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ARPA-E Mission

Goal 1: To enhance the economic and energy security of the United States
through the development of energy technologies that—

REDUCE IMPROVE REDUCE
IMPORTS EFFICIENCY EMISSIONS
+ +
o) o)
IMPROVE THE MANAGEMENT, IMPROVE THE RESILIENCE,
CLEAN-UP, AND DISPOSAL OF RELIABILITY, AND SECURITY OF
RADIOACTIVE WASTE AND SPENT ENERGY INFRASTRUCTURE
NUCLEAR FUEL

Goal 2: To ensure that the United States maintains a technological lead in
developing and deploying advanced energy technologies.
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What are the Benefits of Integration?

Moving from discrete
devices to modules to ICs
allows for:
« Smaller size
* Increased reliability
 Reduced parasitics
 Reduced cost
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Wide bandgap semiconductors allow for faster switching but parasitic
inductance becomes a performance limiter at fast switching rate
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What are the Challenges in Integration?

> High voltage device isolation needed

> High voltage/power device performance is
critical

> Need Resistors and Capacitor passives (low-
voltage)

> Multiple metal layers needed for signal
rOUtlng and ground/power planeS Micromachines 2021, 12, 617. https://doi.org/10.3390/mi12060617

> Complementary (p-type, n-type) transistor
process is challenging. Nice to have but
perhaps not essential enough to trade-off on
power device performance.
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Power IC : Types of Integration

Power Device Only

Several high-voltage
power devices of same
type on same chip

SR

10

hTh

Diode bridge
H-bridge transistors
Half-bridge transistors

Driver Circuit Only

Low voltage (GaN or SiC)
driver circuit to be used to
drive a power device

_D_

Advantage of thermal
compatibility with power device
Driver ideal for use in modules

Driver + Power Device

Low voltage drivers on
same chip with GaN or
SiC power device

N
L

Minimum parasitic R,L,C

“Saves” cost of module integration
“Wastes” expensive high-voltage
chip area for low-voltage devices

QIrpPQ-@

CHANGING WHAT’S POSSIBLE

¢




C| RCU |TS = [ | Kickoff Year 2017

, _ _ s W Projects 21
C_reat!ng In_novatlve a_nd Rellable_ =) = o )| vestment $31.9M
Circuits Using Inventive Topologies
and Semiconductors | Duration 18-36 months

Goal: use advanced circuit topologies and fundamentally higher performing WBG

semiconductor materials to realize efficiency gains both directly and indirectly in electric power

conversion

1. Innovate on circuit topology and controls to increase power density

Auliay g crure

oot 4. Manage reliability to reduce risk and cost
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Reliable, High Power Density Inverters for Heavy Equipment Applications
University of Arkansas: Alan Mantooth

Metric State of the Art Proposed L 50% better

operator noise steering performance

Power Output 2x70 kW 2x250 kW " .

10% lower Easger to operate
Peak Efficiency 97% 98.5% Wetme ozt e B O ;‘; Lo
Power Density 5.7 KWI/I 25 kW/I Up to 20% less =  Less fluids used

fuel consumed per hour \ «6&
: %

Gravimetric Density 5.6 kW/kg 20 kW/kg VLA
Relative Cost $ 20/kwW $ 10/kw Up to 50% longer life Ry | > -

for the electric drive frain

60% fewer moving parts d 25% more
in the eleciric drive frain material moved per gallon of fuel
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SIC CMOS Gate Driver IC
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Gate Driver: Digital:
* Gate driver for flip-chip packaging * SRAM - Instrumentation amplifier
* Linear regulators * Counters « ADC, DAC

Test Structures: « Standard component parts - Opamp
* MOSFETs, Diodes, Fringe Capacitors * Boolean logic « Differential
 Current mirrors * Registers
* Differential pairs * Clock Generators
* LDMOS

Analog:

» Comparators
« Sense Amplifier
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Gate Driver Circuit

— Power MOSFET

5 : Cree C3M0065090D g
Features ; T
- Variable drive strength . —‘>’[>‘>°I>°_\: '

g ‘ PULL-UP :
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- Operational to over 400°C S -
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Integration Of Power Devices — Monolithic Devices

-. .. better cost
e ] - I = Reduces component cost with smaller GaN switch
.. .. l. = Reduces package cost with simpler package

= Monolithic GaN enables better performance at a

650V/0.5Q 3-phase Monolithic GaN

« Compared to IGBTSs, the 3-phase
GaN module temperature rise is
reduced 50%.

« GaN delivers more than 4x the

power of SOA Si for consumer
motor application

(Test condition: 300Vdc, 0.5Arms, 16khz, 720rpm, 60Hz (Tﬁ?frleon, ﬁﬁi@@ K

with 10-pole PM motor, DT=1us, 2 phase modulation.) CHANGING WHAT'S POSSIBLE



Full Integration Of Power

Delivery

= |ntegrated circuits require multiple voltage supplies for various functions.
= Traditionally, all but the lowest power levels are regulated externally

Empower IVR

i i

Package embedded L replacing large external L

CMOS [Cs

on-chip VRs

CMOS ICs  Empower
B ]

= Resonance architecture ensures switching
SoC Package occurs at low currents

= Architecture and switching speed enables
large external inductors to be replaced
with metal traces in the package

= Fast regulation eliminates external output
caps

EMPOWER QrpQ-e@
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Fast Dynamic Voltage Scaling Enables Power Savings

State of the Art

Voltage set high to handle current transients for any
fixed voltage

Existing power solutions too slow to react to voltage
changes Significant power is wasted with the excess
voltage (P ~ V?)

Time

Empower’s Integrated VR

= Tight voltage regulation saves power at any fixed
voltage level

= “Instantaneous” voltage delivery eliminates excess
voltage & wasted power at the load

Time

Bl\/oltage®equired MPower@asted ===\/oltageelivered

Empower steps voltage on demand 3,000x faster

TELEDYNE LECROY
" EvOryAhOroyOuooK

Empower IVR: 20 mV/ns

= External: 7 mV/us

Empower:  200mVin 10ns |
External: 200mV in 30us

S
A QQ )

Stop 619.0 mv

Edge Postwe

Vederna? 00V
1219 IVR accuracy reduces

voltage guard-band

V,yg 0-900V-- -& o
Vg, 0870V---¥ 2o Yoo

(vl\l'R)2

Power Savings-= 1 -
(Vex)?

= 19%
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GaN Power IC Challenge 1: Back Gating Effects

e B e EX

AlGaN Barrier

GaN Channel

NV6H002-R00
(high side)

NV6L002_RO1
Buffer (low side)

Si

Si substrate does not provide sufficient high voltage isolation
between high- and low-side switches

Back gating effects of Si substrate adversely affect switching
performance

Commercial half-bridge “IC” separates high- and low-side switches https:’/ / WWW‘teCh_inSightS'C()m/ blog/revisiting
into two dies....adding additional parasitic inductance. -seminal-apa-optics-gan-hemt-patent

"‘0” PennState lelj‘io@ €3
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GaN Power IC Challenge 2: CMOS

PMOS ol (@) [Voq: -3-+5V, in +1V step}
7 rmostr 1 1 T NMOS:
UvLO r— \ = .
— ‘E! i o[ { 1,="~200 mA/mm
k _1%:LE}—E- RAMER R
| |
— l> | }- V:.s (V)
vDD —|— Vdd -2.0 T T T T

1 J; (C) VGS: +2~-6V, in -1V step

= PMOS -} 1

PMOS:
I, =~ 2 mA/mm

J, (mA/mm)

L-D B —’_D_{L%—ﬁ Vou E—RI:

\SS
GND NMOS gnp
INUNS TS s

T (V.]'
Chu, Rongming, et al. "An experimental demonstration of GaN CMQOS
technology." IEEE Electron Device Letters 37.3 (2016): 269-271.

https.//www.digikey.com/en/articles/selecting-
gate-driver-ics-for-gallium-nitride-fets

e Gate driver prefers PMOS for pull-up
* GaN PMOS is possible, but still of very low performance

* Mobility of ~ 20 cm?2/V-sec for holes versus ~ 2000 cm?/V-sec for electrons

* Ohmic contact to p-GaN highly resistive - !
":‘:’ PennState () [JC1*@ W,
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GaN Power IC Challenge 3: Passives

Gate
drlvers
ﬁl | Upper Lower

Chus — SW'th ' switch

* Bus capacitor is also in the power loop
* Monolithic integration of bus capacitor desired

* Challenging to fabricate on-chip capacitors with high
blocking voltage and large enough capacitance value

* Direct mount of the bus capacitor on top of the half-
bridge chip?

e Switch at a much higher frequency to reduce
capacitance value?

. Calculated
Cross-section o
parasmc inductance
Input capacitor (Cin) ~ High-side Low-side
MO;SFET M(}SFET
0.90 nH
PCB Lead frames Wires
Input capacitor (Cin) High-side Low-side
MOSFET ME{)SFET
c"; i
0.87 nH
Lead frames Cu leads
Input capacitor (Cin)
High-side Low-side
MOSFET Cu leads MOSFET
/
- 0.39 nH
Lead frames

Hashimoto, T., et al. "System in package with mounted
capacitor for reduced parasitic inductance in voltage
regulators.” 2008 Twenty-Third Annual IEEE Applied
Power Electronics Conference and Exposition. IEEE,

2008.
PennState Qilsl Q) o@
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GaN IC Status

IMEC TSMC Navitas products

Fully integrated 12V GaN driver
@ o i i and a 650V eGaN power HEMT NV6115: low-side transistor with driver

sicg 3, switch

é i | seD v ———
Rioeal § | jomy | [XXXXXX KK X - J :
' ] : Power =
| * "
o= -

Integrated driver for fast switching

[ve>
Function _mwm_
generator ; T — : o } Power HE
QFN 5x 6 mm Simplified schemati
f
A

L
=
[ERR IR EREECREE|
B Al
———

— e 2500um

NV6252: half bridge module with 2

T-compensated FTO controller Res Lo
Ver . . . .
e Crtmicamare R chips integrating the drivers
o L (S o]
‘ G b .V}TJ*:;** | |
Power HEMT | ol = Vo I 1
‘ & 2 il Co ™ Navitas
"mEIb;L S - s GaN -
Qn }_T 2 — - D H "0
1 . N ..‘h%—\vm Vo i oy = “1rJ ot Power ic +
Figure 5.21: Microscopy photograph of the monolithically integrated T Ty By By 5k 0—{2> > H
driver and power HEMT with trench isolation. e gt P gt G g b § ’
T.ramnane afinn Anaratinn o
. . QFN 6 x 8 mm Simplified schematic
Y. Yamashita, S. Stoffels, N. Posthuma, K. Geens, X. Li, J. Furuta, ISSCC 2021 / SESSION 33, Chen et.al., “A Fully
S. Decoutere, and K. Kobayashi, “Monolithic integration of gate Integrated GaN-on-Silicon Gate Driver and GaN Switch
driver and p-GaN power HEMT for MHz switching implemented by with Temperature-compensated Fast Turn-on
e-mode GaN-on-SOI process”, IEICE Electronics Express, vol. 16, Technique for Improving Reliability” la o@ :

no. 22, pp. 20190516- 20190516, 2019.
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SiC Power IC with HV Power MOSFET integrated with LV CMOS

Nepi/Pepi/N+ substrate stack

L : Single process flow to fabricate
for monolithic integration of HV
o7 TN TIE (TU2LIEeH € the HV Power MOSFET, LV NMOS
Power MOSFET and LV CMOS

. and LV PMOS

circuitry

Metal 3 Metal 3 Metal 3

e L e we L e el S
Metal 2 Metal 2 Metal 2
Metal 1 v Metal 1 Metal 1 MUItI metal

‘ 1pm

layered BEOL
‘ S—
i P+ | N+ N+ Il = - o
Ii)s-l-o‘ljall?::?: L el | s 5 T Tewen : S process
isolate LV « N- epi 5 : N- epi
CMOS from HV oen
Power MOSFET

LV NIVIOS_

Development of novel gate

oxide recipes for high
channel mobilities
POLYTECHNIC UNIVERSITY

= !
INSTITUTE UNIVERSITY ‘1' l}‘i“@ R 2N
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HV and LV SIC IC Device Characteristics

( \ [ LV NMOS LV PMOS \
BV-R,, s, trade-off . .
Typical output characteristics
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o E 1603} ~ 1 E i \
% s & Other groups [Ref]: % 12603 f ekd 3 :::: LY
H o » § © 6.0E- a\
‘QT 100 o Current rating < 50mA ?, 8.0E-04 ;’ S 15V g 4.0E-06 12 ¥ ccnofccosssconaonntoncobooootoconbee, ’\u |
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v . -~ .
b o . . . 2.
: 4 } SMART IC group Typical transfer characteristics
c 10 / @
o g 00 i Best BV'Ron,sp trade-off 4.0E-05 —— ; 21E-06 _ ABEOT ] A0E08
= ‘--¥7  Current rating ~5-10A R o 1om08 %, 3 i el
— 2 = 35E07F. 30E08 o
o < 3.0E-05] | = g o 30E08 ©
(] s 3 g 3.0E-07 ]2se-08 8
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3 2.0E-05 s o \ 1494 §
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'§ 5.0E-06 | ——g, 130E07 E; & 5.0E08) : {5.0E09 £
Brea kdown VOItage (V) 0.0E+00 Wit T T 0 25°~°E“°° 0.0B+00 e —— s 10 5 0.0E+00
Gate-source voltage (V,,, V) Gate-source voltage (V,,, V)
« Best in class with superior BV- R, ., trade off .
P on,sp « Stable LV CMOS operation up to 200°C

\_ - Large current rated devices AN

SU NY THE OHIO STATE NC STATE

POLYTECHNIC UNIVERSITY

D 2\ P
INSTITUTE UNIVERSITY Qi l)‘ﬁ°@ LN
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SIC IC Circult Characteristics

valuation PCB

25 r-wwm N tgeberibicng, 25
. N biuhlopmpioey Lm-»m 55
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& 5
LﬁvaJ i e aatiate i} 0
0 @ = = -1 1 2 3
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Measurement of the Inverter Gate Measurement of the Oscillator

(ETTTENT T0r 0 e 1ee e remw ren i
High side Power Switch
l Buffer in Low

- Low side Power Switch id dri
i I Siee gate criver

Buffer in High
side gate driver

Amplifier
S

Comparator

N |
Low side &
High side

Bypass capacitors

Demonstration of 4H SiC CMOS inverter and ring oscillator

Layout of 4H-SiC CMOS based buck converters

Scalable :

« High power rated (>1kW) ICs

« Large number of gates (~10,000)

 Fabrication of large current (1A), high voltage devices

Manufacturable

« Proven, mature process technology for SiC vertical
power devices

» Establishment of process baseline at state-of-the art,
SiC fabrication facility

Robust

» Leveraging field proven reliability of HV Vertical SiC
devices

« Improving gate oxide reliability

» Establishing robust and rugged designs for SiC CMOS

Gate drivers

SUNY THE OHIO STATE N =Y !
Renive  Umvemsre (o TATE CHCIC1©




Enabling Ultra-Compact, Lightweight, Efficient, and Reliable 6.6 kW On-Board EV Charger

University of California: R. Pilawa

e State of the | CIRCUITS | Achieved ST e
Art Program Goal To Date j AC i,
ac c
Power Density 1 kW/L 2 9.15 kWI/L 47.9 kW/L lk“é;"'L <16~6 L) ac
A0ler
. Vv
Specific Power  0.61kW/kg  25kW/kg  24.6 kWikg 15 X Reduction| de Vae
Peak Efficiency n Volume
at rated Power 2D W S 7 SO 1skw/iL 0441y | Motor Output: HV battery:
iPad Tablet 240 VAC 400 VDC
SSB inductor _ T :
FCML mOdUIGS SSB fU" brldge b %-H:I T Vilii; Hl=olation Vo
S, EMI C,, 1.2:1
FCML MCU + Eﬁ ot 2= oA Jowen|| o | SPate
inductors S S w S e b _l‘h' stages || Ouiput Load
E:E"EEE' £1 e - H Filter
Tl = EE U — t
¥ /1" Rectifier 5 Level FOML Series-Stacked Power Isolation Stage & Battery

Pulzation Buffer

Cieneralized Foundation for
Bi-Directional Charger
Architecture

EMI
Dl._ttpul
Unfolder Dut
Isolation
T De'phi Ry uNniviRSITY OF OAK ™™
erkele [LLINOIS o
UNIVERSITY OF CALIFORNIA y || UNIVERSITY OF ILLINGIS AT URBANA CHAMPAIGN TechnoIOQIES el ARKAN SAS EﬂRﬁE

L.
— —
=] O
[
Non-lsolated DC
Lsolated Plug-In L-H |J
- Plug-In Solution -
Solution
In-Line
Buffer
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Novel Current Source Matrix Converter (MxC)
Raytheon Technologies: Vladimir Blasko

Variable to Constant Frequency conversion

> Uses 1.2kV,115A  Power Density 1 kW/L 15 kW/L

SiC MOSFETS Specific Power 0.61 kWi/kg 2 5 kW/kg
> Step-up mode with

~ " - 0
e.g. 300~800Hz)  (e.g. 400Hz) voltage boost Peak Efficiency 95.5% > 99% @ Prated
CCM-MxC %mi’“é*’ on’tro\\e‘z?wocam
Bidirectional Switch G -

7 B -
Shielded —K"‘f T A 3.6 cr1 :
Cable or | —K:J ‘ — '
s =
= I
i m B ) _
o < — < o . . .
. — = Model Predictive Control with Reinforcement Learning
GND GeneratOI’ Ic L(igil'3 5 ‘C ‘ ]| ‘ ‘ '\ v el ’\' ' | GH [ |:1“:',‘::;.t.:.;:‘.‘;‘;" H ‘ M ‘ \ft_::r!‘.;‘L:'L:::;:H‘l‘"“" v ‘ 7
”””” eltbe /n i i _‘ | ’
==‘£g R | || | — e .,_I Ca_Ls_LCc | i
L, \\$ e e et s N e v sm osm or| |12 93m wdor om oms onr osm osw 2w osm osz|["S1 s s e oim o v viw ot omw cf'ha osw o osw o usr odw o o sew o
'Energy dump | \L ,,,,,,,,,, 1 ) o ‘ No Learning ‘ 10000 updates | | 25000 updates 50000 updates
Output Cap. GND (0.1 sec) (0.25 sec) (0.5sec)
Filter Al D P
A2 Raytheon VIRGINIA ‘ﬁl l}(ﬁo@ R
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WBG-Enabled Current Source Inverters for Integrated PM Motor Drives

University of Wisconsin at Madison: Thomas Jahns

Switching Frequency 20 kHz 125 kHz s 2" —
Efficiency @ Full Load >97% >98% % ) I | | ‘(z |\t U
Efficéencyd% I\Hﬂa'EfNLIffd > 95% 296% 3 "I WU VA liin iy
n B r 0 s ° : ' ' Vab
ConQueted ShEMLIOT <120 dBuv <o0dewy L TN K
THD at Full Load < 8% <1.5% ] ] I T T
Power Density - > 5 kW/L S s34 5 .
Specific Power - > 8 kW/kg D I 7o oo
Electrical Test Pout = 3 kW, Vph = 132 Vrms, Iph = o | B | 529]* Ef‘\‘:G’ Y
Conditions 7.6 Arms o T |

» Significant reduction in CM-EMI; suitable for
aviation application.

» Very low THD.

» Using SiC FETs as Bi-directional switch in
common source configuration.

» New CSI topology with improved controls
prevents transient short circuit condition

CSI unit mounted temporarily in
the fabricated motor end chamber

Bearing

Winding

Motor

WISCONSIN

bbbbbb

Load motor

Test motor

CSI-IMD
Unit

A% Raytheon [A "
Technologies,‘;':}E )




Modular, Scalable Power Converters for Medium Voltage Applications

Virginia Institute of Technology: Rolando Burgos

b b switching frequency =

i .
Power . N
ety <0.28 kW/I > 3 kW/I 12.9kW/I  » Uses 10 kV SiC MOSFETS ng

: i
Specific > MMC tOpOIOgy W|th |
power <0.78 kW/kg > 10 kWrkg 15 kW/kg additional states and E]TE&

Efficiency 97.1% 99 % >99 % configurations ]

TEL y 10 6 (EOP) SiC-ICBT On-State Off-State i

= UU7 g | ol Loodd

Si Converter + +Vps

s D — D —— D —
% X |—|L ON |—|L OFF

H H . SiC Converter i

= i 3 ™ .

Power cell enclosure

245 mm &__
Air ducts Partial Partial
~ - Dlscharg Dischar
Power 1
Comecuons < P v Z PD Inceptlon Voltage Testlng

:_;—E.% ——J\\\, S L
CPES Wolfspeed. ABB I [2C1-E
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Join the Team that is Transforming the Energy of Tomorrow

TECHNOLOGY-TO-MARKET
PROGRAM DIRECTOR
oG c1o ADVISOR FELLOW

v Program development v Business development

v" Independent energy

¥ Active project management v Technical marketing technology development
¥ Thought leadership v" Techno-economic analyses v" Program Director support
v Explore new technical v" Stakeholder outreach v Organizational support

areas

Learn more and apply: www.arpa-e.energy.gov/jobs or arpa-e-jobs@hq.doe.gov.
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Dr. Isik C. Kizilyalli
Associate Deputy Director for Technology and Program Director
Advanced Research Projects Agency — Energy (ARPA-E)
U.S. Department of Energy
Isik.Kizilyalli@hg.doe.gov

D "’f‘,‘?"%ﬁ U.S. DEPARTMENT OF
° N
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WWww.arpa-e.energy.gov
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