ABSTRACT

MEHROTRA UTKARSH, Methodologies of Cascading and ScalindRéalize High Voltage
Cascaded SuperCascode Power Switch. (Under the direction of Dr. DGuglapkins)

Medium Voltage (MV), High Current (HC) switches are growing in demand for MV
applications in land, sea and air transport, fast charging, renewabley,eaaty a host of
applications in pulsed power, e.g. sedichte protection. However, widespread adoption of
commercially available MMVHC power devices is limited in application due to retracted dynamic
performance from paralleling many high voltage, lowreat semiconductors. The associated
cost is relatively high because of low yield, and expensive material and fabrication. An
alternative isa series connection of Low Voltage (LAWC semiconductors to form a
SuperCascode (SC) powswitch. This researchniroduces a Cascaded SuperCascode (CSC)
power switch topology that cdefurthercascaded to very high voltages (>100 kV) or applied to
optimize previously reported MV SQs achieve higher switching speed, reduced balancing
network size and lower switalg lossesThe topology can also be scaled to improve current
handling capability and overcome the issoésurrent sharing by synchronizing the sequential
turnron. For validation, a 6.5kV 23C CSCPSusing TO247 discretesvas fabricated and tested
showng 408 mq, 0. 7 4vs rig® antBOrR fallkinvcureemt dt 4kV for20A
switching from doubleulse testing (DPT with a 6 mH load).

HV power packaging of WBG power devices is challenging duthédast switching
nature,high Efield density and perating temperature rang&.common conductive layesuch
as thebaseplateor common backplanen typical power modulestructure limits voltage
scalability due to excessive commomde switching currentsThis research introduces a
Aisegment e dpovienmekggingdpmaach that utilizes a new organic laminate epoxy

resin composite dielectric for packaging the CSC power switch to achieve elevated thermal,



mechanical and electrical performance. Two complete power module desigBss&VAL05 A

2S-3C llayer CSCPS and a 24kV &&-2C-2C 3layer CSCPS are provide@he six JFET
6.5kV/105A 2S3C CSCPS power module is fabricated and evaluated for thermal performance
and evaluating the substrate voltage blocking capability. TH&CEkY CSCPS has anf3a of
2.61°C/W with leakage less than 50nA at 6Khhe overall power density of the module is 1.65

W/mm2. Simulationresults araliscussedogethemwith possiblefuturework in thearea.
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CHAPTER 1: Introduction and Background

Power semiconductor devices are fundamental components for power electronics.
Devices are used to do power conversion, system protection, etc. and the requirement is usually
ranging from a few kV to more than an MMigh Voltage (HV) power devices are used ighhi
power lowfrequency applications such as the HVDC transmission grid, Flexible AC
TransmissionSystems FACTSs), renewable and storage integration at MV level, large data
centers, and industrial motor drives-[B]. Common semiconductor devices, suchHreslated
gate bipolar transistor (IGBT), Integrated gatemmutated thyristor (IGCT), gate tuoff
thyristor (GTO), or Emitter turoff thyristors (ETOSs) are used for power switch[ddt[6]. The
use of bipolar devices limits switching speed and inceeasgétching losses (due to tail current
and reverse recovery time) compared with fieffiect devices and limits pulse repetition rate,
converter efficiency and increases cooling system requirenWite Band Gap (WBG)
semiconductors like Silicon Carbid8iC) and Gallium Nitride (GaN) offer fast switching speed,
low on-state resistance, the wide operating temperature can be further utilized to increase system
efficiency and to develop highower density convertefg].

SiC power devices compared to Si otrparts have a higher breakdov@x)( thermal
conductivity 3X) and provide>60X reduction in size ang8X reduction in power loss8[-[10].

WBG powerconverters have (1) higher operating temperature range (2) higher voltage rating per
unit area and (3)ower highfrequency losses compared to their Silicon counterparts. WBG

materials are compared against Si for their relative material properties and shown in Fig. 1.1.



Breakdown Fleld

4
._'1\%.1“" { gﬂv'lc m ] "4;}
W et %
Y w\\ 2, ‘o
L [T o
1".'\' 4 Qd_f' ':’r’.-
e % Ve
3 o
Electron Mobility ! Energy Gap
{1043 cm*2/s) . (eV)
T Il
=% g8
=5 = §¥2
2RI §5¢
™ = F =
a2
Saturation Drift

“Thermal Cond.

Velocity (1047 == 4 H-5iC (Wicm-K)

cmis)

Fig. 11: Material property comparison of WBG (451C and GaN) w.r.t Sil[1]

Two commonly used unipolar power devices vertical or lateral jung@efield effect
transistors (JFET) and trench, and planar metalefield effect transistors (MOSFETS), are
available in the few kV rangelQ kV) [12]-[14]. MOSFETs are widely adopmtefor their
normally OFF behavior and ease of design. Bipolar devices such as IGBTs and GTOs are
preferred at voltages over 15k¥s the ofresistance of unipolar devices become significant
making them unattractive in real applications. So far SiC IGBTls valtage ratings from 12kV
to 27kV have been reported itg-[19] and SiC GTOs up to 22kV have been developed and
showcased in pulsed power applicatio@§]{[22]. However, the fabrication of these higher
voltage bipolar devices is still under reseachrrent efforts mainly focus on increasing carrier
lifetime, improving substrate quality, enlarging dgoyer thickness, and reducing defect density
[23,24.

Unipolar devices (e.g. JFETS) in comparison to bipolar devices use majority carriers for
conduction offering better switching performanc®,2®|. Other advantages include low -on

resistance from higbhannel density, smaller miller and input capacitance and stable gfirath
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elevated temperater JFETs are normalgn and can be used in ascade configuration with a
low-voltage (LV) silicon (Si) MOSFET, as shown kig. 1.2(a).The configuration operates by
biasing the gatsource voltage across the Si MOSFET which creates a short betveeHfET
drainsource driving the device into condiact mode. Alternatively, biasing the drasource
voltage of the Si MOSFET to a voltage lower than the JFET gofichlocking mode is realized.

Any LV device can be used in place of the Si MOSFET as long as its operating voltage is greater
than the drivig gatesource voltage required tmurn onthe JFET.The LV device should

contribute minimum osesistance to the switching topology.

Drain
-
T
Gate
Source
Source
Fig 1.2(a): Baliggpair/Cascode topology Fig. 1.2(b): SuperCascode topology

Due to the lack of commercially available medium or high voltage power devices for
applications of Distributed FACTs and the Battery energy storage system (BESS), multilevel
topologies are designed with a large number of current commercially available d&B¢es
stacked up in serigzarallel combination. However, multiple device combinations increases

system volumes and cooling requirement, makes the system complicated due to the relatively
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large number of control signals which increases gate driver caitypiiie to the requirement of
isolated gate drivers and reduce the reliability of the overall system.

As an alternative using fewerlOkV devices reducethe risk of potential failure,
increases system reliability, and cost. HV WBG devices irBiBk\15kV have been researched
and reported extensively i27]-[29] and have shown significant technology maturation making
systems compact, efficient, etc. In reseafdkVand15kV SiC MOSFETs 30,31, 13kVp-i-n
diode B2 and15kVSiC IGBTs B3] have ber developed and demonstrated to date. However,
adoption is limited due to lack of commercial availability and high cost, creating the need for
alternative approaches to realize HV switches. One such alternative to achig¥ightiQurrent
(HC) power switche for MW power is a series connection of many low voltage (L\HC
devices, another is a parallel connection of multiple-ll/ semiconductor devices (Si IGBTSs,
SiC MOSFETSs, SiC JFETS).

Philosophically, ideal paralleling would have each parallel deviggdr the next device
when current levels begin to rise whereas series devices would have each trigger the next when
the voltage levels rise. As most modeay power devices are field triggered, (i.e voltage
driven) seltriggering series devices with tafe signals are natural and easily implemented
with serial LV-HC devices. In selfriggering, the entire switch can be turned on or off by using
auxiliary elements, such as resistors, capacitors, and avalanche diodes vdiichlage energy
to synchronasly power devices. An approach through duality may be possible with eurrent
driven transistors such as bipolar devices. A broader perspective based on duality can be related
to the foundations of electrical circuits where the Thevenin equivalent is faggsource
circuits with components in series. Conversely, the Norton equivalent is for esorgce

circuits with components in parallel.



Serial connection of Si IGBTS3f] and SiC MOSFETSs in Austin SuperMOS5[36]
have been documented to realize Bivitches. However, these approaches have issues requiring
individual gate drive signals per device in a string, isolated drivers, and unequal voltage stress
among devices that limit scalability and performance. An alternative to simplify gate driver
requrementsis the Super Cascode Power Switch (SCPS) made by series connecting depletion
mode devices (JFETs) with one control input or gate and works on the principle of sequential
switching. The SCPS similar to a Cascode, e.g. Baajaconfiguration canake advantage of
WBG highspeed switching while maintaining a commercial driver to control an LV Si switch
[37]. The topology is scalable and applicable to any depletion mode device, such as JFETS,
vacuum tubes, MEMS switches, etc. The SuperCascode cararefte applied to sequentially
trigger serially connected greater than two power devices. In the SCPS approach, shown in Fig.
1.2(b) a static and passive balancing network composed of diodes, capacitors and resistors are
used.

The following sections andhapters of this dissertation will discuss the challenges of
different SuperCascode Power Switches (SCPS) which limit voltage scalability. Next, different
configurations of balancing networks are discussed and further analyzed in the following
sectionsThis chapter also discusses pressay challenges in High Voltage power packaging in
regards to capacitive coupling with baseplate and parasitics resistance, capacitance and
inductance internal to the power module.

1.1 Application areas for HV semiconductordevices
HVDC generation and transmission have gathered interest due to its potential benefits in
reducing conduction losses, size and heat generation in caBB/&9|[ The loss reduction is

proportional to the system voltage step up. For instant®|Vd system atLkV, cabling conducts



1kA producing 25kW PR loss, where cable resistance is assumed t® Bem YThe cable
contributes2.5%to the net system efficiency. Whereas for a system operatib@kat cabling
conducts 100A producing 250W fR loss, contributing only0.025% to the net efficiency.
Concluding that a00x loss reduction is possible stepping up the voltagel®yand so on.
HVDC transmission is also free from radiation, induction and dielectric losses which increase the

lifetime of the conductor4[(].
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Fig. 1.3: Blocking Voltage vs Weight and Power density of cabling copper conddititor [

Transitioning to HVDC also redusdghe wire weight of the conductor and increases the
gravimetric power density of cabling as shown in Fig. 1.3. For example: At a voltag¥ afe
weight of the copper wiring is estimated to 55800 kg whereas for 40kVthe weight of the
copper wirng is only5,865 kg which is ar8.8-fold weight reduction (The calculation assurBes
x 45mcables copper wire for B00 MWnotional aircraft with2x redundancy an@ generators)

[41]. This shows that by scaling transmission line power rating its possible to achieve higher

efficiency, power and weight density.



Solid-State Circuit Protection in Solid State Transformers (SSTs), etc are being developed
to replace traditional lindrequency 60/60 H3 transformers and provid
functions from regulating voltage to implementing distributed intelligence in the evolving smart
grid [42]-[46]. The SSTs are considered for applications in power distribution for mobile
platforms EVs, shipboard power, electric aircraft, etc.), and energy management systems
[47,48. Of particular note are applications to incorporate energy storage systems (EHSs) [

[53] as shown in Fig. 1.46H].
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Fig. 1.4: SST with Energy Stora@gstems (ESSHH]

SSTs as with other power electronic equipment are more susceptible to overvoltage faults
due to low system impedance and voltage sensitivity of accompanying power electronics
creating a need for fast system protection. S8tate Circit Breakers (SSCBs) provide aess
current in the bulk of semiconductors offering better lifecycle and limited arc flash hazards
[55,56] Further, SSCBs can be configured and digitally controlled providing flexibility to
incorporate an adjustable triprge and sofswitching, inrush algorithms5[]. For HV Bi-
directional SolidState Circuit Breaker (BSSCB) applications, an thiigh conductance, high

voltage (HV), highcurrent (HC) power switch that can block the system rated voltage, handle



high impul® currents +5-10x rated current for a short time intervamg and fast switching
speeds. Medium Voltage DC (MVDC) are considered for shipboard power supply as an
alternative to traditional ac shipboard networks for their ease of integration of enawlpesto
modules, electric drivetrain and pulsed mission loads. MVDC operation simplifies generator
synchronization routine and can be parallel and operated asynchronously allowing prime movers
to operate at unmatched more economic optimized mefa@jis The process also eliminates
reactive loss and voltage drop, removes the need6@biz transformers and overcomes
frequency instability issues. For this application, MV power devices ir6i24kV range are
required to replace shipboard supplies which vary floh6GkVfor aircraft carriers and1k\Vac

for commercial cruise linef$9]

1.2 Advantages of SuperCascode Power Switch compared to single power die
The use of lowvoltage SiC devices to realize a SuperCascode Power Switch (SCPS)
reduces cosf6(]. It also sinplifies realization as the SCPS can be fabricated with discrete
devices on Printed Circuit Board8l]. Other performance advantages of the SCPS over single
SiC MOSFETSs switches are :
a) Electrical Performance SCPS structure use sequentially $etfjgeringserially connected
SiC JFETs. SiC JFETs in comparison to power SiC MOSFETs have the advantajes of
lower $/Amp B2] and3.3Xhigher J/cri energy capability before failur€3].
b) Less susceptible to TCR failurésStudy in p4], reported HV rated devices (>10kV) are
more susceptible to Terrestial Cosmic Radiation (TCR) failure and require high deration in
the application. Whereas, as the SCPS is made of discrete LV JFETs, the margin of

deration can be further reduced.



c) ThermalPerformancé SCPS distributes dissipation over multiple devices facilitating heat

extraction via thermal spreading across a larger physical area. Thermal spreading leads to

lower thermal resistancdRf) and the net result is a higher RMS current ratimgctual

application. JFETs also have a stable threshold voltage over temperature, i.e JFET

thresholds shift byx10 mV compared te>300 mVobserved in MOSFETs df75°C [65].

This minimum threshold drift under continuous stress makes normally on JFE@isteasi

cascade, and balance.

d) Reliability i SCPS has higher reliability compared to a single HV device as a failed JFET

doesnodt
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scaled to the same voltage range. The table st2@Xsless SiC area requirement leading to

lower cost andgignificantlylower gate charge withigherVry enabling fast and stable switching

power devices in applications.

Table 1.1: Comparison of parallel SIC MOSFETSs with SuperCascode Power Switch

Conventional SuperCascode
Module Approach
Die 6.5 kV MOSFET 66] 1.2 kV JFET Chip
SiC Chip Technology (Using Gen4
UnitedSiC devices)
RasorA 30m Y—sz 1. 3 -cmrr?[?ﬁ?]
Die Size 8.33 x 8.33 mrh 6.25 X 5.73 mrh
Die Max Rn @ RT 77mY nnd 9 [3. 85 mY m?
active, 69mm? total) 35.81mm? total )
Max Ron @ RT 20 mY 23 mY
Half-Bridge Module| Switch Configuration 4 dies in parallel 6 JFETs in series
Technology Total Die Count 8 12
Total SiC Area 552mn¥ 429.75 mm
Typical Vin @ 1506C 2V 3.7V
Module Features Practical Gate Drive -5V to +20V Standard 0V te-12V
Total Gate Charge, Q 2360 nC 100 nC

Anti-parallel diode

Knee voltage: >2V
High Qrr(Built-in)

Knee voltage: 0.7V
Low Qc (Built-in)

st

Co s
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1.3Voltage clamping techniques in serially connected device

The rating of the SCPS is a summation of itdividual blocking voltage of the LV
JFETs. Under an ideal scenario, in the SCPS each JFET should block equivalent voltage under a
steady ¢ff) state and synchronize sequential switching. However, actual devices have inbuilt
tolerances, gate drive delagircuit parasitics and device parameter asymmet6& Which
limits equivalent blocking. To manage voltagebalance during the transient state different

active and passive balancing techniqces be incorporated abown in Fig. Bb.

Voltage Balancing Techniques

Active Balancing Passive Snubbers

Voltage Clamping Active gate control

Fig. 1.5: Overview of voltage balancing techniques
The use of passive balancing techniques is the most popular technique for proportioning
voltage in the serial connection of power devices. Res&apacitor (RC) or Resist@apacitor
Diode (RCD) snubbers can bsad in parallel to the power devices and the value of resistors and
capacitors can be adjusted to obtain the desired blocking voltage per @&&}iddowever, for
an HV serial string, large snubber capacitors minimize voltage unbalance but increase both
power loss and commutation time of the device. The long commutation time slows down

switching and limits operating frequency.
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Another technique isctive balancing which can be further subdivided into voltage
clamping and active gate control. In active gate control, gate charge is controlled by a control
circuit according to the voltage unbalance which increases or decreases the rate of change of
drain-source voltage7[0]. This technique increases complexity in the gate drive circuit and
requires higkspeed sensitive devices. Complexity often increases component count and
decreases the overall reliability of the switch. Other active voltage clampingidees include
adding zener diodes in parallel to the power devices to clamp thestwaice voltage. The
addition of zener clamps is simple and easy to implement and requires no complex analog/digital
circuits [71]. However, one limitation of the mettids that it increases power loss in the first
device as it experiences higher current and voltages till the other devices turn off. This limits
voltage scalability and reduces application efficiency.

Summing up, a good reliable voltage balancing techréhoeld tradeoff between active
and passive methods and have the minimum number of components, simpler gate control circuit

and should also minimize the device switching losses.

1.4 SuperCascode Power Switch Evolution

The SCPS was first reported by Frieddcin 2003 72] and uses selfriggering
normally-on, serially connecte®iC JFETSs triggered sequentially by a single serial Si MOSFET
and a balancing network as shown in Fi@. The balancing network consists of five lpower
avalancherated Si diodeg73]. Subsequently, newer SuperCascode structures were reported
which used passive balancing components resistors and capacitors, shown ir6 Rgd 1.
reported superior switching Friedrichs SCP$erformanceFurtherdiscussion on each design,

advantag and disadvantagegs/enbelow.

11



Balancing SiCJFETs

Diodes

LV MOSFET

.
Gate o, 4

Drain
0

[
(=2}
-
*

W WD S W ——
O
B

o
u

L
(%2}
-
-

"

S
&
>
.
'y

O
w

-

— —
N w
D= -
-
—
O
N

..
P

=

O
[

N
[y
-

(]
Source

Fig. 1.6(a): Friedrichs SCH%2]

1.6(¢%: Li

A

0:

Fi

V4

LV MOS

S |

g. 1.6(b)[74] Biel

12



In Friedrichs SCP$%shown in Fig. 1.7)the static voltage distribution in the OFF state is
dependent on the avalanche voltage of the passive balancing died2sand leakage current
through the diodes. The resistance and JFET poffchioltage regulate leakage current during

the OFF state

— ~
_— -
- P
(] W)
i
()

Fig. 1.7: Schematic of Friedrichs SuperCascode consisting of six-seneected SiC JFET:
and a lowvoltage Si MOSFET7{2]

The SCPS shown in Fig. 1.7 consists6dbiC JFETsJi-Je connected in a serial string
along with a Si LV MOSFETQ:. Thebalancing network comprised of avalanche didde®s
manages the static voltage distribution in the OFF state. The SCPS is controlled only via the gate
of the LV MOSFET,Q:. WhenQ: turns ON, the gate and source of thehave a voltage
differential much greater than the negative threshold voltage required to turn off the nammally
device. The diode®:-Ds ensure that the gasmurce voltages are less thawv: (pinch-off
voltage ofthe JFET) required to turn off the device. W, which is the forward voltage of the
gatesourcep-n junction of the JFET, depends on the leakage current distribution in the JFETs
and diodes. To reduce the dependence oMl on leakage current, atidnal elements are
needed as discussed in the next section.

To turn off the SCPS, the LV MOSFET is turned OB§gatesource voltage decreases

until the channel pincbff is achieved. Theds turns off and blocks the rising SCPS draource
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voltage umil the avalanche voltage of diodgs is reached. At avalanche, tlie gate potential

with respect to the source of SCPS becomes fixed and 8wirce potential increases driving a
negative gatsource voltage till the bias at the sourcdgbinches offJs. Similarly, J1-J4 turns

off sequentially. The structure reports 100ns and 180ns voltage rise and fall time respectively
and less than 40ns current rise and fall time. Compared at the same voltage and current range, the
Friedrichs SCPS is feer than Si IGBT with 3860 ns voltage rise and 410 ns voltage fall time

[73).

The turron voltage distribution across the JFETs is dependent on close matching LV
devices. Thus, to guarantee leakage and make operating voltage independent of power device
paameters, resistors can be connected between thes@atee of JFETs (Fig. 1.8(a)). The
overshoot can also be addressed by synchronizing the switching of JFETs with voltage balancing
capacitors and creating a charge balance by using a voltage balamtingjue. To improve
switching speed, the Kolar team (Biela, et al.) from ETH in 20B9 §nd Xeugqing Li 75,
employed a dynamic balancing network in parallel to the static balancing network, as shown in

Fig. 1.8(a) and Fig 1.8(b) respectively.
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Fig. 1.8: Schematic of (a)[fdabBidel(dds LS WOEe S
switch[75]

Bielads basic SCPS operating principle is
1.8(a)) Ry, R, D1 andD2 define the voltage stress on JFETS): during turnoff. The switching
slew rate is controlled by tHeC network, comprising oRz, C1andR4, Co. CapacitoiC: supports
all the charge of thd, gate,C> supports all the charge df gate, plus the chargewing from

Ci1. The chargegg, onCyandC:; in the first and second stage are:
Y0 0 0 PP

PE

C
C-

Y0 Y0
Here, Qg is the gateo-source charge of the JFEQdstQcp) and Qp is the anode

cathode charge of the avalanche diode. Theacitance of thehcapacitorin the balancing

network are calculated from,
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pD

Here, Vps is the draiato-source blocking voltage of each JFBT the respective JFET
with all JFETs assumed to hatree same ¥s, andn is a variable that varies frorh € M, N is
thenumber of serial JFETs in an SCPS string. Bi
balancing mismatch reported in Friedrichs structure by matching leakage currents through the
JFET forcing static equilibrium. However, the following limited voltage scalability of the
structure.
a) The blocking voltage of each JFET during taifiiis dependent ofbs leakage current of
the Aupstreamd JFET, which has an inherent
b) Balancing capacitor value and charge requirenseade linearly with the number of

JFETs in the SCPS string increasing network loss and decreasing switching speed.

For Fig. 18(a), starting at the topmost capaci®©t, i.e. the capacitor at the highest
voltage potential relative to the ground, the capacitance value scdlas asCi wh e m@ ifis
the number of JFBAE ¢ ap a dciet osrtsr.i Q&S 3GAmME fodix a mp | ¢
Bielads SCPM wifib=ho sa nxd JeFaEcThs 1KV.FATRefe Cib=1300¢Ck s
600,G = 900.... G=1500pFE Bi el a6s SCPS B50ogamB5mgvyltage gsp and t s
voltage fall time respectively’f].

Li s SCPS, SBb)covercamie the limitatjon redorted inBedb s st ruct ur
modi fying balancing network comp®&nseppdrtsall | n L
charges int@ndout-of-the J; gate,C> supports all the charges inamdout-of-the J> gate and so
on. The charges®), in C; andC:; in the first anl second stage are:

~
v~

Y0 0 0 p&
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Y0 0 0 P&
Then™ capacitance in balancing netwaskcalculated from,

)
EZw

P&

SinceQcn is dependent on thé&" JFET and avalanche diode, the capacitor is expected to
support only the charge of one JFET, but should bfocktimes voltage frondz 1 J: relative to
ground. For example, as shown in Fig. 1.8()should block3kV andC; block 2kV. However,
this voltage scalability of the structure, such that capacitor blocking voltage scatesgs, for
example in Fig. 18(d) th8kV example shown in Fig. 1.7(bg: should block 3kV,C> should
block 2kV. HV capacitors increase the overall footprint of the SCPSirigathb less power
density. A complicated balancing network causes overlapping wire bonds, creating
manufacturing difficulties. Summing up, this scaling in capacitor size limits voltage scalability as

it scales linearly with number of devices inthe string. 6s SCPS reported 50ns

fall ti me. Dr Gaobs di s s €76 tlexetioped a new bybrel SCRSh a't
(Fig. 1.9) which combines the dynamic balanc
current | imiti ®@QPSsteugurest or s from Li 0s
- _!N _!m X _L\n _tID
—~ ~ ~ — —~ _
o W
[fa]
© 0
o -

RAI - RA: ™ RA3 D’-""‘ RA4 df RAS <

Fig. 1.9: Schematic of G@®obds Sup
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The SCPS also included additional resistors in series with avalanche diodes to increase
avalanche ruggedness. In the structure avalanche diodé€s, definesthe voltage stress on the
JFETSs during turoff. The C1-Cs andR»-Rs control switching slew ratd?; controls bias leakage
current throughD:-Ds and RA-RAs divert avalanche current from diodes to JFETS, increasing
the avalanche current capability by causing the JFETs to slightly increasesalrede voltage
and absorb avalanche energg7][ However the following limited voltage scalability and
adoption.

a) Charges on the capacitors in the balancing network scale linearly, increasing capacitor
size. The charge requirement increases the balancing network switching losses and
physical size of the capaors. the capacitance scalesGas= n*Ci1. For example C; =
300pF, andC;, = 600pF.

b) Balancing network switch loss is dependent on the number of JFETs in SuperCascode
string which is given by:

(o e 0 zez0o 0 o

=10

The approach increases SCPS switching speed and decreasss dospared to the
previously reported designs. The linear chasgaling requirement in the voltage balancing
network limits voltage scalability and number of devices in the SCPS string. Switching at
3kV/50A Gaoobs S CP S 28ms @md A00 snt voltage eride and voltage fall time

respectively[76].

1.5WBG power packaging consideration
A typical power module structure is shown in Fig. 1.10, that provides a thermal port for
heat removal and mechanical mounting support. The dies are attached to a patterneldanetal

ceramic substrate, which is attached to a baseplate and connected &b sinkeor heat
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exchanger. Th®9.9 %Al wire bonds electrically connect the source and gate to the package.
Bonding wires have large parasitic inductances abal8@6H which decreases switching speed

and requires an additional snubber circuit to protéet device T8]. The most common
packaging approaches use mefald ceramics, e.g. Direct Bonded Copper (DBC), and Active

Metal Braze (AMB), or use metalad organic Insulated Metal Substrate (IMS). Typical ceramic
materials areAIN, Al2Os or SBNs, which have low coefficient of thermal expansion (CTE) and

high thermal conductivity79,80]. Common attachment materials for power die on the substrate

and substrate onto baseplate are solder, sintered Ag and metal loaded epoxies. The baseplates are
typically aluminum, copper or aluminusilicon-carbide AISIC). The heatsink is attached to the
baseplate using thermal interface materials (TIM) or directly incorporated into the baseplate

configuration.
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Fig. 1.10: Typical power module structure

1.5.1 State ofArt reported power modules

Wolfspeed demonstrated two generation devices packageR2®@V SiC MOSFETSs.
The internal and external layout of th&generatior62mmmodules are shown in Fig.11 B1].
The wide power terminals are directly soldered ontaluie to reduce parasitic inductance and

uses silicon nitrideiNs) substrate with AISiC baseplate to supdd&C continuous operation
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and match coefficient of thermal expansion (CTE) for good mechanical performance under
extreme operation condition§he next generation XM3 package shown in Hig.2 places the
DC+ and DC- terminals next to each other to reduce power loop insertion inductance. It uses
SiNs substrate, optimized busbar design and created creepage slots betwéh+thad the

kelvin souce terminals to prevent partial discharge and reduce leakage current.
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Fig. 1.12:Wolfspeed XM3 low inductance power module (gen 2) (a) External package (b) Open
layout [82]

Another way of reducing the interconnect inductance is by utilizing the spacing parallel
to the substrate provides interconnects for the returning current path and introduces mutual

inductance cancellation. This type of inductance cancellation is utibyeABB in the 1.2
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kV/700 A LinPaK package as shown in Fig. 1.13@3]] The module utilizes stacked ceramic
substrate structures to planarize the layers and distribute the power and gate signals in different
layers. This technique reportedly has odl¥ nH inductance in the power path. Another
configuration for inductance cancellation has the power terminals folded back on to the power
path as shown in the NCS&J5 kV/200 Asuper cascode power module in Fig. 1.1384).[This

module configuration repordea 20% reduction of power path inductance28 nH A similar

concept based GaN highectrommobility transistor (HEMT) power module rated¥0V/56A

was reported ing5. The layout in GaN module reporte2Z4% reduction of power path

inductance compared singlelayer layout and reduced inductance fonH

Fig. 1.13: (a) ABBL.2kV/700 A LinPAK [12] (b) NCSU 6.5kV/100 A SuperCascode Power Swit
(84

To enhance thermal performance and reduce parasitic inductance further-sidedle
wire-bondless poer modules were reported iB86]-[88]. The effective thermal performance of
the module is increased with double the surface area for heat extraction. The-sidedble
modules eliminate wire bonds by utilizing presgack technology, from Westcode 9]8or
StakPak from ABB [0]. A presspack SiC MOSFET has also been presented®ih which
combines the advantages of both pigask package and SiC devices. However, double heatsink
included in the power loop, increased the net parasitic inductance higimed2haH and
increased the volumetric size greater than SiC power modiles |
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Alternatively, a plana®-D structure for decreasing inductance usemmtegrated topside
connection (i.e., gatsource) and has been previously reported. Power overlay (POL) introduced
by General Electric last century showed the capabilitg-8f packaging with1200 VIGBT
devices 92] as shown in Figl.14a). The advancechip on flex POL eliminates wire bonds and
uses metalized through holes in flex circuitry to form power and control interconnects.
Thermally, the chip on flex creates a planar interface allowing for heat extraction from the
topside of the die where the kubf heat generation takes place. Overall, the POL technology
offers high packaging density, lower package parasitics, lower weight and size and higher
reliability [93].

Semikron introducedhe SkiN package structured4], the technology replace solder
joints and bond wires by silver diffusion sinter joints to significantly improve pulsating power
capability and continuous high current operatiorl200 V/400 ASIC SkiN is presented ir9§)
with commutation loop inductance less thamH. The planabondall (PBA) package was
introduced by Oak Ridge National Lab (ORNL) as shown in Fig. 1.14(b), has power devices
sandwiched between two DBC substrat@6].[ The PBA package utilizes planar, large area
bonds instead of multiple wire bonds to form the top imenect. The PBA module reduced the
parasitic related inductances B$% (50.3versus12.8nH) and resistance by0% (23.5versus
22mq) compared t o cYnHowevdr, thaoubldsideapmweurodues dnd
POL, PBA application has been remattto 1.2k\*1.7kV voltage range. All these methods
require solderable tepide power devices which are commerciallyn-availablelimiting wide

usage for high power applications.
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Fig. 1.14(a): IGBT Half bridge module using power ovetkghnology (POL)92|
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Fig. 1.14(b): Exploded schematic of plafmdall (PBA) module 97]
1.5.2 High Voltage power packaging

For HV power devices only single switch myptrallel die power modules have been
reported as of 2021 by GeneSiC, Fuji Electimlfspeed and Mitusbishi in tH23-10kVvoltage
range, shown in Fig. 1.1®§]-[101]. The modules have special creepage patterns for external
voltage isolation and a thick substrate for voltage isolation. Key application areas are device

development andnaracterization.
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@ (b) (©)

Fig 1.15: Commercial available single switch HV power module8.GKVGeneSiC
(b) 6.5kVMitsubishi (c)10kVMitsubishi

Heghs Viognie bl L1 ¥

() (b)
Fig. 1.16: Research prototypes for Hadfdge power modules (a) 10kV SNIOFET (b) 15kV 80A
SiC IGBT module

Fig. 1.17(b): 15 kV HalBridge power module with 12/40/12 mil AIN DBC
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Opencavity developmental test packages (showrrign 1.17) to characterize HV 3.3
15kV power devices have been reported in [10Bpse models have the same special creepage
housing slots andlIN substrate for high voltage isolatioResearclprototypes ofa 10kVand a
15kVSiC IGBT haltbridge power modulareshown in Fig.1.16a) and (b) respectiveljt03].
However, the utilization of a single substrate leads tugh leakage current during normal
operation due to stray parasitic capacitance and high thermal resistance. Other digadvant
include bulky size compared to the semiconductor chip size and area per die in commercial
power modulesand high parasitic inductance which limits switching spedtthese together
limit the overall advantages of the HV WBG power devices, credtiagvay for alternative and

novel technologies.

1.6 Challenges in HV packaging

WBG devices with lowCossand Qg allow switching transients at higiv/dt and di/dt
enabling higkhfrequency operation, increasing power density and efficiency, and reducing
converte size. However, fast switching speed also make the module design and performance of
the device more sensitive to module design, parasitic control and operation. Thus, to capture full
benefits of WBG performance in application an advanced power packampngaah with new
materials are required which requires optimization aroundaetiitarchitectures104]. Key
design points in designing a WBG power module design are listed below :

a) The packaging layout should be designed to minimize stray parasitics, synforetniglti-
die module layout, and should meet all isolation, clearance/creepage, and manufacturing
guidelines and qualifications. Parasitic inductance in the power path addsltage
overshoot and in the gate driving loops adds to oscillations in the driving circuitry, leading to

false triggering, etc. Parasitic capacitance in the power path adds to canoden(CM)
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b)

current, EMC issues, etc. Similarly, a reymmetric layout &n lead to a mismatch in
triggering parallel dies, which can lead to current imbalance due to delays in triggering, etc.
The module should contributainimally to forward voltage drop termindb-terminal. The

module structure should contain a dielecsubstrate that is sufficiently thick to provide HV
isolation, while simultaneously not significantly adding to the net jundberase thermal
resistance. Other considerations are CTE, elastic modulus, and change of material properties
under continuous stehing transients.

Advanced packaging materials like organic substrates, epoxy encapsulants, etc. can be
utilized to develop new structures, as long as they are capable of operating continuously
under high extreme working temperatures (e.g4®°C to 175°C) without degradation of
material properties as a function of temperature, lifecycle, etc. For examgierials like

PEEK (polyetheretherketone) an8iBS (Acrylonitrile Butadiene Styrene) can be used to
fabricate lowcost housing bodies usin8D printing technology The material selection

should be optimized to increase manufacturability and dectieasest for mass production.

Research Motivation and Objective

This research discusses a novel HV power switch and its power packaging. ltohas tw

main objectives described as :

1.

This research proposes a new Cascaded SuperCascode (CSC) switching topology that scales
to very high voltages>100k\) or is applied to optimize previously reported MV SCs to
achieve higher switching speed, reduced batanoetwork size and lower switching losses.
The research also discusses practical challenges in switch design such as stray inductances

which lead to delays in triggering serial devices;sgechronization of triggering and
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unexpected overvoltages that tiracalability. This work also provides an analytical model to
enable optimization through simulation and provides experimental data verifying the model.

2. Next, a new packaging approach calttdis egment ed basepl ateo app
packaging is pneosed for elevated thermal, mechanical, electrical performance and low cost.
The approach removes the common metal baseplate, uses an epoxy organic laminate material
with thermal vias to achieve a direct heat transfer path. The research tradeoff thed therm
resistance to substrate capacitive coupling
heatsinks per device and dielectric fluid cooling. The layout also aims at spreading the E
field density throughout the module making a power dense desigutitinds the 2D space

to introduce mutual inductive cancellation in the power path.

Structure of the dissertation

In chapter 1, common system applications of High Voltage High Current switches are
reviewed and discussed which provide guidance for nevelsw{ topologies. Then current state
of art HV power devices and SuperCascode switching topologies are reviewed, their current
implementations and limitations are discussed and the scope of further optimization for improved
switching performance and lowds is discussed. The chapter also discusses the challenges and
limitations of current High Voltage WBG power packaging which provides guidance for new
power module structures.

In chapter 2, new methodologies of cascading and scaling to realize a new S&CRBg
topology is proposed with the aim to reduce switching loss, improve switching speed and reduce
auxiliary balancing network size. The chapter discusses the CSCPS principle of operation, design
of the CSCPS and proposes an optimization sequeatedmpares different configurations of

CSCPS. The chapter also includes an analytical model which compensates the balancing network
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for device tolerances and strpgirasitics that might limit the performance of the power switch,
(delay in triggering serlalevices, desynchronization of triggering and unexpected overvoltages
that limit scalability).

Il n chapter 3, the fAsegmentedo baseplate pow
thermal resistance by transferring the voltage isolation to the exeltdf power packaging. The
chapter proposes a process for building a Cascaded SuperCascode power module by using the
Asegmentedd baseplate packaging and exploitin
A 6-JFET 2S3C CSCPS is built, with the pasitic inductance simulated in Ansys Q3D and
thermal resistance or performance simulated in COMSOL. With the parasitics extracted from the
ERCD layout, circuit simulation is performed in Ltspice to validate the dynamic and static
performance of the module.

In chapter 4, a 6kV/20A using discrete -P@7 power devices is fabricated and tested. Both
static characterization and dynamic testing in a double pulse tester (DPT) are performed. To test
the modules under condition that resemblesweald applicationconditions, the DPT controller
generates a number of pulses before the main to precharge ab@®Pprpulses in order to
eqgualize the static balancing network. To make the DPT signal generator a truly universal DPT
test signal generator, the number andatdan of premain pulses, as well as the main pulses, are

all userprogrammable.
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CHAPTER 2: Cascaded SuperCascode Power Switch

A SuperCascode Power Switch (SCPS) consists of a voltage blocking circuit comprised
of seriesconnected depletion modpower devices, and an auxiliary balancing network
comprised of active and passive devices. The network is tuned to manage the electrical and
switching performance of the SCPS. The circuitry should energize aededgize the gates of
the power devices, gally trigger and manage voltage stress equally among devices in the serial
string, and act as a snubbing circuit to dynamically limit device overvoltage.

All previously reported SCPSs use a balancing netwehlereaghe number of devices
scale either th blocking voltage requirement per component scales or the components in the
lower stages have to support the additional charge of the devices in the upper half of the SC
string causing lineacharge scaling, negatively affecting component size, deviceedps
scalability, etd73]-[76]. The SCPS structuseeported in T3]-[76] lacks voltage scalability due
to increasing switching loss and capacitor form factor in the balancing network. The sizing of the
SCPS balancing network components is dependent on the way charge flows into and out of the
JFET gates in the four structuregroduced earlier. To understand the net balancing network
charge requirement and correlate the charge requirement to the physical form factor of the
capacitors for packaging, a Cost Factor (CF) is introduced. Note: Cost Factor (CF) is equivalent
to the né charge of the capacitor and can alternative represented as net balancing network
capacitance time each capacitor blocking voltage.

For Gaobs SCPS, the net balancing network

to the number of devices as shomr{2.1) and (2.2) respectively.

0 Zzh b oz O @

=10
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Here, Qg is the gate charge of JFEE the summabn of gatedrain chargeQcp and
gatesource chargeQcs Qb is the anodeathode charge of avalanche dioldfes is the drain
sourceblocking voltage per JFET anl is the number of JFETs ian SCPS string. For anN-
string SAS there areN-1 stages of Hancing capacitordJsing (2.1) and (2.2), the capacitance
and loss scaling challenge for a device vidh= 300 nC, Qo = 0 nC and each bloc&kV (Vbs)

are summarized in Table 2.1.

Table 2.1: SuperCascode net capacitance and loss scaling witimtber of JFETs in SC string

Number of JFETs in SC string (N) Cost Factor (nFV) Switching Loss (mJ)
1 - -
2 300 0.15
3 600 0.45
4 1800 0.9
5 3000 15
6 4500 2.25

As shown in Table 2.1, the net capacitance and switching loss $balegh the number
of devices in the string; and increases fron2 to 6, which scales both the balancing network
form factor and loss generated by the power switch in operation. Tpamential scaling with
the number of devices in the serial string limits voltage scalabilitigexdxisting SCPS structure
reported by Gao.
2.1Philosophy of Cascaded SuperCascodBesign

This research overcomes this scaling problem, by proposing a novehdédsc
SuperCascode power switch designed using a 4taykr cascaded network approach. The
approach periodically and optimally breaks down the linear charge scaling in the balancing
network and resetd forming cascades. This partitioning of the balanciegvork modifies the

JFET gate energizingndde-energizing path.
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The intention of the Cascaded SuperCascode +fmasitade or muHayer balancing
approach is to achieve neafinite voltage scalability (baring practical limitatiodsscussed in
Section2.12), improve switching speed and reduce switching losses. If the selection of which
capacitors (of balancing network) triggers which serial device is optimized anturfiee for
performance, it will lead to the fastest and most efficient SCPS topaaipte.

This chapter describes the philosophy, design, explains switching performance,
simulation verification, design optimization, compares different CSCPS structures and lists
practical challenges in hardware implementation and the way to overcome those.

2.2 Cascaded SuperCasode Power Switch Approach

The CSCPS approach replaces the Si MOSFET and uses the JFET to control a
SuperCascode cell referred to as a Unit SuperCascode (USC) (red box in Fig. 2.1). Each USC
has an internal balancing netwomdultiple USCs are serially connected to form a CSCPS,
wheein each USC is triggered by an external network layer comprised of a capacitor, gate
resistor and avalanche diodduebox in Fig. 21).

Multiple CSCPS switches are possible from dhyumber of JFETs in a serial stririget
M be the nuinbegeroife sJ FfEOTrEmi meg tah eJ SICu mmedr 60 f U
in series forming a CSCPS. For aWJFET CSCPS, multiple whole number valuegmdand

bcan exi st as | ong aNandsatsfythe foldwirdg re@tiorsshipe: di vi sor

awe — 0 <€)
Here,Vs is the CSCPS rated voltagedVps s the per JFET blocking voltag€or example,

for a 6 serial JFET, single layer Cascaded SuperCascode configuration, twissible

configurations are thi2S3 C andfi3S2 C asshown in Fig2.1(a)and Fig.2.1(b) respectively
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In the i2S3 C @mplementation2 JFETs are seriesonnected to form a USC i . eand3 i 2 SO
USCs are connected in series to form a Cascaded SuperCascode . In ih8 I5@C
implementation3 JFETs are seriesonnected to form a USE 3 @rd2 USCs are connected in
series to form a Cascaded SuperCas¢o@eCln 2S3C CSCPS J. andJs gates are charged by

an external balancing network whereas 362C CSCPSJ; gate is charged byhe external

balancing network.
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Fig. 2.1 (a): Ylayer 2S3C 6JFET Cascaded SuperCascode Power Switch,{ayet 3S2C
Cascade®uperCascode Power Switch
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2.3 Design of tlayer Cascaded SuperCascode
A 1-layer2S3C CSCPS is shown in Fig. 2.2. The utility of each passive and active element

in the balancing network is discussed in this section.
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Fig. 2.2: Schematic dfascaded SuperCascode power switch consisting eégbsconnectedsiC
JFETs and a lowoltage Si MOSFET
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In Fig.2.2, each USC consistsdIFETSs in series argilUSCs are connected in series to
form a CSCPS. The passive components inside the USC mingadevice switching internal to
t he USC anldo tewxet eirlmaylerbal ancing net wor k manage
balancing circuit internal to a USC comprisesC:, Ry, D1 andR.1. The capacitoCy provides a
current path for charging andsdharging the reverse transfefsf) capacitanceof J; and
synchronizes turon and turroff of Ji-Jo. Similarly, C> and C3 synchronize switching ods-Js
and Js-Je respectively. The gate resist@r with C; together controls the switching slew rate of
Ji. The avalanche diode: clamps the gate potential df. Similarly, D> and D3 clamp the gate
potential ofJ: and Js respectively. The resistd®1 and the blocking voltage ah-Jz together
determine the b&current ofD; for USG1. This removes the dependency of the bias current
from the number of devices in the serial string and JFET parameters, such as leakage current and
threshold voltage. This is suitable for mgseduction of Cascaded SuperCascodeksraquires
no preselection of JFETs. The resistdRs-R 3 manage the bias current for diodesDs in
USG-2 and USG3 respectively.

The layerl external balancing network comprisesRof, Ds-D7, Cs-Cs, Re, R and Re.
The capacito€4-Cs provides a current path for charging and discharging the reverse trahsfer (
rss) capacitancef J, and synchronizes twon and turroff of all USCs. The gate resistdrs, Rs
andRs together withCs-Cs control the switching slew rate of all USCs. Thests R 4 controls
the leakage current through avalanche diodes to maintain equivalefifftiMocking voltage
across each USC. The-3& CSCPS is shown in Fig. 2.2, herein the component selection and
placement of the passive balancing components amiapt for switching speed. The topology
has2 JFETs in each USC building block wighdentical USCs in series, with a laykrexternal

balancing capacitor to form a Z% configuration. The balancing circuit is comprised of
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1. Clamping diodes (or avalanctdtode), Di1-D7 that limit the Vpbs of the JFETs to an

avalanche voltag®/aval

2. Balancing capacitorsCi-Cs and resistorsRi-Rs control the switching slew rate. In

synchronous switching, when the LV MOSFET turns on, the-gaece voltage ofs
decreaseand normallyon Js continues to conduct when gate voltagd/ass=>V. With
Je conducting, the source potentialdfincreases. Capacit@s fixes the gate potential of
Js for a limited time, such thatesj2starts to decrease leading to synchronouschnigy.
Similarly, Cs synchronizes the switching &fSG3 andUSG2 and C4 synchronizes the
switching ofUSG2 andUSG1.

3. Resistors, Ri1-Ri4 control leakage current through avalanche diodes to maintain

equivalent turroff blocking voltages across each JFET.

The CSCPS can be under avalanche because of leakage internal inductance, input surge,
voltage imbalance between serial devices, etc SGES operation, the static ggage voltage is
defined by avalanche diodes, which breakdown whenrsiage voltage is excessive. Thus
resistorsRs-R11 are added in series with the avalanche diodes to increase avalanche ruggedness
by diverting avalancheuecrent from diodes to JFETS, thus sharing transient energy.

2.4 Mathematical Foundation of Cascaded SuperCascode Power Switch (CSCPS)

Each Unit SuperCascode (USC) has setmmected depletiemode devices with a
balancing network forming a SuperCascode without the LV MOSFET control switch. The
Acascaded staged in the CSCPS uses the | ower
block. Multiple cascaded stages or external balancing networks can be connected in parallel to

form a CSCPS and to drive theoretically infinite USCs.
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2.4.1 Design of Unit SuperCascode Balancing Network

Fig. 2.3similar to Fig. 2.1s h o w3S ear i8€ a & ¢ anglenéntation using the CSC
concept to realize & JFET optimized power switcihe Fig. 2.3 topology is also the same as
Fig. 2.2 but relabelled for mathematical consistency. The CSCR8rkadJSCs, which together
with the external cascaded balancingwwogk, compose the 23C CSCPS. This section

discusses the components internal to the USC (dotted box). The USEhii@m® number

JFETSs in series.

CSC Drain
CSC Source |

R15

Lo ==~ - T= N R \>7 NS ’
e e e e ’
R1o I& Dg Ri1 UDSJ\I'jD4
® L
Lrs Ly

Fig. 2.3: Schematic of 253C Cascaded SuperCascode Power Switch structure

In the USG3, Ry2 providesa bias current foD1 which sets the static balancing voltage. The
resistor seRi-R> controls the rise and fall timesd J; and J>» whereasC: is sized based on the
sum of gatedo-source and gatdrain charges of JFET9;-J> and body charge oD;. In a

perfectly balanced system where voltages across all JFETs and diodespativelyidentical,

the charge on the balancing capac@ocan be calculated as:

~

0 Gz 0 O c8
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Her 0 i s t he n u@sbseate chdrge df BREDEx+Qss) andQp is the anode
cathode charge of avalanche diode. The balancing network capactacae be calculated by
Eq. 2.5; for amm-stage USC where thereeam-1 stages of balancing capacitors. The net USC

balancing capacitance is

0 —_— Q)

where,Cn is USC balancing network capacitor aviskis the drairto-source voltge per
JFET. The energy stored in USC capaciters

0 go 2 6 @

The total balancing network capacitinet energy losper USC En, can be approximated

using the gaussian formula iBd. 2.7). This is the net energy loss pestageJFET USC, and is

equivalent to sum of the energies storedf capacitors.

=10

20 0 zeza & X

2.4.2 Design ofExternal Balancing Network

In the cascadingapproach, each USC gate is triggered by another external balancing
networklayeras shown in Fig. 3. This section discusses the external balancing network which
drives individual USCsThe 3 USC control JFET); is triggered by the control MOSFETQ;,
2" USC control JFETJs is triggered and controlled b@s and diodesDs-Ds, and 15t USC
control JFET Js, is triggered and controlled b9s and diodeDe-D7. The CS®Sh a 80 fiUSS C
seriesconnected and controlled by an external passive balancing network. In the external

balancing networkiRis provides additional bias current fBu-D7 which sets the static balancing
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voltage. The resisterR: and Rs set rise and fall times of the USC; is sized based on gate
charge oflz and body charge dds andDs, andCs is sized based on the gate chargeloplus
charge ofJs and the body charge &is andD-. In a perfectly balanced system where voltage
acrosseachUSC should be the same and all JFEMsl diodes are identical. Fornestage
CS(PSthere aren-1 stages of balancing capacitors in the external balancing network. The net

external balancing capacitance is

0 B — &y

wherng ifis the number o PS @:SsCgate ¢hargenof JFBET (ie. CSC
Qcp*+Qc9), Qo is the anode&athode charge of avalanche diodes dndDs), andVps is drainto-
source voltage per JFET. The energy stored in external balancing capacitors
o gz 67 a0 c&
The total balancing network capacitive energy |&ss, of the external bateing network
forming the CSC, uses the gaussian formula, and expressed in Eq. 2. H)c iBhequivalent to
sum of the energies storednl capacitors.

0 0 20 0 zaze zE & R

=10

The total badncing network losg the CSCPSs the sum of internal USC switching losses and
external cascode balancing capacitors. ZBEC cascade of Fig 3.has three USCs, ie=3.

The net balancing switching loss for the entire-BN6 C s wi t aoh cfaosrc aadne fis wi t ¢ h

O €z0 0O ¢P p
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A reduction can be made with Eq. 2.7 and Eq. 2.10 substituted into Eq. 2.11 to obtain

D p 1 T it ’ I3 ’ X Gl I3 ’ \ 1
O?ZeZu O Zw Z « a ) V 2 AadzZw 2z & ¢ ¢® ¢
Further simplifyingthetotal net balancing energy
0 -z¢z 0 0 zm z & A& ¢ ¢Po

The Eq. 2.14 shows the net balancing energy loss in the CSC is directly proportional to

08 dez & a ¢ P T

To understand the net balancing network charge requirement and correlate the charge
requirement to the physical form factor of the capacitors for packaging, a cost factor (CF) is
introduced. The CF is the product of capacitor and voltage ratings of the required capacitors in

the CSC. Using Eqg. 2.5 and Eq. 2.8 the cost factor ahheC CSCPS can be represented as :

80 £¢2B ——— B — 7 X

iz @b 0 - @ 0

When comparing Gaoods Fig. 2 .chmp&iGgRI)andi t h t h
(2.2) with (2.13) and (2.16), i.e. the CSCPS approaels 40 % less switching energy loss and
achieves53-60 % reduction in balancing network capacitance. Multiple configurations are
shown in Table 2.2. The equations also stiemanym, n andN whole numbers wereN O,4he

CSCPS has less net switching endopgthan the SCPS approach.
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Table 2.2: Comparison of 8-ET SuperCascode and Cascaded SuperCascode with
capacitance and switching loss
Design Combination Balancing Network | Charge Requirement
JFETs in USC (m] USCs in seriefn) Loss (mJ) (nFV)
1 6 2.25 4500
2 3 1.35 1800
3 2 1.35 2100
6 1 2.25 4500

2.5Multi -layer Cascaded SuperCascodeesign
Section 2.3 discusdehe design of a-layer CSCPS, but thghilosophy of periodically
and optimally breaking down the triggering or balancing circuitry can be extended to form multi

layer cascades, e.gtwo-layer12 JFET CSCPS (Fig.®), threelayer24 JFET CSCPS (Fig. 3)

and so on.
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In the12 JFET CSCPS of Fig. 2.4 , the orange and blue box are both individankr
CSCPS and the yellow box forms tB& layer balancing network which manages the two
individual 6 JFET CSCPS (orange and blue box). In 2deJFET CSCPS, the two BN1 layer
(yellow box) forms the2"® layer balancing network which manag@sFET devices each and
BN2 (green box) is th&“ layer balancing network which manages the two individi2alFET
CSCPS. This concept can be extended and applid® ti-ET CSCPS by forming" layer

balancing networkd6 JFET CSCPS by forming" layer balancing network and so on.

2.6 Automated design optimization code for CSCPS comparisons

Multiple CSCPS switchesare possible for anjd number of JFETs in a serial string.
However, there are optimum combinationsJBETs per USC and USCs in series for a CSCPS.
Two variables: the net capacitor requireméhtcalculated in (2.17) and net balancing switching

loss,Ep calculated in (2.18) can be used to optimize any for the CSCPS.

6 ; C® X

0O =-z4zgz 0 0 zw zZ & & ¢ P Y

An automated design coddiscussed in Appendii®, was written in MATLAB to compares
CSCPS permutations for specific power switch ratings using the two equations shown above. For
UJN1202z (UnitedSiC) JFETs and AU1PK avalanche diode, such thatlea&V JFET only
blocks 1kV, Table 23 comparest possiblepermutationdo showcase the improvement offered
by an optimization algorithm to realize 6kV JFET CSCPS, Table 2.compares9 possible

permutation to showcase the improvement offered by an optimization algorithm to relidé a
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JFET CSCPsand Table 5 compares20 possible permutation to realize2dkV JFET string

CSCPS.

Table 2.3: Possible permutations for a 6 JFE]
Cascaded SuperCascode Power Switch (CSC

Design Combinationg Balancing Charge
JFETs in| USCsin | Network | Requirement
USC (m)| series (n)| Loss (mJ) (nFV)

1 6 2.25 4500
2 3 1.35 1800
3 2 1.35 2100
6 1 2.25 4500

Table 2.4: Possible permutations for a 12 JFET Cascaded SuperCas
Power Switch (CSCPS)

Design Combinations in 1 layer CSC | Balancing Charge
JFETs in USCs in series (n) Network Requirement
USC (m) Loss (mJ) (nFV)

1 12 9.9 19800
2 6 5.4 6300
3 4 4.5 5400
4 3 4.5 6300
6 2 5.4 9300
12 1 9.9 19800

Design Combination of 2 layer CSC | Balancing Charge

JFETsin | USCsin | CSCPSin series network Requirement
USC (m) | series (n)| connected 2 at 2 loss (mJ) (nFV)
layer cascade
2 3 2 3.6 4200
3 2 2 3.6 4500
2 2 3 3.6 3600
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Table 2.5: Possible permutations for a 24 JFET Cascaded SuperCascode Power Switch
Design Combinations in 1 lay&SCPS Balancing Charge
JFETs in USC (m) USCs in series (n) Network Requirement
Loss (mJ) (nFV)
1 24 41.4 82800
2 12 21.6 23400
3 8 16.2 15600
4 6 14.4 15300
6 4 14.4 19800
8 3 16.2 26100
12 2 21.6 39900
24 1 41.4 82800
DesignCombination of 2 layer CSCPS Balancing Charge
JFETs in USC (m)| USCs in series CSCPSin network loss Requirement
(n) series (mJ) (nFV)
connected at 2
layer cascade
2 2 6 12.6 9900
2 6 2 12.6 12900
2 3 4 10.8 8400
3 2 4 10.8 9600
3 4 2 10.8 11100
4 2 3 10.8 9900
4 3 2 10.8 12900
6 2 2 10.8 18900
Design Combination of 3 layer CSCPS Balancing Charge
JFETs in| USCsin| CSCPSinseries CSCPSin network loss Requirement
USC (m)| series connected at 2 series (mJ) (nFV)
(n) layer cascade | connected at 3
layer cascade
2 2 2 3 9 7200
2 2 3 2 9 7500
2 3 2 2 9 8700
3 2 2 2 9 9300

Inferring from Table &B, the CSCPS concept optimized for 283C approach reduces
switching losses by0% and cost factor by0% compared t®6S1C for a 6kV CSCPS. From
Table 24, the optimized 28C-2C structure reduces switching lossesB¥oand cost factor by
79% compared tdl2S1C for the 12kV CSC, and from Table52the optimized2S2S2C-3C

structure reduces switching losses#®#6 and cost dctor by91% compared to th@4S1C for
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the 24 kVCSC.This shows effectiveness of the CSCPS in comparison to the SCPS, where the
net balancing network loss decreases with devices in a serial string promising voltage scalability
of the CSCPS topology. Thalso shows that the CSCPS is effective in reducing the effective
balancing network size and switching loss of all currently existing-sfedet SuperCascode

topologies.

2.7 Switching Stages of the Cascaded SuperCascode Power Switch

2.7.1 CSCPS turnoff switching process

The turnoff process of the CSCPS has six stages of deactivation. The first stage begins when
a control signal turnsff the Si MOSFET,Q:. As the drainto-source voltagéVdsor of Q1
increases, the gate-source voltagé/ysi1 of the depletiormode JFETJ:, increases. A¥gsi1
increase<C: is charged througRissi2 reducingVgsi2 WhenVgsi2is lower (more negative) than
Vi, 32 turns off. ThenVasy2 starts to increase. This stage ends. The capacitor charging paths are
shown n Fig. 26(a).

The second stage begihgning off when J> turns off andVgss2 begins to increase. When
Vgsiz increasesCs is charged througRisss2 The ratio betweeNgsyj1 and Vagssz is determined by
C1. As Vuszincreases(Cs is also charged througBissiz driving Vgsizs more negative. Whe¥gsi3
is lower tharVi, s3turn off. WhenVgsszbegins to increase this stage ends. The capacitor charging
paths are shown in Fig.6¢b). The third and fifth stages of deactivation are similar to the first
stage, ad the fourth stage is similar to the second stage. In the sixth stageJstuens off,
Vusie Starts to increase. Théscscreaches its blocking voltage that is applied to the CSCPS and

completes the turoff process.
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When the draifio-source voltage of a JFET increases to an avalanche threshold of the
avalanche diode, the diode begins to conduct with a large power loss. In a converter, series
connected switch voltage imbalance, leakage inductance, surge, etc., manpalver switches
under avalanche conduction. For the CSCPS, the static per JFET voltage is defined by avalanche
diodes, which breakdown when p&age voltage increases @&m avalanche condition. The
relatively small size of the avalanche diodes in caimspa to the JFET make them less capable
of absorbing avalanche energy. To increase avalanche robustness a resistor is added in series
with the avalanche diode to divert avalanche current from diodes to JFETS.

However, when the avalanche voltage is higthem the maximum draisource voltage,
VusmaxOf the CSCPS, JFEJs suffers from drairgate junction avalanche because the gatk isf

connected to CSCPS source, which is the virtual ground for the switch. A gate r&siktoits
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the maximum currentldwing through drairgate junction, forcing draisource junction to
absorb the majority of avalanche breakdown energytheodiode However, he higher the gate
resistance, the slower the JFETs switch which increase switching loss.

2.7.2 CSCPS turnon switchng process

The turron process of proposed CSCPS has six stages for reactivation. The first stage begins
when the MOSFETQ): turns on and the draito-source voltageVdsoidecreases. The blocking
voltage ofJ: to Je increases to compensate for the decread&sef. As Vus gidecreasesygsii
increases turning: ON whenVgss1is higher thanVin. ThenVgsi1 decreases and the blocking
voltage ofJ, to Js increases. As draisource voltag&/ys;1 decreases, capacitots and Cq; are
discharged increasingis;2as shown in Fig. Z(a). WhenVgsjistarts to decrease, the stage ends.

The second stage begins whé&nturns ON and the drain to source voltaygsi. starts
decreasing. To compensate for the decrea$sia the blocking voltage oz andJs increases.
As Vgsiodecreases, capacito@s and Cq. are discharged increasingsis WhenVasi2 decreases
andVgsyzincreases the second stage ends. Discharge andCGy is shown in Fig. Z(b). The
third andfifth stages are similar to first stage, and fourth stage is similar to second. The final
sixth stage starts whestilirns ON andvgsysdecreases. The entire CSCPM turns on &t sc
reaches near zero. Any overshoot normally occurgqsess soJs is first to fail. A higher voltage
device or #ernativelyusing a Transient voltage suppressor (T8WVadditional avalanche diode

can placed across the JFEdtamanagehe overshoot.
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2.8 Simulation and Verification

|

)

Jy

Q

To verify the CSCPS design methodology, a simulation was performed in LTSpicsixvith

UJN1202Z JFETand f i ve

configurationt o

veri fy

t

AU1PK nnectedin sehes in #layer@%3€ s

he

el ectrica

I performance

6-JFET SCPS. The simulation circuit is shown in Fig. Eigstly, for a resistive load df 2 0,

the switching was studied to ensure each device blocks equivalent vaftdgte result is

shown in Fig. 2.

49

Y

anc



6 JFET SCPS

% 2S 3C CSCPS
el Ny W

Rz7 10Meg
. 1’\-"\:
.117:] pzd o
uinl202= i
ilm| R42
mnlﬂ]zz:]"_“\.-"'-,'—'
io s DIS
2850 aulpk
118 R25
uinl202
10
177
uin 1202z 5'3125
10
C15
ém 10Meq == aulpk
c2e U J“m YR am
T uinl22 iy
955ma 1o
L aulpk
AULFE
ol .y o2
uin 1202z T
io 2858,
%nsu 1ok
25 Lok 114 R19
::lmﬂ ujn1202z ‘
030 ot
AULFE ez
JNM R22 Trom g
uin1z202= iy
10 %le loveq aulpk
e Jum D17
1475p uin1202z i
D21 1a aulpk
AULFE
1 o2 [S11 MEE
uiniz0zr » =
io 28 5Pz Lpik
113
E} uin1202 —f
s
|| LVMDSFET
va V10 VB
o -
_ =
5000 5000 |—| VM DSFET

PULSE{D 1210 20n 20n 10u Ilulﬁ?

Fig. 2.8: LTSpice schematic of a-3& 1-layer CSCPS with a pure resistive load

50



Turn-off Transition

Turrm-on Transition

60A

T 0K

6, 3KV

36KV

LR

4,28V

3.5V

. KV

. v
eli — = 71,4V /ns

dt

0.59 A/ns dt

du—‘lﬂl'li-’-' ;
dt e

Wolbage

N 1514
T fns

betwsaen
JFETe drain
and source

af SOPA

=i 4,

=478

=164

=004

245

=1 2A,

= A

4. TEW

9965 100245 10,08ps 10.14ps 10.20ps 10.26ps

BBy

iﬂ-.h}ﬁm Ed.ﬂ-ll-fl-m Hl.ﬂ;lhn

Fig. 2.9 : Simulated switching waveforms for the&S 1-layer CSCPS under pure resistive load

Voltage distributions across individual JFETs in a3xSCSCPS structure are shown in

Fig. 2.9. The proposed CSCPS I2snsturn-on and37 nsturn-off for a 6kV DC bus1 2 0

resistive load witi23 nH of parasitic inductance considered in the power fath. 2.9 shows

equivalent static voltage distribution in the OFF state and each s &s-1kV out of the 6kV

CSCPS. A preliminary datasheet for a 6kV/50A CSCPS is attached in Appendix A.

Next, both the @&FET SCPS and the Z& CSCPS is compared for s$ehing

performance and the switching transition and loss results are shown in Fig. 2.10.
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Fig. 2.10(a)Simulated ern-off switching transition

[ For the 2S3C CSCPS V(n141) is the voltage at tHeJEET drain, V(n161) is the voltage at tHe 5
JFET drain, V(n180) is the voltage at tHeMFET drain, V(n207) is the voltage at tHeJFET drain,
V(n211) is the voltage at thé®2JFET drain, V(n248) is the voltage at tlfe IFET drain) (For the-6
JFET CSCPS : V(n132) is the voltage at tHdBET drain, V(n158) is the voltage at tHeJFET drain,
V(n184) is the voltage at thé"dFET drain, V(n225) is the voltage at th& 3FET drain, V(n246) is the
voltage at the™® JFET drain, V(n200) ithe voltage at the*lJFET drain ]

-I(R4)*V(n003) is Ton (loss) for 25-3C SCPM I(R10)*V(n002) is Ton (loss) for 6S SCPM
JUNVYY Mt o St i b Mk iaibeiek sl NET W
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Fig. 2.10(b):Simulated arn-off switching loss
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Fig. 2.10(c):Simulated tirn-on switching transition [ For the 28 CSCPS V(n141) is the voltage at tl
6" JFET drain, V(n161) is the voltage at tHeJ-ET drain, V(n180) is the voltage at tHeJFET drain,
V(n207) is the voltage at thé"3FET drain, V(n211) is the voltage at ti€ aFET drain, V(n248) is the
voltage at the®L JFET drain) (For the-BFET CSCPS : V(n132) is the voltage at tHgBET drain,
V(n158) is the voltage at thé'IFET drain, V(n184) is the voltage at tHedFET drain, V(n225) is the
voltage at the'$ JFET drain, V(n246) is the voltage at tHé 2FET drain, V(n200) is the voltage at tr
1Y JFET drain ]

1(R10)*V(n002) is Ton (loss) for 6S SCPM
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Fig. 2.10(d):Simulated airn-on switching loss comparison

From simulations, the 23C CSCPS switches with 60 ns twofi and 11 ns turon time
respectively and the 6S SCPS switches in 200 nsaffirand 300 ns turon. The simulation

also shows that a 50% reduction in tafifilosses (4.79 mJ vs 2.24 mahd ~80% reduction in
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turnon losses (11.343 mJ vs 1.225 nid) 6 kV/50A operation.Heren the net balancing
network lossfor the 2S3C 6kV CSCPS is 3.465 mJ wherein 1.35 mJ of loss is present in the

balancing network.

2.9 Paralleling of Cascaded SuperCascode Power Switch

To scale current carrying capabilities at high voltageltiple CSCPSsan be connected in
parallel with a scalednd sharedbalancing networkThe capacitance of the dynamic balancing
network scales linearly to provide sufficient charge to trigger multiple parallel JAHEEs.
asymmetrices in layout can be compensdigdhe gate resistorg\ two parallel253C 6kV
CSCPS is shown in Fig. 21, wherein one LV SMOSFET triggers multiple cascaded and
scaled strings of SiC JFETs. The LV MOSFET may be composed of several paralleled
MOSFETs. The dotted bes show the components that need to be resized to accommodate

multiple strings.
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Fig. 2.11: Two parallel 28C Cascaded SuperCascode Power Switch
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2.9.1 Design of Unit SuperCascode Balancing network for scaled parallel CSC

Lemb 6be t he numbiees off o J/RIEME a nursietr nBulpe r Ca s
the number of US€connected in serie® forma CSCPSa n @d 6ar e t he nsember ¢
connected in parallel. As shown in Figl2.three USCs are placed together with the help of an
externalbalancing navork to make theadS3C) CS(PS Two of the 2S3C) strings are placed
in parallel, and share the same control swi@hand externaf{red box)and internalblack box)
bal ancing net wod knurither U®SIC hfamsdSdsinparallslmthé es an
USC, Ris provides additional bias current fén which sets the static balancing voltage. The
resistorR;, R, R andRs set rise and fall times, where@s is sized based on the gate charge of
JFET,J.1andJ22 and the body charge Bh. In a perfectly balanced system where voltage across

all JFETs are the same and all JFETs and diodes are identical, the capacitor charge is determined

by

C

wd Azaz o P w

whered pisdthe number of USCs in parallel adidrtlbe number of JFETSs in series.
Thus, the capacitance of balancing capacitors for the unit SuperCascode to function are
determined by(2.20 for an m-stage SuperCascad@here arem-1l stages of balancing

capacitorswhichs houl d have suffipgi®etimti ctdharigre par dlrli glg

Usingthe capacitor energy formul#heloss per capacitd@m is given by

20 W & p

alhe
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The total balancing network capacitive energy loss per unit SuperCascode (Bss£),

using gaussian formula, can be expressed as

z 0 0 zw z & & zn C& ¢

=10

This is the net energy loss per USC conipggmd JFETs i mpd sienmni par ahnid

which is equivalent to sum of energy storedi capacitors.

2.9.2 Design of Cascade (External) Balancing Network:

In the paralletfCSC approach, each USC gate is triggered by another external balancing
network as Bown in Fig. 211. The2" USC control JFE a1, Ja2 is triggered and controlled by
Cs and diodeds-D7in parallel and3™ USC controlJs, Js2 is triggered and controlled 6§, and
diodesDs-Ds in parallel. This section discusses the external balancing network which drives
individual USCs shown as red dotted box. The CSC&hatfsC connected and pUsCs in
parallel and controlled by an external passive balancing network. In the external rgalanci
network, Rxo provides additional bias current fBi-D7 which sets the static balancing voltage.
The resistoRs;, Rs, Ry andRy1 set rise and fall times of the unit SCPG%.is sized based on gate
charge ofJs1, J32 and body charge dbs andD7 andCs is sized based on the gate chargésaf
Js2 and the body charge 8% andDs and so on.

In a perfectly balanced system where voltage across EACH USC should be the same and
all JFETs and diodes are identicsihe capacitance of the external balancing oetwis
determinedby (2.23, for an-stage CSC there aml stages of balancing capacitors in the

external balancing network. The net external balancing capacitance is
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Where6 nnés t he number of URCsUSICoramien gc oan n&kXQG eadn d ne
Qg is gate charge of JFETéEptQes), Qo is the anodeathode charge of avalanche diodes (
and Ds) in this case and/ps is the drainto-source voltage per JFET. The energy stored in

external balancing capacita@s is

0 gzéznzaza & T

To obtain total balancing network capacitive energy loss for external balancing network forming

the cascaded SuperCascode (C&ehyusing gaussian formula, can be expressed as

=10

z ) 0 zdazw z & & 7P c& v

This is the net energy loss in external balancing network of thePGS®@hich is
equivalent to sum of energy storeddirl @apacitors. The total balancing network is the sum of
switching losses in internal USC and external cascode balancing capagg shown in Fig 2.7
the discusse@S3C-2P cascade has three USC, me3 andp=2 in parallel. The net balancing

switching | oss fonm tclaes ceardtei rsevi $wiht dls f or a A
(0] €20 0O 0]

whereEsb is the net energy loss in the external and USC balancing net@waloktituting

equationg2.22 and .25 in (2.26) gives
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Simplifying the above, the net balancing energy loss is

O -z6¢20 0 zo ZRZE & C & W

The net balancing energy logs,, in the CSC is proportional to a combination of stages which

can be selected to minimikess as shown i(2.29).

O°%nzaez ¢ a ¢ & w

Comparing (2.29) and (2.14) we note that both the size of the balancing network and the
balancing network switching loss directly scales with the nurabdevices in the serial string.

Note: This is |Iinear scaling and not exponent

2.9.3 Simualtion and Verification

To verify theparallel CSCPS design methodology, a simulation was performed in LTSpice
with twenty-four UIN1202Z JFETqdepletion modeland seven AUl1PK aval al
connected in series in layer 2S3C-4P configurationto verify the electrical performance of
the scaled ah shared balancing network. The simulation circuit is shown in Fig. 24

balancing network capacitors calculated are shown in Table 2.
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Table 26: Balancing network capacitor sifar 1-layer 4 parallel
Balancing Network Capacitors 2S3C4P CSPS 2S53C CSCPS
USC balancing capacitance, €C, = C3 1140 pF 285 pF
External balancing capacitance, C 570 pF 150 pF
External balancing capacitance, C 1140 pF 600 pF

For a resistive load 0120 Y, the switching was studied to ensure edekiice blocks
equivalent voltage and the result is shown in Fig32Voltage distributions across individual
JFETs in adP-2S-3C CSCPS structure are shown in Figd32Fig. 213 shows equivalent static

voltage distribution in the OFF state and eachlJBlRares-1kVout of the 6kV CSCPS.
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Turn-off Transition Turn-on Transition

—=26V/ns[  # 2y _
5.4Kkvd dt J36 - = 150V/ns

Voltage
at JFETs
drain

n | |
9.3us 9.9us 10.5us  11. 20.00ps 20.08ps

L

Fig 2.13: Simulated switching waveforms for the 4 parallel&S 1-layer CSCPS
under pure resistive load

The result shows all devices are sequentially triggered and verifies that equations (2.19)
(2.23) can be used to do a first step optimizatiopatdncing capacitors

2.10 Selection of CSCPS Balancing Network Capacitances

The balancing capacitors in the network define the voltage distribution among the
individual JFETSs in the voltage balancing circuit. The capacitor capacitance can-henédeo
synchronize switching and ensure equal dissipation of power across all iHEi¥es string.
Capacitance optimization can also reduce switching loss during transients and JFET voltage

overshoot.
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The inputs for the model are gate charge of JREI(Qcpt+Qcs); anodecathode charge
of avalanche diodeQp; CSC power switch rated voda, Vr; JFET gate threshold voltageéth
and JFET drawsource rated voltage/DS It is assumedN is the number of JFETs in the
CSCP®, i6s the number o iJskFEtThse i mumb &S Co fa nWS @s
Step 1:The number of JFETs are calated using the CSCPS rated voltage and JFET rated

voltage:
” w &
U - Tt
o C

Step 2: The factors dfl are represented asa r i axd *, e s@0.or a single layer CSCPS,
two factors are then selected in permutations and representedrai such that
0 azg ¢® p
For a twelayer CSCPS, three factors are selected in permutations represemeadaasio, and
repeated
0 azgzg ¢® p
Hermb i6s the number ofnffJFET$hBonmimbgr aotlSOSH
thelstCSCPSI ayer to forad asCS@RSnamdbed of CSCPS c
powered at th@ndlayer.
Step 3: The USC internal capacitance is then calculated. fRalFET USCm-1 capacitors are

required and capacitors scale starting from the top napstottor,Cy

Starting at the topmost capacit@; i.e. the capacitor at the highest voltage potential relative to

ground, scales d&mn = m*Cy wheremis the JFETs in an US@s an example, l6Dc = 300 nC
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Qp = 30 nFand such that each JFET blocks 1kV. For m=2 the USC requires one cagacior,

270 pFfor m = 3the USC requires two capacito, = 270 pFandC; = 540 pFand so on.

Step 4 : For a single layer CSCPS, the external balancing capacitance is then calculated using
(2.33). For a circuit witln USCs forming a CSCP®;1 capacitors are required and scale with
starting from the capacito€:1. Note the scalability is repsentative of the number of USCs in

string forming aN-JFET CSCPS.

C® o

Starting,Cy1 i.e the capacitor at the highest voltage potential relative to the ground, sc@lgs as
=n*Cy;, WwWhnér esothe number of USCs formingeca sing
=300 nC, @ = 30 nC,for asix JFET CSCPS lat = 2, m = 3and each JFEBlocks1kV. Using
(2.33), C11=135 pF Similarly, forn = 3, m = 2the capacitors ar€11 = 135 pFandCz1 = 270
pF.

Similarly, the net capacitance requirement for a maiter N-JFET CSCPS can be
calculated using the flowchart shown in Fig.£2.The flowchart calculates the net capacitance

for anexternallayer CSCPS and net capacitance internal to a USC.
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Fig. 2.14: Flowchart to calculate the net balancing network capacitors

Using, Fig. 2.%: To design d2-JFET CSCPS, leh=2, n=3 ando = 2 and JFET \bs O1kV
each. For example using (2.32), each USC requires one balancing cagacit@70 pF. Then
the 1 layer balancing network has two balancing capac@ior= 135 pFandCz1 = 270 pFand

the 2" layer balancing network has one balancing capacitor, using (£:33),100 pF.
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2.11 Studies about Variabilities in Balancing Network

In the CSCPS structure, a sequential 4offrresults in overvoltages of the upper JFETS,
particularly, for example, in thcase of hard commutation of a diode in a bridge leg. In the
topology, first the current is commutated from the diode to the CSCPS before the voltage could
decrease so that in a sequential 4omp the most upper JFET would have to take the full
blockingvoltage for a short time. This sequential switching causes JFETS in the lower stages, i.e
Js to dissipate more power than upper stage JFET, ilhus to avoid overvoltages and achieve
synchronization of JFETs during switching transients, capacitorgaedresistors are added in
the CSCPS. However, the devices in CSCPS have inbuilt manufacturing tolerances and
balancing network components tolerances and layout parasitic can both affect the electrical and
switching performance of the CSCPS power switch.

Variability Study 1: Affect of nonoptimized capacitance on JFET voltage distribution in
Cascaded SuperCascode Power Switch (CSCPS)

The first variability study discusses the effect of capacitance variation in the USC'and
layer CSCPS on theoltage sharing across JF&ETA 2kV Unit SuperCascode is chosen and
shown in Fig. 2.% for simplification. In the OFF stat€; is charged. To turn ON the SCR,
is turned on by applying a gate voltage greater than the threshold voltage Qitoens onthe
Ji1 gatesource voltage decreases. When it reaches fuifichi; starts to conduct and the source
potential ofJ. starts decreasing. Capacitor fixes the potential for a limited time such that the
gate voltage ofl> increases as soon as the souraem@l decreases. Thus, proper sizingCof
will synchronize JFET turon and turroff.

The Cy is varied from25pFto 400pFin 25pF steps. Simulation results showing the turn

on and turroff switching transient for Cis shown in Fig. 2.8. The plot of dain-source voltage
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versus varying balancing capacitance and peak overshoot versus varying balancing capacitance

is shown in Fig. 2.7(a) and Fig. 2.1(b) respectively.

Fig. 2.15: LTSpice schematic of a 2kV SuperCascode

Turnon Transient

V(N001,N003) V(NOO1,N003)
V(N0OO3,N006) V(NOO3,N006)

1.6KV 1.5KV
1.0KV- 0.7KV—
0.4KV- t )
b
-0.2KV : -0.1KV .
39.5us 40.2us 39.2us 40.4us
C=25Pf C=50 pF
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V(N003,N006) V(NOO3,N006)

1.2KV 1.4KV
0.5KV- ‘ 0.6KV-
0.2KV: I -0.2KV I
39.80us 40.20us 39.0us 40.8us
C=285 pF C=400 pF

Fig. 2.16 (a): Drain to source voltage and switching tranients across the serial JFETs under varied ba
capacitances (green traceqs 9f J blue trace : Ws of J)

Turn-off transient

1 5Ky_V(N0O3,N006) 1 gy_V(N0O3,N00E)
1.0KV-
0.7KV- 04KV
-0.1KV , -0.2KV |
49.80us 50.28us 29.76ps  30.30us
C=25pF C =50 pF
1.1kv—Y(NOO3,N006) 1 3Ky_V(N003,N006)
0.5KV— 0.6KV— [—
-0.1KV. ,
01KV l 49.4ps 50.8ps
29.68us 30.24pus
C =285 pF C =400 pF

Fig. 2.16 (b): Drain to source voltage and switching tranients across the serial JFETs under varied ba
capacitances (green traceqs 9of J blue trace : ¥ of k)
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Fig. 2.17 (a): Plot of drairto-source voltage across JFETS vs capacitance
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Fig. 2.17 (b) Plot of voltage difference across JFETs vs capacitance

The results show that with increasing capacitance value, greater synchronization in JFETs
of the SuperCascode &hieved which manages the blocking capability of the serials JFETS.
However, a large value of: results in a more synchronous switching operation, but an
unbalanced voltage distribution as shown in 2.15(a). The trend of voltage difference across
JFETs vscapacitance, shown in Fig. 2.16 can be represented by the following polynomial

expression.

Yo i T2pmmO ™Yo ESip Wo pp BT & T
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Note, the trend is valid for the UIN1202z JFET and any variatioréh@s, transconductance,
etc. alters the trend shown in Eqn 2.34.
Variability Study 2: Affect of capacitance variation in external balancing network on JFET
voltage distribution in CSCPS

Similar to the previous variability study, tolerances in balancing caps@foboth the
internal and external USCb6s affect 6kvhlayerb|l oc ki
2S3C CSC designed using UnitedSiC UJN1202z die, Wggh= 300 nCandQq = 15 nC The
capacitors calculated using Step4 lwhere m=2 and n=3 are C; = 285 pF and external
capacitors ar€;; = 150 pFandCz1 = 300 pF To study the effect of capacitor tolerances a
JFET2S3C SuperCascode power switch LTSpice model is created and |trecing capacitors
are oneby-one varied by+20% and the effect of draisource voltage of each JFET is studied.

The result is shown in Fig. B1

Voltage distribution change due to 20% capacitance
change of the voltage balancing capacitors in USC -1
during off-state

1400
1200

1000 ;\\"
200
600
400
200
0

<b—e——t——o—a

Inner JFET drain to source voltage (V) - >

1 12 13 Ja 15 Je

Balancing Capacitor (C) »

Fig. 2.18(a)Drainto-source voltage of each JFET wHé8C-1 balancing capacitas varied by +20%
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Voltage distribution change due to 20% capacitance
change of the voltage balancing capacitors in USC-2
during off-state
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Fig. 2.18(b):Drainto-source voltage of each JFET wHe8C-2 balancing capacitas varied by +20%

Voltage distribution change due to 20% capacitance
change of the voltage balancing capacitors in USC-3
during off-state
1200

1000 o) = = ::’/;\
800
600
400
200

0
1 12 13 J4 J5 J6

Inner JFET drain to source voltage (V)->

Balancing Capacitor (C) ---—---->

Fig. 2.18(c):Drain-to-source voltage of each JFET wHd8C-3 balancing capacitds varied by +20%

Voltage distribution change due to 20% capacitance
change of the voltage balancing capacitors in C11
during off-state
1400
1200
1000 ;\.\«-... o m m. n
800
600
400
200
0

Balancing Capacitor (C) ------->

Inner JFET drain to source voltage (V) ->

Fig. 2.18¢l): Drain-to-source voltage of each JFET wlestiernalbalancing capacitolCy1 is varied by
+20%
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Voltage distribution change due to 20% capacitance
change of the voltage balancing capacitors in C21
during off-state
1200

800

600

400

200

1 2 13 Ja 15 J6

Inner JFET drain to source voltage (V)->

Balancing Capacitor (C) ------- >

Fig. 2.18€): Drain-to-source voltage of each JFET wiestternalbalancing capacitoiC: is varied by
+20%

Results shows unequal voltage stressIBETS, the lower JFETs block a higher voltage
level than the upper JFETs. Results also show that the internal USC balancing capacitors have a

higher tolerance band than the external USC balancing cacpacitoasd3C:.

2.12Practical Challenges in CSCPS aling

In the Cascaded SuperCascode structure, asyiachronous turoff causes overvoltages of
the upper JFETSs particularly for example, in case of hard commutation of a diode in a bridge leg.
Further device internal tolerance (i.e. varied gedsistances, gate charge, etc.) and stray
parasitics which limit a specific JFET switching rate and improper balancing network design.
This section discusses compensation or fine tuning of the the balancing network components
using the variability studiesliscussed in Section 2.14gainst device tolerance and stray
components to realize the optimum performance of the CSCPS tolopgy

A. Unequal Power and voltage dissipation

In a CSCPS are sequentially triggered frdsrto Ji: in Fig. 2.1. When a device blocks

eguvalent voltage during sequential tuoff a slight delay occurs between triggerihgand Je,
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which causes JFETSs in lower stages (egto dissipate more power than JFETSs in upper stages
(i.e.J1) during switching as shown in Table 2.5 when each device blocks equivalent voltage.

By compensating or firuning the balancing capacitors usieguation(2.34) vable for
JFETSs to operate at different voltage rating in CSCPS string such that eachdissipates the
same amount of poweroTmitigate uneven dissipation, the balancing network is tuned such that
Je operates at a lower voltage thamffsetting the unequal power dissipation.

For example, for the LTSpice model, the simulated energydos blocking voltage of
serial JFETs in a CSCPS is shown are Table Zhown is that by allowing; to block395 V
more thanJs the change in power dissipation can be reduced @@%0.85 mJo 0.37-0.61 mJ
Further reduction is possible by using.2 kV devices, and scaling upper stage device blocking

capability as string size increases.

Table 2.7: Simulated switching energy loss and blocking voltages of serial JFEF8Gh
6kV CSCPS
Blocking voltage equated Targeting equivalent power
dissipation

JFET Esw Vorr Esw Vore
J1 0.21 mJ 942 V 0.37 mJ 1152 V
J2 0.32mJ 980 V 0.44 mJ 1120V
J3 0.42mJ 1010 V 0.48 mJ 1041V
J4 0.55mJ 1014V 0.48 mJ 1015V
J5 0.61 mJ 1011V 0.56 mJ 915V
J6 0.85mJ 1023V 0.61 mJ 757V
M1 0.01 mJ 20V 0.01 mJ 20 V

B. Parasitic Capacitance and Inductance internal to a power module

Unwanted parasitic circuit capacitances addinGdgandCgys, or tolerance variations in
the device pincloff voltage,Vpo, can affect the serial triggering of devices but can be adjusted
by modifying the balancing network capacitance as shown in (2.35) wdmens, the per JFET

blocking voltage.
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Her e, @ IS change i n todokeneeand parasties. Saniladly, pa@ditic a g e
inductance in the CSCPS limits the rate at which the JFET is charged and discharged causing a

time delay {a.

&

This delay can cause loss of synchronization in sequential triggering and scales with the
number of devices in the serial string. To compensate, gate resistors and balancing networks can
be finetuned to adjust the RC switching rate.

2.13 Advantages of the Cascaded SuperCascode Structure
2.13.1 Low thermal resistance

The Cascaded SuperCascode Power Switch (CSCPS) distributes power dissipation over
multiple devices facilitating heat exctraction via thermal spreading across a larger physical area.
Thermal spreading leads to lower thermal resistaRge dnd the net resuthould be aigher
RMS current ratig. To conclude such sesult and prove that the thermal resistance decreases
with scalingN (i.e. more serial devices with lowen¥ratings), the followingassumptions are
used
f  An average spread angle for thermal dissipation bf 45
1 No thermal coupling exists betweeN evices in the serail string of CSCPS

1 Both the HV and the LV devices are square
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Fig. 2.19: Thermal spreading from power device wéile, 6 s 6 t hr ough a subs¢s

The thermal resistance of a power module stack alithickness and for a square power

die with side@sdcan be represented as :

Y o 5% C® X

The HV device thermal resistance can be simplified assuming average spreading angl&, 4 5
t is thickness of the stackup,is the side of the HV single device asgdis the area of css
section.

Yo a1 ol @y

For equivalent device specific gasistance such that both the HV device ardWCSCPS
approach can conduct the same current denisty. Thesedgs area of LV semiconductor will
be represented as :

i zY

Thus each side can be representedfad) z . The thermal resistance of edcWl devices

in a CSCPS can be simplified as :
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The current trend of 1.2kV JFET Rds f or the UnitedSi C-G4 SiC
cn?[110 and for the 15kV SiC MOSFETs for CREEo wer de v i coe112.Fhu2 04 mY
as shown in Equation (2.42), the net thermal resistance of the CSCPS approach is substantially

smaller than a single HV approach.

If 0z >>> 2t/s , then the Cascaded SuperCascode power swigzmah

resistance is 0 2 times smaller than thermal resistance of the HV device.

2.13.2Cost Comparison of CSCPS vs single HV MOSFET to realizing a power switch

The cost of a semiconductor is determined by the die area, die thickness and
manufaturing yield. Die area dictates the current carrying capacity, die thickness of a vertical
device defines blocking voltage rating and manufacturing yield is dependent on the type of
power semiconductor device. For this study the JFET based CSCPS is edmiitr a HV
MOSFET configuration scaled to realize a single HV power switch using specifesmtance,
die dimension, wafer yield, processing and fabrication cost.

For this cost study, a SiC JFbased Cascaded SuperCascode Power Switch (CSCPS) is
compared against a High Voltage SiC MOSFEAsed power switch for comparable voltage and
current ratings. The switch series or parallel configuration are scaled to realized equivalent
switches with same Rdson and voltage rating. The die yield per waferalasgated using
Mur phyds model for the de[i0b]l.nTeeddie mizenmad procured r i n g
through literature and validated to have the present-stad specific orresistance RdA
[106,107]. The cost of the wafer was picked frofREL and DOE reportslp8,109]. Other cost
overheads such as labor, electricity, equipment, facilities, maintenance were calculated from X

FAB reports required to fabricate 5k (6inch wafers per month) and averaged to perl@gifer [
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Other costs such as B& SG&A and MSP were averaged from publichvailable financial
reports from CREE, STMicroelectronics and Infineon.

Key properties of the two 1.2kV and 3.3kV wafers modeled are shown in Zabl@he
thickness and the doping concentration of thelamr both for the 1.2kV SiC JFETs and the
3.3kV SiC MOSFETs were chosen based on literatl®8]] Other properties such as the 4H

polytype and the 350um substrate were used as it is most prevalent .

Table2.8 Key parameters of the SiC Wafer modeled

Property 1.2 kV wafer | 3.3 kV wafer

Polytype 4H-SiC

Wafer diameter 6 inches(150 mm )

Epi-layer thickness 10 um 30 um

Wafer thickness 350 um 350 um

Doping conc. 8 é°/cm? 3€e®/cm?

Other notes N-Type, production grade, , 40 afkis,0.0150.028 ohrcm, ultralow MPD
O 17 350num thick w/ 47.5 mm flat, double sided polish Si face CM
ready, with SiC epi;

The present status of specific-mesistance Rdé  ( 4tm?2) versus Blocking Voltage
(BV) at room temperature ghown for a SiC JFET in Fig.Z)a) and for an HV SiC MOSFET
in Fig. 2.2Qb). One advertised datum of UnitedSiC (now part of Qorvo)&E684) 1.2kV SiC
JFET has an Rda = 1.3  no¥? [1] as shown in Fig. 20(a). The besin-class CREE and

GeneSiC havesported Rd$A = 11-1 2 4n¥ as shown in Fig2.2Q(b).
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Fig. 220 Blocking voltage vs R ontradeoff for (a) SiC JFETs [10] (b) 4H-SiC vertical MOSFETs
[111,112]

Using the specific omesistance for a 1.2k¥/mY Si C

mm X 6.25 mm the die design is shown in Fig.1@a2 For the wafer or epi quality and

manufacturing specifications below, the wafer map for 100% vyield is shown in Figb}.2

(Using

measures 5.73 x 6.235 mm and has an active area of 032rash of the area is device

Mur phyoés

JFET

devi

ce

t hat

.Nitee diesvite hasfa spedifieon® $ e 6 td i n c-en?, o f

passivation and guard rings. The device has a specific®rs i st a n ¢ ecnfpnieaslrels. 3

7.2 x 7.2 mm and hamn active area of 0.33 énrest of the area is device passivation and guard

rings.

Mur phyoés

mo d el

S

used

t

(0]

SiC JFET, the following manufacturing specifications are used:

det er mi

ne

t

he

Manufacturing spex die width (w) = 5.625 mm, die height (h) = 6.25 mm, horizontal and

1.

vertical scribe lane = 1 mm, edge loss (mm) = 5 mm, defect density = 0 (#/sq. cm) ( for 100%

yield, i.e. 0% defects), centered die and no manual wafer placement.
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Def. Density 0 #/sq.cm B Wasted Dies #0 0O Defective Dies #0

EEEEEiEUnited sic Fab, Yield = 100 % B Good Dies 284 Partial Dies #38
Mechanical Characterlstics
Wafer Limits
Parameter Typical Value Units.
sn:ims::;‘wmunmmtum 5.?30;0&235 mw:‘n BEEEEEEER
o pe— e = EEEEEEEE
metal dimersions [Lx * e
S et 5 = ENEEEEEE
Gate metalization AICu] 5 wm EEEEEEEE
Biackside drain metallization (Tu/NifAg) 011021 um
Fronside pezsies Polvimds EEEEEEEN
Die thickness 150 wm HEEEEEER
| o | ENEEEEEE
7 EENEEEEN
= Iil. AREEN
[ | | [ | |
sz soue L0 o
<3 . T L]
g [ ] | [ | |
Gate =/ g [ | | [ [ ]
| <4 u nin
- ') e g ]
Unit mm 0232 0512 s xelusion Edge

Max Dies Per Wafer (without defect) #284

Fig.2.21(a):Diedesi gn of 1.2kV/ 3.5 mY SiC JFET; (b)
6 inch wafer (for 100% yield)LO5]

Processed Wafer
$3,500
R&D
$3,000 . SG&A
» Maintenace
$2,500
= Facilities
$2,000 u Equipment
61,500 = Electricity
= Labor
$1,000 - = Materials for wafer
processing
$500 = SiC epi-wafer cost
+MSP
$0 -

Fig.2.21 (c): MSP breakdown for the SiC 10um (i.e 1.2kV)epiers

For 100% vyield, each wafer produces 284 good power dies and 38 partiatasaibe
power dies. The cost of each wafer is dependent on the volume of manufacturing, EPI layer and

volume. With the given EPI layer, it is reasonable to assume $1200 (confiynetultiple
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sources) 108. “Yole is predicting a 48% price drop by 2025. Fg21(c) shows the cost
modeling results for SiC epvafers. The MSP (minimum sustainable price) that a company
must sell is $2950 to pay back the capital and operating eepeusing the plant lifetimgl29.

The cost per die for different yield scenarios from the wafer is shown in Z&ble

Table29: Cost/die for 1.2kV/ 3.5 mY devi
Scenario @ Volume pricing $/die
Anticipating 100% Yield $10.3®
Anticipating 90% Yield $11.5
Anticipating 80% Yield $12.97
Anticipating 70% Yield $14.8

Similarly, using the specific eresistancdor, a 3.3kVB4mY Si C MOSFtEal devi
measurse7.2mm x 7.2 mm, the die design is shown in Fig.22 (a). For the wafeior epi quality
and manufacturing specificatiobglow,the wafer map for 100% yield is shown in Fxg22 (b).

(Using Murphydés Model of Die Yield)

Manufacturing specs Die width (w) =7.2 mm, Die height (h) =7.2 mm, Horizontal and
Vertical Scribe Lane = 1 mm, Wafer diameter (mm) = 150 mm (6 in), Edge loss (mm) = 5 mm,
Defect Density = 0 (#/sg. cm) ( For 100% yield, i.e. 0% defects), Centered die and no manual
wafer placement

Def. Density ( q.cm B Wasied Dies #0 O Defective Dies #0

G te Fab. Yield = 100 ° Good Dies 2208 Partial Dies #24
Wafer Limits 1

| |
RN K

s

EEEN
CALY fechnologies

Max Dies Per Wafer (without defect) #208

Source

Fig. 2.2(a): Die design 08.3kV/34 mY S i [006])(5: BVafer map for th8.3kV/34mY
devices in a 6 inch wafer (for 100% yie[dP5]
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For 100% vyield, each wafer produce@82good power dies ang4 partial honusable
power diesWith the given EPI layer, it is reasonable to assume $1350 (confirmed by multiple
sources) 130. “Yole is predicting a 48% price drop by 2025. Fy22(c) shows the cost
modeling results for SiCpewafers. The MSP (minimum sustainable price) that a company
must sell is $3700 (in the USA) to pay back the capital and operating expenses during the plant's

lifetime. The cost per die for different yield scenarios from the wafer is shown in Z.able

Table210: Cost / die for 3.3kV/40 mY SiC MC
Scenario @ Volume pricing $/die
Anticipating 100% Yield $17.79
Anticipating 90% Yield $19.76
Anticipating 80% Yield $22.24
Anticipating 70% Yield $25.41

Cost Comparison :

Case 1: To realize a 6.5 kWInY power sixsiwli.t2c hk V. Si C JFIT/ 3. 5
Ai3.3kV Si C MOSFiEstried Bin paNlépower devices are required. Thus, the

net semiconductor cost is $ 62.28 for the Cascaded Super@agmoach and $06.73 for an

approach utilizing series and parallel connect HV SiC MOSFHherefore, an HV SiC

MOSFET approach is 71% higher in cost to real
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CSCPS approadiassuming 100%lie yield Avafer) The atual savings will be greater because

low voltage device yields are generally higher.

Case 2: To realize a 12 kW2nY power twentyf baoh, 1. 2 kV Si C JFE
(with 12 in series, 2 in parlledr twenty-four i 3. 3k V Si C34 M@eérEseries 6 in

parallel) power devices are required. Thus, the net semiconductor cost of is $ 249.12 for the
Cascaded SuperCascode approach an@6¥®2 for an approach utilizing series and parallel

connect HV SiC MOSFET&ssuming 100% die yield /wafefherefoe, an HV SiC MOSFET
approach is 71% higher in cost to realize a
approach. The actual savings will be greater because low voltage device yields are generally
higher.

Also note that pralleling six (6)strings of four (4) serial 3.3kV MOSFETSs (each needing
individual gate drives) is much more difficult than paralleling two (2) strings of twelve (12)
serial 1.2kV seHtriggering JFETs. Thether advantage is that tHe&SCPS uses a balancing
circuit that irherently balances and removes the need for any conditioning circuits, such as

snubbers, compared to MOSFET circuits.
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CHAPTER 3: Segmented Baseplate High Voltage Packaging

This chapter focuses on power electronics packaging for high voBag)&\( to>25kV),
high temperatured@ 2@ Power modules operating for higfequency Wide Band Gap
(WBG) power semiconductor devices, i.e. SiC (and GaN). The goals for the packaging are high
power density with longerm reliability to support system compatibilitfhe design utilizes
ultrat hin substrate dielectrics with segmented
current by minimizing coupling capacitances without tragiffgthermal resistance. The
research also explores dielectric fluid cooling ftg thermal heat extraction and voltage
isolation. The research also explores EHD challemgdelectric field.

Two module design examples of dayer 6.5kV/105 A 28C CSCPS and a-lyer
24kV/105 A 28C-2C-2C CSCPS are described along with multipicg simulations to analyze
the thermal and electrical performance.
3.1 0rganic Power Packaging

An ideal HV power module substrate should have high dielectric strength, provide CTE
match, low modulus, high thermal conductivity, be efétctive and lightwight and withstand
high temperature >00°C). Copperclad ceramic substrates, such as DiahdedCopper
(DBC) with AIN, AkO3 or SkNs is a benchmark with a relatively low coefficient of thermal
expansion (CTE) and high thermal conductivityt3114]. However, due to high cost of DBC
substrates and high weight density, alterative approachs are required.

Organic laminate substrates, widelgmmercialized for wearable electronics applications
[115-[117], are one such solution. As an attractive dielectric material, polyimides have been
used widely as flexible printed circuit boards (Flex PCBs) in the field of aerospace, automotive,

and wearable electronics, fulfilling an increasing need for materialsdnaperform well under
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harsh conditions such as elevated temperatures BBXRE [116]. Another alternative is ultra

thin Epoxy Resin Composite Dielectric (ERCD), the resin material is filled with aluminum oxide
(Al203) and aluminum nitrideAIN) resultng in thermal conductance comparabléAtgOs based
DBC substrates. The CTE of ERCD is also close to copp&f7 (pprmfIC), compared with
ceramic in traditional DBC substraté.%-7 ppm?C), which is beneficial for better thermal stress
management on powenodule during fabrication and lifetime usage. The detailed composition
of the epoxyresin dielectric is also investigated as shown in Fig. 3.5060X magnification
[117]. There are large amounts of spherical particles distributed in the -epsixy tle particle

size ranges frob  dom O . &hm primary properties of the ERCD material and flex polymide
are shown in Table.3.1. Low modulus of ERCD compareglltd-345 GPdor Al based metal
compounds makes it a softer material supporting higher retiabilring thermal cycling. ERCD
can withstand high voltaget@ kV/mm and operate up t800 °C continuously while being

easier to manufacture, which is indispensable for high power applications.

Fig. 3.1: SEM Image for internMicrostructure of the Epoxyesin dielectric materiglL17]
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Table 3.1: Material properties of ERCD laminates in comparison to Fi&4dAl
Parameter Al ;0O Flex (Polyimide) ERCD Units
Thermal Conductivity 24 0.16 10 W/mK
Tyg - 300 270 °Cc
Modulus 340 2.5 30 GPa
CTE (alpha 1) 457 14-17 10-17 ppmPC
Dielectric strength 20/ mm 5@ 120 um 56 @ 120 um| kV

Epoxy-resin dielectric can be manufactured in uttran thickness of 8@um and 120um.
The 120um had dielectric strength &.6 k\V. An 80pmdielectric with7O0umTop Cu and 21@um
bottom Cu was tested to measure leakage current at different voltage and temperafifle in [
The DC | eakage cur r e n€upwatAume26@@at1ea V,avhichOl n A 2
is comparable with SiC devices leakage at similar conditions. The cost comparison of ERCD
with DBC obtained using RFQs from organic (ERCD) and DBC substrate manufacturers in 2021
is shown in Fig. 3.2. As shown, the higblume epoxy suligate from Brigitflex (US) and TCI
(Taiwan) are substantially less than DBC. (Based @0120'100 umCu/ERCD/Cu substrate

and ar200/635/20Qum Cu/Ceramic/Cu DBC substrate).

$20

\ Remtec DBC Example Pcs.

1N
=
w
J 0":
2t
ey
o

Single piece Price
W
[
o

(19X32 mm)
Brigitflex ERCD $6.01
$5
2.00
$0 $1.574
100 1000 10000 100000
Quantity (pcs)

24

Fig. 3.2: Cost comparison of DBC with ERCD fot@&x 32 mnsample obtainedsing RFQs
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3.2Considerations in power module design with organic epoxy laminates
One of the challenges of using a thin substrate, ERCD which can be fabricated ad #@ipras
is the increased dielectric coupling to baseplate which with a fast voltage change at the node
draws additional current from the gate driver or thelidS, addig additional power loss on the
devices. The inrush current can be calculated using the following equation:
q 220 P&y

Q Q0

Here, d is the seperation between the two Hataconductors,A is the area of cross
section anddV/dtis the voltage switching rate. The inrush current causes unexpected voltage
sags which can limit driving speed and cause extra device loss, derating the application. Multiple
techniques of reducingpmmonmode current have been discussed in the past (i) slowing down
devices (ii) integrating a screen inside the power module (iii) stacking insulating substrates and
(iv) connecting the switching node to either the positive or negative DC bukl8} [nfineon
patented a method to divert the current back to the DC bus, wherein the semiconductor devices
are mounted to ceramic substrates, stacked on top of each other increasing-theqghagicy
impedance. By connecting the middle layer to capacitaarue lowering the impedance of the
path. It is viable to reirculate the current back into the bus instead of through the system
ground.

This technique was utilized in the design of a 10kV SiC MOSFET, reportetiléh [
Tested akV/20Athe module switising at adV/dt of 24V/ns(turn-off transient rise time 66
ng) successfully demonstrated an order of magnitude reduction in common mode curre@t (from

to 0.2A) achieved by reducing parasitic capacitance fanpF to 36 pF . However, to

compensate fothe increased junctieto-case thermal resistance due to stacked substrate the
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module required a diredubstrate, jeimpingement cooler integrated in the module housing

[121,127 as shown in Fig. 3.3.

Spring Terminals

Decoupling
Capacitors

Integrated
Direct-Substrate,
Jet-lmpingement Cooler

Fig. 3.3: Jeimpingement cooled 10kV SiC MOSFE®wer module 122]

WBG devices can be operated Bt5’C temperatures unlike Si devices which were
limited to 125°C, therefore with power cycling the devices can undergo larger temperature
swing. Due to CTE mismatch between the ceramic substrates and topgemperature swing
can induce solder stress or cracking which is a concern for long term power module reliability. In
comparison, ERCD is a relatively low modulus material which allows us to release stress and
strain of solder layer under chip. Contienal power modules use silicone gel encapsulation to
provide voltage isolation and protect the module from dust, moisture, etc. Epoxy resin based
encapsulation materials can reduce solder cracks, enhance lifetime of thermal cycling and
improve power cyeéhg due to reduced stress on wire bonding.

Further using direct potting resin in liquid state in comparison to transfer molded epoxy
resin encapsulation (solid state) allows higher flexibility in design and high density packaging,
shown in Fig. 3.4.The utilization of this direct plotted resin in IGBT power module has been

reported by Mitushibi in developing their SLC packdg2,123.
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Transfer molding
Higer productivity

Direct Potting
Higher Design Flexibility

T-PM IGBT module NX type

DIPIPM™

Fig. 3.4: Epoxy resin encapsulated power modul2g]

For design the direct potted resin should hiygreater than the operating temperature of
the power module, CTE of resin should match the dominant structural member causing the
warpage 123]. The resin particle size should be optimized to reduce voidseahance both
thermal conductivity and withstand voltage characteristics. Properties of epoxy resin

encapsulants with silicon gel is plotted in Table 3.2.

Table 3.2: Comparison of material properties of silicone gel vs epoxy encapsulates
Coefficient of Dielectric Coefficient of Volume
thermal Strength | thermal expansion | Resistivity
conductivity (kV/mm) (ppm/K) ( Yem)
(W/mK)
Henkel LOCTITE® SI 0.16 21.14 315 3x10°
5620E
Risho High therma 1.9 15 17 4x10%
conductivity  material
[Confidential
development material
under NDA]
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3.3Common-coupling issue in thin substrates

Parasitics like resistance, inductance and capacitance in the -gllegsioal layout of the
power module dampens the switching performance of the power device, causes EMC issues, etc.
Here the key performance degrading inductance and resistance paaasificesent in the gate
driving loop and the commutation loop whereas coupling capacitances, include, but are not
limited to mutual inductance between two parallel conductors, which in case of DBC modules is
through the substrate between the top and bottopper or the common baseplate. FHdp.
shows the coupling capacitance with reference to the bottom Cu, charging and discharging paths

and common mode current flow direction in a Haitlge power module.

HS Gate Driver LS switch ON LS Gate Driver
mmm °C se— SW s I
+15V +800V ov oV
- . i+ . 1 g —l—
C~4pF  C~20pF C~30pF C~4pF
T P p T Substrate p T T
Bottom Cu
HS Gate Driver DC+ HS switch ON SW LS Gate Driver
ov oV +800V +15V
1 1 T tlt+ e
C~4pF  C~20pF C~30pF C~4pF
l_l_ p p T Substrate P T =
Bottom Cu

Cdv/dt

Fig. 3.5: Electrephysical layout of &alf-bridge power module showing parasitic capacitance ar
resulting common mode current

This capacitance coupling is dependent on the substrate thickness and common mode
current is directly proportional to the coupling capacitance.
3.4Thermal and Capacitive coupling tradeoff in DBC modules
A typical Direct Bonded Copper (DBC) power module structure is shown in FgTBe
capacitive coupling with respect to the baseplate depends on the thickness of the dielectric and

the sizeor areaof the crosssectionof the power module.
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Terminals

Lid
Housing —
Wirebonds Solder
Silicone Gel DBC Substrate
Baseplate Power
Thermal Interface Stage
Material
Heatsink
I
Fig. 36: Typical power module structure
This capacitance to the ground can be defined as:
, ~--0
0 od

Here, 6 Ai® the area of overlap of tHeetween the top Cu and bottom Cu of the DBC
substrate, shown in Fig. 3.5 -00is thedielectric constanta n d & dhe thckness of the

substrateT h e mi ni mu mt & dictatednby theodrelectric properties of the substrase

the voltage rating ottt ©lkkeé¢ geaterahd tlego wilbbethe s cal e

A

capacitive coupling and common mode curi@niground curreftand vi ce vernda.

r edu c i Ady btedking dowra common baseplat@|soreduces the coupling capacitance.
On the other handhe thermal resistance atitermalcapacitance of a moduiecreasedirectly
wi tths 0

0

Y ;
0

o8,

o) w” 00 o
Here, _ (W/mK) is the thermal conductivity of the material,(kg/n¥) is the material

density,c (J/kg.K) is specific heat.
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3.5Philosophy ofSegmented baseplat®ower Module

Conventional power modules may use either a Direct bonded copper (DBC) or Insulated
Metal Substrate (IMS), which have been proven over the years for Silicon (Si) devices. New age,
Wide Band Gap (WBG) power devices require optimization of thesiphlystackup to realize
the potential of these power devices requiring exploration of new packaging materials,
techniques, etc. One of the key challenges for HV power module design is the thick dielectric
substrate which scales with voltage and also g affects thermal resistance, coolant system
design and increases-@ystem complexity. This research introducegnsenteebaseplatgpower
packaging to tackle this key challenge.

Segmenteebaseplate power packaging uses ulithin Epoxy Resin Composit
Dielectrics (ERCDs) and moves t h<e patkading byt ri cal
placing segmented piin heat sinks under the power semiconductors devices with
interconnecting thermal viados to aUsmgERCA comm
as an alternative to traditional metdhd ceramics enables lewost and highly reliable power
modules with favorable mechanical and thermal properties. All segmentéid peat sinks are
dielectric cooled to eliminate having a continuguslectrically conductive base plate. Dielectric
fluids provide electrical insulation, suppress corona and arcing, and also serve as a coolant.
Instead of creating a lumped capacitance the fluid creates distributed capacitance with each
individual heatsinkvhich helps with increasing the density of the power module. The segmented
heat sink approach together with the Cascaded SuperCascode switching topology allows
spreading the electric field density throughout the module, decreasing the peak field density

offers a poweidense design.
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3.6 Design of a 6.5kV/105A-layer 2S3C CSCPS with Segmented Baseplate

The power module layout is designed to comply with isolation standards to minimize
leakage current and peak electric field strength. The moduesigned to accommodate one
stacked Cascode (UnitedSiC UF3S120009) and five individual JFETs (UnitedSiC
UF3N120008), shown in Fig. B.The circuit schematic is shown in Fig.83The first pass
physical layout of the power module is illustrated in.F&®. In the layout, the auxiliary
balancing network of the CSCPS is split into two parts and placed on each side of the central Cu
pads. Each of the central copper pads (undern
which when solder filled wilelectrically connect the top side copper to the backside copper of

the substrate.

5730 -— 5730 — &

[—— 2830 —f 5.233 |
MOSFET /.

Gate Pad |

MOSFET | MOSFET
Source Source

4320
6.235

Pad Pad g
=)
[=]

1.240 1.240
| g
v o
JFE;a(jate _§ —-“-\\ E
— =y [=]

F_ 2608 L_512 \0.142
Fig.37(a) : 1.2kV/9 mY s Fig.37( b) : 1.2kV/ 8 mY

UF3S120009 UF3N120008

For this application, class 1 ceramic capacitarthe 0805 form factoare used for their high
stability and low losses. Their high accuracy and tolerance and stability to voltage, frequency and

temperature make them suitable for balancing network.
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Fig. 38: Six-JFET 2S3C Cascaded SuperCascodevBoSwitch

(Here Q1 is the MOSFET, J=Ib is the JFET, RR6 are gate resistors, €I5 are balancing
capacitors, RLARL4 are leakage resistors, IDI7 are avalanche diode)



Clamping diode

Avalanche resistor

Balancing capacitors

Leakage resistors

Gate resistors

Bond wire

JFET power die

Stacked Cascode

|

Fig. 39: Power module physical layout implementation
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361 Ther mal Vi aods
T h e r ma arepladedhb@lew each die in the power module with a segmented baseplate
or individual heatsink per dierhich transitiors the voltage isolation requirement into the next
level of power packaging, substantially reihgcthe thermal resistanc@n array of soldefilled

t her mal viads are placed below each JFET powe

high power handling capability as shown in Fig.(8.

Solder attached Heat Generated
Top Metal Plane /
Solde1 ﬁlled Bottom Metal Plane !

THHLL

Heat Extraction

Fig.316 (L) Thermal viabs under S iogsurfhde Bfthe did aad th
underside of the lower copper plane

Using the manufacturing and mechanical guidelines highligint¢il28], the separation
bet ween two thermal viaodés was kept fixed at O
boundary conditions for this study. Note, the guidelines used were taken from glafesaed
FR4 PCBs and applied for Epoxy Resin Compositddotric (ERCD) due to the lack of similar
guidelines for ERCD at the time of this research. The below guidelines only givetdijost
optimization and work can be expanded using the design discussion below.

For the power dies selected and showninkFlge e number of viabds an
were optimized using an analytical moflesed on the boundary conditidnsachieve minimum

junctionto-case thermal resistancehe optimal number of viasagcalculated using a series of

FEA simulations to calculate the peak power dissipation rating of the module. The study is done
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following PCB manufacturing guidelines and uses the material thermal parameters highlighted in

Table 33.

Table 33: Dimension andhermal properties of the power module stack up
Component Thickness (mm)| Pad dimension (mm) Thermal Conductivity|

(W/mK)

Power Device (SiC) 0.015 5.73x6.25 450
Solder 0.050 8x7 50
(Die to DBC, Sn63Ph37)
Top Copper 0.2 8 x7 400
Substrate (ERCD) 0.36 8x7 10
Via 0.36 0.5 (Diameter) 50
Bottom Copper 0.2 8 x7 180

To run the simulation a heat flux is applied to the power die, (i.e the peak power
dissipation) and diverging heat flux from the heatsink fins. All other surfaces are kept thermally
isolated. The net thermal resistance is calculated using the differetweeebedie junction
temperature and the ambient temperature divided by the power dissipation applied. To determine
the optimum number of ther mal vias tvaeed numbe:i
from 8 to 30 The thermal resistance for each staskshown in Table 3.and the junctiofio-
case thermal resistance drops from (?@BN to 0.44°C/W, which isa 54% reduction. The

results also show that beyond 20 viads there

beyond <5%.
Table 34: Resits of FEA calculations
Matrix Number Via pitch Thermal Resistance
of v| (centeredon8x7 mm pad
(Row x Column) Row sep x Colum Sep (°c/w) (% Reduction)

4x2 8 1x4 0.95 -
5x2 10 1x4 0.82 14 %
4x3 12 1x15 0.76 20 %
4x4 16 1x1 0.62 34 %
6x3 18 1x15 0.54 43 %
5x4 20 1x1 0.45 52 %
6 x4 24 1x1.25 0.44 54 %
6 x5 30 1x1 0.40 57 %
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3.6.2 ERCD substrate layout

The ERCD top layer and bottom layer layout are designed in Altium Designer, shown in
AppendixE. A 1 mm copper margin distance is guaranteed on both sides of the power die, to
guarantee sufficient thermal spreading2 Asamspacing is kept between the cahipower die to
ensure no thermal interface due to the neighboring power die and ensure low leakage based on
the voltage blocking capability of the encapsulant. A 4 mrrri@y is added and silkscreened
around the layout to add extra robustness to thehtfitte ERCD substrate. A 3D rendering of
the overall masked ERCD board is shown in Bd.1 and an optimized populated design is
shown in Fig. 32

The layout measured® x 45 mm and a furthérl %sizereduction is possible by optimizing
component sektion and sizing for the die shown in Fig7.3Note: This design was made
generic to house any JFET which measures less than 8 mm on the side with an option to put

additional balancing network components to support different current and voltage rating.
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Fig. 311(a): Top view 2D rendering of the ERCD layout
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