200 °C >500 pA at 1150 V

3.3.3 Collector-Emitter Saturation Voltage

The low collectoremitter saturation voltage of SiC BJTs makes these devices
good competitors t8i IGBTs. The two primary reasons for this reduced collestaitter
saturation voltage are: (1) the opposite polarities of the- &astter and collectebase
voltages, and (2) the high critical field strength of SiC. In the saturation mode of
operationthe baseemitter and collectebase junction voltages experience opposite
polarities such that they virtually cancel each of6ié}. This nearccancellation results in
a low contribution to the collectamitter voltagd66]. The high critical electric field
strength of SiC, as mentionedeviously, allows for a thinner collector region and higher

doping concentrations, which result in a lower resistance of the collector region when
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compared to §66]. Furthermorethis eliminates the need for conductivity mation of
the collector regiofi66].

The collectoremitter saturationaltages of the Fairchild SiC BJTs and GeneSiC
SJT versus temperature are showrfigure65, below.As shown by the figure, the SiC
BJTs experience low collect@mitter saturation voltages, which increase with increasing
temperatureThesemeasuredaluesare in good agreement withose listed in the
datasheetf67]-[69]. For comparison, the collectemitter saturation voltage ofla2 kV,
15 ASi IGBT from Infineon (IHW15N120R3js also plotted. Si IGBTs with collector
currents si mil aB6iC$J0 (rated & 6 A at 90 °Cp shonwedsimBad s
collectoremitter voltageso that of the IHW15N120R3othis datavas not included.
However, Si | GBTs with current ratings compa
FSICBHO017A120 SiC BJT (rated at 50 A at 100 °G)vedd much higher collector

emittervoltagesof greater than 2 V abom temperature
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Figure 65: Collector-emitter saturation voltage versus temperature curves for the SiC BJTs and SJT.
A Si IGBT (IHW15N120R3)is included for conparison. The collector and base currents used for the

measurements are shown in parenthes.

3.3.4 BaseEmitter Saturation Voltage

The baseemitter junction must be forward biased in order for theRJTSJIT to
start conductingThe baseemitter saturation voltaged the SiC BJEand SiC SJ&re
shown inFigure66. For the FSICBH057A120 BJT and GA06JF227 SJT a base
currentof 600 mA was applied, and the collectmitter voltage was increased until the
desired collector current was reached. This base current was selected because it is the
value that will be utilized when measuring theresistance of the devices (up to 20,
and when driving the devices for the dynamic characterization testing. For the
FSICBHO017A120 BJT, a base current of 1 A was used. The reason for this selection is
due to thehigh temperatureutput characteristics, which will be presented in a later

section.As shown by the figure, the devices experience approximately\a@duction
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in their baseemitter saturation voltages from 25 °C to 2001f€Can also be seen that the

slope of the basemitter voltage versus collector current curve is higbettfe devices

with greater current ratings.
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3.3.5 Current Gain
As was mentioned previously, the current gain of SiC BJTs is low at small current

densitied70]-[73]. As the current increases, the gaiareaseslue toless influence frm

the space charge recombination current irbteee[70]. However, at high currents, the

current gain falls off72], [73]. Figure67 shows a plot of current gain versus temperature
for the SIC BJEand SiC SJT. The current gainsrev¢aken at a collectagmitter voltage

of 5V, and at the respective continuous current rating of the device listetleVIIl .
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Thesemeasuredurrent gaingre in good agreement with those listed in the datasheets
[67]-[69].

As shown in this figure, these devices have significantly higher current gains than
those of conventional Si BJTs, indicating an improved driving capability. However, the
current gains of kb devices also have a strong negative temperature coefficient,
decreasing by nearly 50 % at 200 °C relative to their respective room temperature values.
This negative temperature coefficient of the SiC BJT is unlike that of the Si BJi§, and
result ofthe incomplete ionization of acceptor dopants at room tempef{@girg/5]. At
elevated temperatures, the dopant ionization increases, resulting in a larger hole
concentration in the base region, which reduces the emitter injection effi€r&}dy5].

This phenomenon effectively cancels the positive temperature coefficient caused by the
increase in minority carrier lifetime in the bgd88]-[75]. The decrease in current gain
with temperature is a positive attribute of the SiC BJT because it prevents thermal

runaway, which leads to forwatdased second breakdoyf8], [75].
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Figure 67: Current gain versus temperature curves for the SiC BJTs and SJT. The current gains
were taken at a collectoremitter voltage of 5 V, and the collector currents listed in parenthes in the

plot.

3.3.6 Output Characteristics/On-Resistance

The FV curvesof theSIC BJTs and SJT were measured using a curve tracer and
four-terminal sensing for temperatures from 25 °C to 20@-RfLire68 shows the-V
curve comparison of one of the SiC BJTs for temperatures of 28200 °Cand base
currents of 100 mA to 1 A with 100 mA steps. This comparison demonstrates the
temperature dependency of thesiate charactestics of the SiC BJTs. The decreased
slope in the saturation region (called the linear region when referring to FETs) ©f the |
curves indicates an increase in theresistance with an increase in temperature. Looking
at the active region (known as tha&turation region for FETS), it can be seen that the
current gain of the SiC BJTs and SJT decreasd¢he temperature is increasedyvas

shown in the previous section
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Figure 68: I-V curves of the SiC BJT for temperatures of 25 °C (blue solid curves) and 200 °C (red

dashed curves) and base currents of 100 mA to 1 A with 100 mA steps.

From the 4V curves, the onresistanceof the SiC BJTs and SJT were calculated.
Figure69 shows the ofesistance versus temperature curveshiese devices, with the
onr esi stance curve of Creebts C2MJORe®® 120D MOS|
resistances were measuredhat collector currents listed in parentégis the figure, and
atabase current of 600 mA fdine FSICBHO057A120D BJT and GA0®12 SJT, which
is the approximate base current at which these devices will be driven for the dynamic
characterization as will be shown in a later secfldresemeasure@n-resistanceare in

good agreement with those listed in the datastjié@é{469].

The onresistance of the FSICBH017A1201B on the other hand, was
determined using a base current of 1 A. This is because the turtes lower base
currents would go into saturation prior to reacha collector current of 50 A, which is

the rated continuous current of the de\&®]. This phenomenon can be seelfrigure
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68, where t is evidentthat at 200 °G base current of 600 mA is not sufficient to produce

a collector current of 50 A, as it saturates at approximately 30 A.

As shown byFigure69, the SJT experiences the highestesistace. This is
largelydue to its smaller size. As mentioned previously, a smaller devichavida
higher onresistawe for a given blocking voltage. Consequently, it is important to look at
the specific ofresistances of the devicés.this case, this figure was obtained by
multiplying the measured eresistance values by the die area of the dewltkoughthe
activearea isypically used for this calculation, this dimension could not be obtained for

all of the devices in this study, and so the die area was used instead.

Figure70 shows the measured specific@sistanceversus temperature. The
collector currergused for the measurememt®shown in parenthes , and Cr eeds
C2M0080120D SiC MOSFET is included for comparideigure 70 shows that the
Fairchild BJTs feature low specific oasistancesThe low onresistance of the BJT is
due to junction voltage cancellation between the Jeaséter and baseollector junctions
[66], [72], [73].

Figure7la andrFigure71b show the measured specific-ogsistance wsus
collector current at 25 °C and 200 ?€spectively fortheSICBJ Ts and SJT. Cree
C2M0080120D MOSFET is also included as a referencshéwn, while the&iC
MOSFET experienaan increase in eresistance at higher current densitegs,oom
temperaturehe SIC BJTsand SJT demonstrate the opposite trgfngure71a). At high
temperaturghowever, the SJT shows an increase Hnesistance with increased drain

curren (Figure71b).
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Figure 69: On-resistance versus temperature curves for the SiC BJTs and SJT thte base and
collector currents specified in parenthess. The onresistance ofCr ee6s C2M0080120D Si C MO

is included for comparison.
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Figure 70: Specific onresistance(using die area)versus temperature curves for the SiC BJTs and
SJT atthe base and collector currents specified in parenthes. Thespecificonr esi st ance of Cree

C2M0080120D SiC MOSFET is included for comparison.

10c



-
N

Cree C2M0080120D MOSFET

Y
o

(=]

FSICBH057A120 BJT

Specific On-Resistance (mQ+«cm?)
[=2)

4
i)
5 FSICBH017A120 BJT
25°C
0
0 10 20 30 40
Collector Current (A)
(a)

25 .
& Tl o
£ -'- g
o BPEt 1
a 20 .....“. ¢ i
3 o Cree C2M0080120D MOSFET
8 45 -
3 n T |suT
0 g
0 )
¥ 10 :
% n FSICBH057A120 BJT
o] —e“E._ i
IT) 1
Q 1
5’,‘ FSICBH017A120 BJT 200°C

0 10 20 30 40
Collector Current (A)
(b)

Figure 71: Specific onresistance(using die area)versus drain current curves for each of the SiC
BJTs and SJT at (a) 25 °C, andb) 200 °C.The specificoar e si st ance of Creeb6s C2MOO:

shown for comparison.
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3.3.7 Internal Base Resistance

The internal base resistances of the FSICBH057A120 SiC BJT and GAG6JT12
247 SIC SJT were determined using the impedance analyzer to measssdlaeimase
and emitter terminals with the collector floatifgdure12). Measurements were taken at
a frequency of 1 MHz. The resulting values are present&dbieX. It can be seen that
Fairchilddéos FSICBHO57A120 BJT has a | ow inte

six times |l ess than that of GeneSi Cbdbs SJIT.

Table X: Internal base resistances of the SiC BJT and SJT.

Device Rg,int

Fairchild SiC BJT 2. 4
(FSICBHO057A120)

GeneSiC SiC SJT 15. 7
(GA06JT12247)

3.3.8 Parasitic Capacitances

The parasitic capacitances of the BJTs and SJT were measured in the same
manner as was done for the SiC MOSFiHigure13). However, only the input
capacitances (sum of the bas#lector and basemitter capacitances) and thidler
capacitances@secollectorcapacitancgsvere measured.he resuing capacitance
versus voltage curves at room temperature are shofigune72 andFigure73, where
Creebs C2M0080120D i s i nc IFigued@zhnd&igured3, r ef er enc

the FSICBOXA120 BJT hashe largest capacitances. When comparing thes Bad
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SJT, it can be seen that tthevices with the smaller die argaghere the normalized die
areas are shown in parentheses in the phatgg lower capacitances

If the measured capacitances are dividedthe die area, then the specific
capacitances of the devices can be plotted to verify this assumjstishown byFigure
74 andFigure75, the distribution in specific capacitances is much narrower than that of
the regur capacitance measurememtswever, een when dividing by the die area, it
can still be seen that the devices with the larger die sizeshgltty higher specific
capacitances. This could be attributed to the fact that die area is utilized instead of active
area. Upon reeiving the die size information of the SiC BJi@m Farchild, the
company mentioned that the die areas haveetdieen optimized and thus the active
areas would give more accurate results. However, again since the active areas could not

be obtainedor the other devices, it was determined that only dieaoedd be used.
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Figure 72 Input capacitance versus voltage curves for the SiC BJTs and SJT measured at 1 MHz

and room temperature. Thedie areas ofthed evi ces nor mali zed to that of
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MOSFET are shown in parentheses. The capaisitance cur

alsoincluded for comparison.
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Figure 73 Miller capacitance versus voltage curves for the SiC BJTs and SJT measured at 1 MHz
and room temperature. The die areasothed evi ces nor mali zed to that of Cr e
MOSFET are shown in parentheses. The capacitance cur

also included for comparison.
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Figure 74: Specific input capacitance versus voltage curves for the SiC BJTs and SJT measured at 1
MHz and room temperature. The die areasothed evi ces nor mali zed to that o

C2M0080120D SiC MOSFET are shown in parentheses.

Figure 75: Specific Miller capacitance versus voltage curves for the SiC BJTs and SJT measured at 1
MHz and room temperature. The die areasothedevi ces nor mali zed to that o

C2M0080120D SiC MOSFET are shown in parentheses.
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