ABSTRACT
CHENG, TZU-HSUAN. Investigation ofUltra-Thin Dielectrics on Coupled Capacitive and
Inductive Effectsn Laterally Conducting Power Devidgackaging(Under the directioof Dr.
Douglas CHopking.

With the confluenceoWi de Bandgap ( WBG) p O wWesuperiere mi c o r
characteristics, trersbf high efficiencylow volumeandweight and coseffective solutiorfor
power electronics systems, the demafudsheadvancegower packaging are growing rapidly.
Laterally conductingsallium Nitride/ Aluminum Gallium Nitride (GaN/AlGaN) heterojunction
transistoiis one of the WBG power devicasd holdgastswitchingcharacteristicenablinghigh
efficiency andsmall form factor To not limit the fastswitchingadvantages, ra ultralow
inductance interconnection configuratibor a haltbridge power modulés proposedThis
configuration includes an optimal power devinetalizedoad layout and a novel power module
structure Thesuperiomperformance isealizedhrough gpower modulease studwytilizing mult-
pad GaN/AlGaN pwer devices andn ultra-thin dielectric inerposerUltra-low inductance is
achieved byarallelplate multtloop interconnectionvhichfacilitates a significant magnetic field
cancellation To achievehigher density and fulfill insulation requiremena heterogeneolys
integraedpower interposer (HIPI) with ulteghin dielectric is employed between power devices
forattainingminimuminsulationandintegraingpower switches, gate drivers, and passive devices
into a compact power module. HIPI is a metkd insulated substrateat manageall the
electrical routing@andinterconnection.

Packaging designers usually compare the power fmarpsiticinductanceandthermal
resistancgunction-to-casewith other designs to showcase their packaging performameas

betterthanalt he ot her sd. Ne v eentichneluctedevice techriolbodies (8.g9.f f er e

vertical SIC and lateral GaN), voltagatings, current rating, and numbeyof power deviceper



switch makes the comparison meaningl@$erefore, this study establishesvelP and T factors
that can fairly compare power loop inductance and thermal resistance respectively by normalizing
the differences mentioned abo&oreover, pacing power switches close together is a common
way to reducearasitianductance due toshorter interconnection distance. However, small space
between switches induces strong thermal couplindianitbd thermal spreading, leadingpoor
heat dissipatigcapability.As a resulta power module figure of merit (PMFOM) is proposed to
measure the tradeff and fairly compare the overall electricand thermal packaging
performancedy combining P and T factotegetherThe electricabndthermal performancf
thepower modulease studgrecompared with otheworksby utilizing theproposed®MFOM.
Ultra-thin dielectrics attracsignificantattention notonly becauseachieablesmallform
factorsbut also the capabtiesto managelectricalandthermalcharacteristicsHowever, due to
the thin dielectric featurghe parasitic capacitanéeduced commosmode(CM) currentis
magnified compared wittraditionalthick ceramieplatesubstratesThis studyalsointegratesn
interstitial conductolayer (or shielding layeiinto the dielectric layesfor CM noise reduction by
transferring theeapacitivecurrent to power loop decoupling capacitors inside the madther
thanflowing to ground This study conductsomprehensive analgson definingparasiticsand
simplifying impedance network aheCM noise modelvhich can be applied to any type of power
circuit topologiesand power module structurd$e analytical models of the ground current and
resonant frequency are kictorsfor thedesign guidelineof CM noisesuppressiornin addition
to themethodologydevelopmenthis study also provides the optimization processeooxuctor
layer pattern design dielectric thicknesss,and dielectric material selection fdesigningultra-

thin dielectric substrates.
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CHAPTER 1. Introduction

Power modulesshieldpower semiconductor devicé®m harsh environments, including
dust, humidity, corrosiotemperature, and vibratioHowever, packaging can add adverse effects
to semiconductarand thus limit the overall performance. Traditionab&sed power module
technologies no longer meet the demanding requiremehédaf Bandgap (WBG) based power
modues due to the higher power and faster switching properiieerefore, highperformance
power modulsarecritical for nextgeneration power conversion systefisis study focuses on
the development of power modulegth low electrical parasiticsvhile considering thermal

mechanicalmanufacturingandcost factors simultaneously.

1.1 Laterally Conducting Power Devices

The ultimate goals dhepower conversion system are zero loss, zero volume, and zero cost.
All the efforts and advancemenbn semiconductor, packaging, board, and system lerels
moving toward thesgoak. For the nexgeneration semiconductor materials, Gallium Nitride
(GaN) is one of the solutions thatdetractedsubstantiahttention from acadeia and industry
research groups due to its superior material properties over traditional Silicon (Si) semiconductor.
The cucid properties of GaN compared with &ie shown imable1.1[1]. The critical electric
field (Ec) of GaN is 10 times higher than Si, leading to higher breakdown voltage épeility
and lower leakage currebased ora vertical bulk GaN power dene. Higher Ec allows a higher
doping concentration in the drift layer a thinner drift layer to reach the target Bvresults in
lower resistancef the drift layer and thus lower overall etateresistance (Ron) of the power
device. Compardwith thesame BV and Ron of Si power device, the die area of GaN can be much

smaller andthe device capacitance is directly related to the die arba. higherthe electron



mobility the lower Ron in a unit aredhe overall power losses consist of-state loss, ff -state

loss, and switching loss. Lower Ron and leakage current reduce-taterand offstate losses,
respectively. The high saturated electron velocity together with low device capacitance leads to
fastswitchingspeed, lower switchingloss, andhesesfor auxiliary passive deviced the system

level These benefits bring Gatevicepower moduleso a higher density and lower cost in the

systemFigurel.lillustrates the relationship between GaN properties and irggptiwer system

performance.
Tablel.1: Material properties of Siand GaN
Propert Silicon GaN
Energy band gap (e 1.1 3. 4
Electron thalility 1500 99°0 200
Critical e?Ve’octm)ic 0.3 3.3
Saturated el €cmfeh 10 25
d/ertical bulk GaN
bLateral GaN/AlGaN 2DEG
( R ... . 0 (- e ) ( K
High critical electric High electron mobility High saturated
field (Eo) ) L (en) ) L electron velocity (V) )
4 : 2\ 4 N\ 4 s 2\
Low leakage current —|  Low on-resistance r Fast switching
& J \ J \ J
4 ) . N C - N
Small die — Small/less auxiliary
L ess power loss : : .
arealcapacitance passive devices
- J - J -
R ‘_ R ) ( B R N\ 4 - 7\
High efficiency High density Low cost
(Zero loss) ) L (Zero volume) ) L (Zero cost)

Figurel.1l: GaN HEMT characteristics and resulted advantages for power conversion



With the matching lattice and coefficient of thermal expansion (CTE), GaN epitaxial layer
grown on a bulk GaN substrate aaalizeavertical GaN power switch witminimumadefect and
reliability issues. However, laakg good epitaxial quality and economic problkempede the
development of verticddulk GaN device$l]. Lateral GaNbasedlevices called heterojunction
field-effect transistos (HFET), as known as high electron mobilinansistors (HEMT), take
advantage of the higmobility property which forms at thbeterojunction between GaN and
AlGaN layes, as shown irFigure 1.2 [2]. Aforementioned, due to the difficulty tfie epitaxy
process of Gahn-GaN, foreign substratégs.g.,Si, SiC, ALO3) are the most common solutions
for lateral GaN HEMT power devis¢3]. Today, the welbleveloped anohexpensiveési substrate
IS more prevalent folateral GaN devicefd]. The piezoelectric polarization of GaN/AlGaN
enables a twalimensional electrogas (2DEG) layer which is a normalyn and lowresistance
current path. This lateral structure increases the electron mobility from 1CG0@scof pure GaN
to 15002000 cni/Vs of 2DEG on GaN/AlGaNb]. The lateral structure provides an opportunity
of integrating more functionality (e.g., gate drive, logic, and protection circuits), leading to-a high
performance, higheliability, and coseffective solutior{6]. The normallyon GaN device, also
known as depletioomode (DMode) HEMT, needs negative gate bias to deplete out the electron
in the 2DEG layer underneath the gate electrode. However, nororatlgvices are not desired
since the negative bias must applytba switch before startupf a power circuit for preventing
short circuit and this mechanism requires a more complex gate drive circuit. For those reasons,
researchers proposadrmally-off GaN devices, also known as enhancenmotle (Emode)
HEMT. To aeate a positive threshold voltage (Vth) and thus a norrudflgwitch, there are three
most popular configurations: (1) cascode, (B3 aN gate, (3) recessed gate hybrid metal insulator

semiconductor high electron mobility transist@dessed gate hyldMISHEMT), as shown in



Figure 1.3. Due to thecharge trapping effects inside the gate insulator and the reproducibility
control of gate recess etchingh instabilityis the main issuia recessed gate hybfdISHEMTS.

Thereforethe pGaNgateconfiguration is théntrinsically normally-off, as is thecascodgthatis

realized commercigl [7].

Figure1.2: Crosssectionabchematiof GaN HFET device structure

HV Normally-on
GaN HEMT

LV Normally-off (S5 I—I—. . p
stm._.l:_ ;’l- & E
ol %= |

(@) (b) ()
Figure 1.3: Normally-off GaN/AIGaN HEMT configurationga) Cascode, (b){65aN gate, (c)
recessed gate hybrid MISHEMT
1.2 PowerModule Structures
Different from power discrete containiagsingle semiconductor die (e,dransistor and

diode) in a package power module consisof more than one poweemiconductor diéor

building half-bridge, fultbridge, and thre@hase building blocks. To further increase the
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functionality, efficiency density, and protection effectiveness, intelligent power module (IPM)
integrates power circuis, driving circuits, protection circuits, passives, and sensors into a more
compact module compared with circuits built updeveraldiscreten a printed cirait board

(PCB). AnIPM realizes the heterogeneous integration (Hipower electronics which refers to

the integration of separately manufactured compon#ras are specifically used fopower
conversiori8]. IPMs also ease the complexityrofuting on PCB and shorten the design period

for end products. Same as the ultimate goals of power semiconductors, power modules are
targeting zero parasitics for maximizing the power conversion efficiency, small form factor but
having sufficient heat digsation capability, and simple assembly processes as well as economic
materials for minimizing cost.

Figurel.4shows the crossectional schematic of a traditionalearmount or througkhole
mount power modul@®]. Semiconductor devices are soldered on one or more insulateeataétal
ceramic substrates. Insulated substrates@eredn a thick metal baseplate for better thermal
spreading and mechanical suppémtaddition, plastic housing aase is attached to the metal

baseplate for the silicone gel encapsulation.



Silicone gel Case

j :"“’\—}—z J
/

Baseplate Solder Ceramic
substrate

Figure 1.4: Crosssectional schematic of a traditional screwwunt orthroughholemount power
module

1.2.1AdvanceSubstrates

Power module substrates usually contain a top conductive layer for routing and mounting
semiconductor devices, another bottom conductive layer for stress managerdehermal
spreadingand an insulatigplayer between two conductive layers. Insulated metal substrate (IMS),
an organic substrate, consists of a polyinased layer for insulating top and bottom conductors.
ConventionalMS has a thin, loamodulus, and low thermally conductive insulating filamd a
integratedmetal baseplate for mechanical suppamd thermal spreadingThis provides a
functionally integrated electrical, mechanical, and thersodlistrateLow thermal conductance
leadsconventionalMS to low-power applications (e.d-ED). Due to good electrical isolation,
high operating temperature, and high effective thermal conductivity, foletlplate ceramic
substrates, e.gdirect bonded copper (DBC) and direct bonded aluminum (DBA) satestare
commonly used for higipower modules. However, thermalechanical reliability issues were

found at bond wire interconnections and the solder layers between ceramic substrates and metal
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baseplate due to high CTE misma{@®][11]. Therefore instead ofonethick ceramicplate
substratea prevalent desigms multiple small substrates mounted onemetal baseplate for
reducing the substrate warpage and thermal stress on ceramic and solder layers.

To reducethe above reliability concern, high @mally conductive epoxy resinased
insulatingfilms filled with ceramic fillers (e.gBN, Al O3, and AIN) were proposed for improving
the thermal conductance and eliminating the solder layer between substrate and baseplate due to
the IMS inherent basegte[10][12], as shown irFigure 1.5 [9]. The epoxybased substratet
only reduces the potential failure points but also the number of thermal interfaces, resulting in
better reliability and thermal performance. The thermabtuctance of the 1&// mK 1 -2hiBke m
epoxy-based substrate withi&/AC (@ 60Hz) breakdown voltage is comparablehat of15-

mil Al,O; DBC[12]. Moreover, IMS hamoreflexibility on top and bottom conducttricknesss

for optimizing thermal spreadydue tahelow CTE mismatch between Cu and organic film that
DBC doesiothave[12][13]. Since the CTE mismatch betweensiiand IMS is larger than the
CTE mismatch between diand DBC,higherthermal stressf die occursin IMS-based power
modules. However, the stress on die can be minimizgdptimizing the mechanical properties of
encapsulantandthereforestay within the failure criterionThe optimized results show no die
failure in both DBCGbased and IM®ased power modules, but thetigue life ofsolderbased die
attachment is higher ithe optimizedMS-based power modul&2].

Because of manufacturing and ruggedness considerations, the minimum standard DBC
thicknesses ofAl,O; and AIN range betwee®.38 mm and 0.63 mm. Ehcorresponding
breakdown voltages are 5.7 kV and 12.7[&¥] which are overkill for applications lower than
1.7kV. Mitsubishi developed IMS power modules havingMand 2.5V insulation voltages for

1.7kV and 0.651.2 kV applications, respectivel¥3]. In addition to the standard IMS structure,



the multilayer availability and thickness flexibility thifeorganic insulating layer enable embedded
technology and are advantageous to heterogeneous integration. Embedded technology can realize
perfect manetic field canceling by forming a very compact and thin currentloop between two
conductive layers, leading to an ulmw parasitic loop inductancgl5]. Panel level
manufacturing and packaging processprovide organiebased packagingwith great
competitiveness othecost compared witthe traditionateramieplatepackaging

To furtherachievdowerform factorand lower thermalesistanceCorning developdan
Alumina Ribbon Ceramic (ARC) withn ultralow thickness of 40 urfiL6]. ARC is a high purity
(>99.9%) Alumina film which can work as @dielectricpackagingsubstrate with a breakdown
voltage of10kV [17]. In terms of processability, metallizatiosavailablethrough sputtering
followed by electreplating and via is proasedoy laser ablatiorfl7]. The ultralow thickness
featureattracts more and more attentivom the packaging fieldot onlybecause yields a high

thermal conductance butalso enaaleultra-low parasitic loop inductance in a stripline structure.

Case

DP resin j

A )
b

IMB  Resin insulator Solder
Figure1.5: A novel power module using an organic®dnd epoxy resin encapsulant




1.2.2Die Attachments andinterconnections

Interconnedbn and die attachment (DA) are not only the electrical bridges between
semiconductor devices and ndavel circuit boardbut also part of the thermal paths dominating
the efficiency and power rating. Falloy solder materials are the major DA dueth@ short
process time, mature process, and good electicdthermal characteristics. However, solder
fatigue is one othe widely seerfailure mechanisms power modules subjectédthermal and
power cycling tests. Silver sintering DA has a lower moduatuspared with solder and it also
works as a stress buffer layer for semiconductor dies. Due to the inherent Ag element, the electrical
andthermal conductiviesare superior to solder. Besides, Ag sintering DA has a high operating
temperaturebecausedia gh mel ti ng point of Adsmterin@abtracssC) . F
packaging designers in the automotive power electronics[fi8ldHowever, a longe.g.,1 to 2
hrs) and hightemperature curing process (e200to 2 5 0 e Cthecasity dAgmaterial are the
main bottlenecks widelgccuringin commercial product®Another promising DA materialis Gu
Sn transient liquid phase sintering (TLPS) owinghte high thermal conductivity and operating
temperature. The C8n pasteébased TLPS consists of Cu partidlea Sn matrix. The Sn (melting
poi nt: 2satthe eyinnimgof sintering. Then, the Cu atoms dissolve into Sn liquid and
start to growa Cu-Snintermetallic compound (IMC) by diffusion. The entire paste will eventually
transforminto Cu3Sn and Cu6Sn5 grains which yield @averallthermal conductivity of 140
W/ mK and a high mg9]tHoweger, uSn IMQ is & britde Onaterial th a
high modulus (more than 100 GR®][21]) which can lead to die crack. The long sintering time
(up to 30 ming19]) and the batctio-batch uniformity induce concerns in mass production. Thus,

additional improvement is needed in terms of relighéind manufacturing.



To minimize the electrical parasitics and thermal resistance, an ideal interconnection must
be highy thermally and electrically conductive, shorlength and have large crosssectioral
area along the electrical and thermalhgafThe main statef-art interconnection techniques
include (1) metal flexible welded wireand ribbon bond (2) planar conductor, (3) flyghip
solderingand(4) electroplating vias and traces. In addition to Al flexible welded wire bond which
is the pedominant solution of conventional power modulesause othe mature process and
lower cost, Cu wire bondan be a promising alternative owing to the superior electrical, thermal,
and mechanical performancklowever,the extra metallization on the top side of the
semiconductor device is requirfP], as shown ifrigurel.6. With the rapid growth of the high
current WBG power dages, the wire bond is insufficient to meet tleguirements ofow-Ron
devicesdue to extremely small contaeind therefore the metal ribbon (d&gure 1.7 [23][24])
and plananterconnectionsere proposed. Planiaterconnectionsiclude singlelayer conductor
(e.g, Cu clipandlead) and multlayer conductor (e.gCu-cladinsulatedsubstrate)Metal clip
and lead are typicasinglelayer planarinterconnectias that significantly reduce electrical
parasitics, can transfer part of heat, and open the opporfandgublesided cooling, as shown
in Figurel1.8[25][26]. For the multilayer planar interconngontechnology, 8mikronintroduced
a metalclad flexible circuit board for interconnection between devices and the DBC substrate
conductor layer (sefeigurel.9). All the wire bonds and solder layers are replaced by the flexible
circuit board with heavy metal layers and silver diffusion sintering joints, respectively. The metal
clad flexible circuit board with via structures is alite provide flexibility for routing and
heterogenous integration abil[87]. GE Corporate Research and Development Center is a pioneer
in development of higldensity interconnect (HDI) technology which includes die embedding in

a substrate cavity andthin-film interconnect layer on the top of dig&8]. GaN HEMTs are
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extremely sensitive tthe adverse effect dhestray inductance due to the inherent ufiaat
switching characteristics. Efficient Power Conversion (EPC) producedhip chipscak
package (FCCSP) for low voltage (less than 20@aN power devices (séegure 1.10[29]).

The thin premade solder bumgrsdbars substantially shorten the electrical path from die to board.
Chip embedded technique applying elegtfating formed via and trace can also efifeely reduce
interconnection distancand integrate power devices, driving circuits, and passive components
into a compact module. GaN Systems adopts discrete embedded packaging offered by AT&S for
100V and &0V GaN EHEMTSs, as shown ifigure 1.11[30]. Basically, embedded packaging

leverageshepanelbased PCB process and enables a highesl integration.

(b)

Figure1.6: Wire bondinterconnectionga) Al wire, (b) Cu wire

(2) )
Figurel1.7: Ribbon bondnterconnection&) Al ribbon, (b) Cu ribbon
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Figure1.9: Multi-layer planainterconnedbn

12



S

o S S
Q \ \\\\\ Substra!L |
D D D

Figure1.10: Flip-chip soldering interconnaon

Figurel.11: Electro-plating via and tracmterconnections

1.2.3Encapsulation

Encapsulant materials protect the electronic componfota the external adverse
environment, such as moisture, dust, chemicals, gases, and so on. In addition, encapsulation
provides extra insulation between conductors within the power mokbading toa shorter
distance between components and thus higher density. Critical properties include resistivity,

dielectric strength, dielectric constant, operating temperature range, thermal conductivity, CTE,
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Youngos procdsstémpearature and pocesstime. Silicone gel and epoxpased
compoung arethe most common power module encapsulants. Silicone gel is widely seen in
conventional power modules since it offers good insulation performance and low mechanical stress
on wirebondsduring the cumg process and reliability tests. However, low modphovidesess
mechanical support atandaloneterminak, andconsequentlphousingis required to strengthen
the connection stabilitpf terminalsto the nextlevel packaging. Lastly, encapsulanays a
significantrole in transferring the heat generated by semiconductor devicastarabnnections
which ultimately affects the current carrying capability and power rati8@$ The thermal
conductivity of epoxy is typicallarger thar0.8 W/mK which is at least 4 times higher than that
of silicone gel (<0.2 W/mKJ]32]. Organicbased power modules developed by Mitsubishi employ
direct potting (DP) epoxyesin encapsulant aegpoxyresinlMS can survive under 40k thermal

cycles[9].

1.3 AdvancedPower PackagingTechnologies

Figurel.12 depicts theotential applicatiopof SiC and GaN power devicg33]. Owing to
the inherent high voltage and high evpting temperature capabilities, SIC power devaes
capableof high-power conversion applications, including inverters for electric ved)icddways,
and renewable energy. Higlower module development focusesreliable dielectrianaterials,
doublesided cooling, and wirebonfilee techniques for higholtage blocking, higkheat
dissipation and lowloss interconnection featuraespectivelyGaN HEMTs enable megdz
switching and are much more sensitivéite adverse effects caulbiey electrical parasitics at both
packag@ and board levels. Shortening interconnection distance and integrating multiple

components have become majocreased performancéor trese demandghe parallelplate
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interconnedbn structure idbeingwidely adpted due tancreasednagnetic field cancellation,
resulting in lower parasitic inductance. Besides, embeddettepackaging can eliminate the
packaging substrate and integrate actwml passive devices into a boalelel systemThis
section will diseissadvanced powegrackaging techniques and summarize them from a higher

levelperspective

Output
Power(VA)

High Power

SiC

A
Wind turbine
Railway
10M 7
1M PV l}rverter
= ‘(Powercondutvonef) EVIH
100K
1K
Silicon
100
10 ‘ >

10 100 1K 10K 100K 1M 10M
Operating frequency(Hz)
Figurel.12: Potential applications of SiC and GaN power devices

1.3.1Double-Sided and Direct Cooling

The main thermal path of conventional power modules is through the baseplate side to air or
coolant. For maximizing the heat dissipation capability, the thermal resistance from junction to
case (bottom surface baseplate) has to be minimized. Common dpeaadude using higher
thermally conductive materials, increasing the area along the thermal path, reducing the thickness
of low thermally conductive components, enlarging the contact area of interconnection
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components, and optimizing the thickness afidoctor layers for the best heat spreading effect

[34. However, these approaches had

been

explor

demandfor power density mainly due to the singlgle cooling limitation. Therefore, to

effectively decrease the thermal resistance, a daitdecooled (DSC) concepiasproposed and

realized by dissipating the heat to both the top and bottom sides of the podelenSeveral

articles indicate a significant reduction of thermal resistance as well as electrical parasitics (e.g.,

resistance and inductance).

The stateof-art DSC power modules employ top and bottom rratd insulated substrates

for a large contaadn duailsided solderable deg35][36]. Due to superior thermaglectrical

mechanical performansgand mature manufacturing, DBC is the most popular candidate for DSC

modules, as shown iRigure 1.13. Preferred ceramic materials andithghysicalpropertes are

shown inTablel1.2 [37]. The 96% Alummna (ALOs3) is commonly used in conventional power

modules due to the low cost. For higher power dissipation, reliability, and electrical insulation

requirements, Aluminum Nitride (AIN) is one of tip@pularsolutions. AINceramichas higher

thermal conductivity among ceramptate substrateend lower CTE mismalkcto semiconductor

devices (85 ppm£&C) compared with AlOs.

Cooling component

DBC

Die

Die

DBC

2
> Solder layer
|
|

Cooling component

Figure1.13: A crosssectional schematic of DSC power module using dual DBC substrates
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Tablel.2: Preferred ceramic materials and the physical properties

. Thermal conductivity Dielectricstrength
Material (W/mK) CTE (ppm (kV/mm)
Al,O3 26-35 6.8-9 10-20
AIN 150-180 4.3-6.2 14-17
BN 20-60 0.1-6 40-200
SisNg 20-30 2.6-3.6 10-14

Some of theDSC modulesemployspacers for adjusting the height difference of power
devices (e.g., insulated gate bipolar transistor [IGBT] and diode), improving mold flow quality of
the encapsulation process, creating tHeeght for wire bond on gate pad, and controlling the
insulaton distance between terminals and cooling components (e.g., heat sink and cold plate)
[38][39][40], as shown ifrigurel.14. The metal spacer is mounted either on top or bottom of the
semiconductor device working as both electrical and thermal paths. Whereas CTE mismatch
between die and spacer causdahermalmedanicalreliability issues. Thus, Molybdenum (Mo),
CopperMolybdenum (CuMo) alloy,andCopperTungsten (CeW) are popular options of spacer

due to low CTEmismatch to semiconductor diel][42][43][44][45].
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Figurel1l.14: DSC IGBT power modules with spacéeg Dynex Semiconductor, (bpfineon,(c)
Chinese Academy of Sciences

To further maximize the removal of heat from the semiconductor devicesneolated
doublesi ded cool ed power modul es wi tare poSsiblamc t r i c a
heat snks can be attached on exposed metal pads by solder or thermal interface material (TIM)
[46][41][47]. The conceptis to bring thedectricalinsulation design to the next packaging level,
leading to higher thermal performance. For instance, the next level insulation can be done by
applying dielectric cooling fluids, such as air, to a power module with attached heat sinks. On the
other hand, tB conductor layers of doubded structure enable excellent magnetic field
cancellation and thus parasitic inductance redu¢48ij49]. In summarythe DSC technigqueot
only pushes the heat dissipation capability and power density to a highkbbldadsoincreases

system efficiency with lower parasitics.
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Direct cooling is another way to strengthen the current and power ratings by employing
integrated heat sinksithout TIM (e.g, thermal grease and thermal paf})is concept is to make
the cooant directly contact the integrated heat sittkesults in better thermal performance by
removing bulkandcontact thermal resistance of TIWVhis method alsavoids the TIM uniformity
concern and degradation issukhere are25% and 50%reductiors on the overall thermal
resistancéor the singlesidedand doublesided cooling configurationsespectively (seEigure
1.15[50]). To sum up, improving thermal performance not only enables higher current and power

ratings but also reduces the size of semiconductor chip which is the major cost of the power

electonics.
Conventional single-sided cooled Direct water single-sided cooled Direct water double-sided cooled

IGBT o Insulator IGBT bei Insulator IGBT Insulator
Module
Structure

Coolant Thermal grease  Fin o . .| cool an)t' - . .
Heat radiation base with the fin Heat radiation base with the fin
Greaselayers 1 0 0
R 100% 75% 50%

@ same chip

Figurel1.15: Thermal resistance comparison betwpewer modules utilizingonventional
(indirect) and direct cooling
1.3.2Low InductancelInterconnections
Due to the inherent low capacitance and high saturated electron velocity, lateral GaN
HEMTs can switch hundreds of volts in nanoseconds. However, parasitic or stray inductance in
interconnectionsauseyoltage overshoot which can be expressed by
QQ

/¢ 0 — 11
Yo 0 o (1.1)
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TheYo andi are induced voltage across the inductor #reinductancef the inductar
respectively. The-is the rate of current change passed through the indutiarplies that a

positive increasing current passed through parasitic inductance can irnghsig\evoltage. Tlis
undesired induced voltage will reflect on the power switches that are in senasction with
parasiticnductance, leading to voltage overshoot or spike at the et afirnoff transien{see
Figure1.16[51]). The overshoot voltage has to be lower than the breakdown voltage of the power
device for preventing short circuitand eventual catastrophic failuAdso, interaction between
parasitic capacitancand inductance results moltage ringing or oscillationThese adverse
impactscanslow down the switching speethd thuscausea higherswitching loss. For tese
reasons, the parasitic inductance of the physical circuit has to be minimized to fully take advantage

of fastswitchingGaN HEMTSs.

GaNpPx*® Package Ls =<0.2 nH
Figure1.16: Voltage overshoots induced by different packaging parasitic inductances

Discrete packages enable high flexibility, scalability, and reduced cost. However, the

minimum distance between discrete packagdewces is limited by PCB assembly design sule
20



and insulation standards.@.,IPC-2221A[52]). Longer and narrower interconnecti@rsdtraces
yield larger parasitic inductancessultingin more parasitics in discreteased power circuiti
contrast, integratedpower modules can effectively shorten the distance and optimize the
interconnection structure.

Conductor storemagnetic energy by magnetic flux lines when current flow throudie
higher the inductance threore magnetic energyan be storegand thushemore induced voltage
in the switching transient. Therefore, reducing or canceling magnetic flux lineg is\éor
concern for designing the power and driving loop interconnectiéigsre 1.17 showsthe
inductancevariationsof conductorpair structures commonly seemt thepackaging and board
levels [53]. The stripline (parallel plate) structugenerats the lowest theoretical minimum
inductance as the a/b ratio goes to zerd-iture 1.18, the magnetic flux line distribution of the
parallel plate reveals significant cancelaayised by opposite direction magnetic linagresults
in very lowparasitianductance. As the spabetween two plates gets smaller, the better canceling

effect
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b

Figure1.17: Unit length inductance of conductpair structure

i

Magnetic flux line

Current

(b)
Figure1.18: Magnetic field distributior{a) coplanar platgb) parallel platgstripline)
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Therefore, parallel plataterconnectionare widely employed in advanced power modules
and PCB layouts (sdégure 1.19[54][55][56][57][58]). Semikron employed a Gelad flexible
circuit board for forming a parallel plate configuration with a thin dielectric layer in the power
loop [54]. In addition to the planamterconnection®etween power devices, the parallel plate
concepisalso appliedo the power pin terminals (e,d>C+ and DC) for canceling the magnetic
field generated by all the conducs@tong the power loofb5]. Oak Ridge Natioal Lab proposed
a multilayer organic insulated substrate with a middle Cu layer mainly designed for rethtecing
power loop magnetic field. The organic substrate, called Tempriade by DuPont, adopted a
35umthick insulating layer with a dielectric strength of 1 864mm[56].Exceptorthe packang
level, placingpowerdiscretesas well as decoupling capacitors in a row and utilizing the inner Cu

layer is one of the configations toarealizelow-inductanceparallel plate structuf®7].
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Figure1.19: Power modules and PCB layout applied parallel pfeerconnectionga)flexible
circuit board, (b) flat plate terminal, (c) multilayer organic substrate, (d) top and inner PCB
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1.3.3Chip (Die) Embedding

To achieve a highdevel integration and functionality, ch{die)embedding has developed
into a variety of structuresd broken the boundary of the packaging leueds example, the PCB
|l evel chip embedding structure can be regarde:i
level 1 (semiconductor chiplevel package) and level 2 (board level packageg¢ntoned before,
GE pioneered the chip embedding teedbnsipl ogy
interconnection (HDI) for higher electrical performance. The @mgFlex (COF) is one of the
embedding approaches, as showrFigure 1.20. The semiconductarhips are mountedn
adhesive layer and encapsulated by molding resin. Chips connect to the flex substrate with laser
drilled vias and conductor layers. The conductor layers are formed by metal deposition and
patterning process§s9]. Figurel.21describes aommorembedded processthat lamiesective
or passive deviaanto multiple layers of organic dielectric shefg0]. Theinterconnectionare
formed by lasefor mechanicadirilling) vias and Cu plating traces. Eliminating wire bonding not
only substantially redusdhe stray inductancandresistance but also the volume reserved for

interconnection. The fing@inoutcan be metallic matedmor premounted solder balls.

Top Contact Pads Metal 2 Trace Metal 1 Trace
Solder Mask Vias to Metal 2 / Vias to Metal 1
£ 1
Third Level Flex — / \

Second Level Flex—

. —l
First Level Flex —

"‘.3:': 8
;..’k.;'n}'f; . ¢
o - / y : ;
\ Chips I Vias to Chip Pads\
Adhesive Layers -
1,2,&3 Plastic Encapsulation Chip Pad

Figure1.20: GE Chipon-Flex MCM for portable electronics applications
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Figure1l.21: AT&S Embedded ComponeRackaging (ECM) process flow

Embedded packaging can be mainly classified into two grolthpsfirstgroupis substrate
level embedding th&mbed active or passive devices into a packaging substrate and either one
side ofthe pads will eventually attach to a PCB. For a higher density, designing top pestal
allow mounting additional componer(s.g, passives and driving circuit®x topside cooling
opportunity, as shown ikigure 1.22 [30]. The secondjroupis boardlevel embedding which
integraes the entire circuit into an embedded PCHhis level of embeddindacilitates
heterogeneous integration and allows more flexibility ingady cod e si gn st age. Scl
Smart g Pak technology integrates power and control circuits into a single PCB, as shown in
Figure 1.23(a) [30][61]. The power devices (e.gMOSFET and IGBT) are embeddedin a
leadframe with cavities for better thermal spreading. There is a Cu layer above the leadframe for
interconnection and a Cu layer below the leadframe for direct heatsink mounting. High thermally

condudive laminates between conductor layers work as insulating layers. The entire embedded
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power substrate will attach to the top logic control boardutfill boardlevel heterogeneous
integration[62]. Mitsubishi embedded two SiC MOSFETs and decouplin@caors into a PCB.
Two MOSFETs are stacked and capacitors are vertically integratethenPCB for forming a
very small power loop, as shownhkigurel.23(b) [63]. Although the panelevel PCB embedding
process enables higlrolume manufacturing capability, as integrating more dissimilar active and
passive devices, the difficulty and complexity increase as [86l). On the other hand, the
traditional FR4 laminas are no longer acceptable for embedding power delvesmuse olbw

operating temperature, low thermal conductivity, etc.

' Source: TDK-EPCCorp ™ -

(b)
Figure1.22: Substrate level embeddia@)only onesidepad (b) duatsidepadwith additional
components mounted on the top
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Figurel1.23: Board level embeddin@) Schw(et;;er SmartgPack module(b) Mitsubishi power
module

1.3.4Summary

To summarize how the advanced technologies discussed in this chapter achieve the ultimate
goals of the power conversion system which are zero loss, zero volume, and z€Falde$3
andTablel.4 illustrate the relationshipgsetweerthe ultimate goals, metrics, and technologies. It
canbe observed that each technology hasitsadwantagea nd candét meet al l
proposed power module in this stuthveragesexisting solutiondo createa novel ultralow
parasitic inductancpackagingpproachHor lateralconductingpower cevicesthatallows future

researchers to build upon.
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Tablel.3: Relationship between metrics and ultimate goals of power conversion

. Hi h ef| Hi h d Lowost
Metrics (gero (Zegro vV (Zer o
Low v alnwme ght n n
High integration n n
Low parlasid@ndc R n n n
Hi gh ther mal cond n n n
High reliability n n
Economic materi al n

Tablel.4: Relationship between metrics and advanced technologies
Economic
materials and
manufacturing

Advanced Lowvolume High Low parasitic| High thermal High
Technoloy andweight | integration | R,L,andC | conductancq reliability

Plarar

interconnedn n n n
Parallelplate
interconnection - -
Chip
embedding - - -
Doublesided
and direct n n n n
cooling

Metal sintering
& liquid -phase
bonding die - -
attach
Integrated
metal baseplat n n n n n
orheatsink
Intelligent
Power Module - - -

1.4 ResearchObjectives

The research objectives are to ftppose a ultra-low inductance interconnecti@pproach
combineal with (2) anoptimalmetalizedoadpattern for lateral power devicg8) demonstrate an
ultra-low inductanceonfigurationby apower modulaesigncase studyhile considering all the
metrics listed inTablel.3, (4) establish T and P factorsto evaluatepueefi pa c k agi n g o
and thermal performancg®) create power module figure of merit (PMFOM) to fairly compare
the overall power module electrical and thermal performamce(6) develop a methodology to
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investigate capacitive currentflow in uktiin dielectrics due to parasitic capacitance and provide
design guidelines for minimizing commanode(CM) current(or noise)

The concept odmulti-loop packagingstructure is fully aplied by cedesigninghedie pad
patternand packaigginterconnectiorior lateral conducting die®.g.,GaN and monolithic Bi
directional field effect transistor (BiDFBEITo achieve ultrdow power loop inductance, several
multi-pad patterns of bare dies are proposed and compared from a variety of d$getttsught
processes of dianddecoupling capacitor placemeptd patterncomparison, and analytical
model derivatiorare thoroughhdescibed. For the optimatlie padpattern the effects of critical
parameters anithe selectioprocesarediscussed

The ultra-low inductance ivalidated througta power modulecase study. The proposed
power moduleonsists otwo multi-padlateralGaN devices, a heterogenelyuategraedpower
interposer (HIPI), a gate driveseveral decoupling capacitoes)dtwo high thermally conductive
epoxybased insulated metal substra&@S). The ultralow inductance is realized by bonding
two GaN deviesfaceto-faceon the top and bottom layers of HJREsulting ina minimum
distancein a multi-powerloop structure. In addition to the primary focois minimization of
inductancetheparasitic capacitance, thermal performamcethermalmechanical rigability are
also taken into account

Tradeoffs between metricen power module designare quite commonFor example,
placing semiconductor chips far away and havigh heat dissipation area can substantialy
improve the thermal performance, whereassih&cious area ardnginterconnectionbetween
chips and terminalsignificantlyinduce parasiti, L, andC. Thus, itis critical toconsider the
overall metrics in the early design stage for an optimized solutionFor optimization a

normalization procedure is essential &dfiair comparisonThis study proposeaT-factor and P
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factoraspackagingperformance indicatomhich normaliz thermal resistance and power loop
inductance, respectivelyhePMFOM, by combining two factorss atoolto fairly compaethe
power modulé sverallnormalizedelectricalandthermalmetrics

Due to the fasswitching behavior anthigh parasitic capatance induced bwyltra-thin
dielectrics, unwanted capacitiveurrentcan be generated through tparasiticcapacitances
formed betweerlectrodesn power modulesThe CM currentis induced by switching transsent
and parasitic capacitance with respect to ground in power nedihle unwanted CM current can
flow out from a power module to ground and find a return path through the power stipiply.
studyinvestigatesan interstitial(or shieldinglconductor layem thin dielectrics br transferring
most capacitiveurrent topower loopdecoupling capacitgsyleading to dargereduction of the
CM current A process of simplifying the impedance netwonkdelfor analyzingcapacitive
current isproposedBased omsimplified impedance network, this study provides comprehensive
design guidelines for minimizinthe CM current through designing interstitial layer pattern

dielectric thickness, and permittivity.
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CHAPTER 2. Ultra -Low Inductance Configuration

2.1 AdverseEffectsCaused byElectrical Parasitics

Figure 2.1 depicts the critical components, parasitics elements, and the definitions of the
power loop(or commutation loopandturn onandoff driving loops in an IPMThepower loop is
formed byahigh-side(HS) switch,alow-side(LS) switch, and decoupling capacitoffie power
loop inductance is the lumgum ofthe power inductancg.p) andcommon source inductance
(Lcs). In hardswitching, a high di/dt can occur in the power loop when two switcbesmute
An excess$ve voltagecaused byhe power loopinductancecanleadto permanent failursince
there is noavalanche breakdowm lateral GaNdevices In addition,a higherpower loop
inductancewill increase the turfon and turroff time, resulingin higher lossesThe driving loop
inductance consists of the driving inductancg @hdcommon source inductanc&milarto the
power loop inductangehe driving loopnductance also needs to be mimged for fast switching
and low gateto-source voltage (¥s) overshootThe common source inductarsieaedby the
power and driving loopwill affect the effectiveVgs and impact the overall switching
performanceFor example, a positive di/dtamld occur in the power loop when the switch is
turningon. The di/dtacrosgkwouldinduce a positive voltage drop, resulting in a lower effective
Vgs. For solving this problem, theKelvin source connection create separadrivingloop with
a minimumoverlapwith the powemathandleadsto anegligible Lcs. Thereforeto fully take

advantage of fast switching GaN HEM&d,parasiticinductancemust beminimized.
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Figure2.1: Circuitry of an intelligent power module (IPM)
Parasitic capa@ance is another undesired element in the pacKdgecapacitivecurrentis
induced by a dv/dt transieatross a capacitolParasitic capaa@ncecannot only increasthe
switching losdy slowing down the voltage transient but also indecenmonrmode(CM) noise

issues. Therefore, suppressing parasitic capacitance in the module is critical for lossiaad

reductiors.
FromFigure 2.1, Table2.1 summarizes the effexand design guidelirean an intelligent
power module (IPM)Cp.swand Gw.n can be considered parts af$of theHS and LS switches,

respectivelyCp.ycan be considered a part of decoupling capacitors.
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Table2.1: Effectsand design guidelirsof an intelligent power module (IPM)

Symbol Description Effect Design guideline
Induce voltage overshootand
L, Power loop inductance ringing on \,¢ Minimized
Reduce switching speed
Induce voltage overshootand
L Driving loop inductance ringing on \/_¢ Minimized
Reduce switching speed
Les Common sourceinductanc| Change effective pA Minimized
Induce capacitive turon on low
side switch wherhigh-side switch
Ceo Miller capacitance (device)| turnson Minimized
Reduce switching speed in the 1
loops
Induce current overshootand
_ . . ringing on |, L
c =C._+C Input capacitance (device S . . Minimized
s 6D TGS P P ( ) Reduce switching speed in tf
drivingloop
Induce current overshootand
_ : . ringing on | L
C =C_. +C__ | Output capacitanceéice S . . Minimized
oss ~GD DS P P aice) Reduce switching speed in th
powerloop
SW-to-baseplate capacian . L
Cons (packaging) Commonmode noiséssue Minimized
. . Decouple the inductanagtroduced
becoupling Decoupling capacitor by power terminals or busbars >100X of Coss
. . Decouple the inductance introdug .
Corver Driver capacitor by signalterminals >100X of Ciss
Reduce voltage overshoahnd
. ringingon V. o
R Turn-on gate resistor GS . Depends onapplicatio
GH g Reduce turron speed anihcreass P PP
loss
Reduce voltage overshoot a
ringing on \/¢
R, Turn-off gate resistor Egguce turron speedndinCreasq pepends on applicato
Inducecapacitive turron on low
side switch

2.2 Low Loop-InductanceStructures

With the time-varying currentflowing through an inductor, icausesa time-varying
electromagnetic field which further inducaselectromotive force (EMF). The induced EMF is
an induced voltage across thluctorwhich was described ifequatian (1.1). The magnetic

energy (o ) stored in an inductaran be expresslas
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o 20 0 21)
C
where0 and"Care the inductance of the inductor and the curf@awing in the inductar

respectivelyThemagnetic energy stored in a voluifug is

P 830300 2.2)

W
whereé andOare magnetic flux density and magnetic field (or magnetic fiaténsity),
respectivelyWith the permeability‘() of the medium e relationshipetweernd andOcan be
expressdas

5 0 (2.3)

By combiningEquationg2.1) to (2.3), the0 can be obtainebly

O 0QY (2.4)

O
or

“ p y e
—_— 25
0 —=5 6 Qu (2.9)

It can be observed that the inductance is proportional to the squaredghetic fieldas
well as thesquare of thenagnetic flux densityTherefore, reducing magnetic fiedd magnetic
flux is critical to mitigaing theadverse effestinduced byparasitic inductance.

Asdiscussedn Chapter 1.3.2heparalletplate interconneain structure is well known for
magnetic field cancellation. Testimate théoop inductance of the parallglateconfiguration an
analyticd equation[64] was proposed andkescribeds

. a Q.. ..
0 o - 0 | Q (2.6)
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wheretiandv arethe lengthand widthof the conductive platesespectivelyThe™Qis the spacing
between two plateghe’ is the permeabilit of vacuum and is therelative permeability of

the medium between two plat&snce most of the packaging materials are-fiemous and have
relative permeability of oné ( p), the relative permeability iBquation2.6) is usually ignored.
Figure2.2illustrates hedimensiosin the parallelplatestructureand thdoop inductance from A

to B which is given byEquation(2.6). Since the loop inductance is proportiotaét "Qand
inversdy proportional ta) , it is preferred to design wide and short planar conductors with a thin
dielectric layer in between for forming the driving and power loops in power modideiles,

interleaving multipleconductors with opposite current flowan further augment the magnetic

field cancellatior{64].

/ »/

Current
Direction

h ]

| B

Figure2.2: Dimension definitions of thanalyticd equation fotheloopinductance estimation

2.3 Single- and Multi-Power-L ooplnterconnections

This study specifically focuses on the packaging desmrthelateral(conductingdevices
Taking GaN HEMTs as examplebgte are twacommony seenmetalizedpadlayouswhich are
singlepad pattern and mulpad patternas shown inFigure 2.3. Singlepad pattern usually

contairsone pad for eacklectrod€e.g, Gate, DrainandSourcegttheperiphery regionhatcan
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easilyaccommodate wirdonding interconnecticsand package fatprint of traditionalpower
discrete For better collectingurrent and thus higher currezgpability, interleavingamulti-pad
pattern for Source and Drain wittip -chip soldebars(or balls) opens up an opportunity far

multi-loop structure.

Gate
Source Re‘u"i =
Gate ; it r et Gate u
il i i Gate 0
Drain IDrain
(a) (b)
Figure2.3: Padlayouss of lateral GaN HEM (a) single-padpattern[65], (b) multtpad pattern

[66]

2.3.1Single-Loop Interconnections

To implementgn ultralow inductanceingle die-perswitchhalf-bridgemoduledesign the
power devicelacement is the starting pooitthe thought procesBor acomprehensivanalysis
this studyis initiated from althe possibleombinations ofthedie placement anthenimpractical
casesare ruled out.Figure 2.4 showsall possible combination afivo groups ofplacement
combinations of the singlpad pattern devic€l) coplanar and (2) 38tacking Theficoplanar 4
can induce current crowding issue at the adjacent sidkeboth dies Thisissuewill be more
severe ata higher frequency operatiofhe fA3D-stacking 4 increases thecomplexity of
manufacturing anthedifficulty of balancing thermal resistance on two dies. Tliaeplanar 4

andfn3D-stacking # designs are eliminated. Based on the remainingasesthe corresponding
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power loop structures and loop inductanmetined by thanalyticd equatiorare shown ifrigure
2.5. Theaandu are the length and width of theed respectivelyThe™Qis the thickness ahe
dielectriclayer,andOis the thickness of the di€hewis the length of the decoupling capacitor
(gray rectangul ar p To comssler dfthdoreticadlyd minim@anductance,
components (e.gdies and capacitors) are péatside by side withownygapsand the thicknesses
of interconnections (e.gsolder and Cu) are ignorelsh the coplanar casefioplanar dyields a
higher inductance thaficoplanar 1 and @due to a larger -height. iCoplanar ® is not a
symmetrical structure archnresult inan unbalanced thermal behavior among two power dies
which is undesiredror the 3Dstacking case$i3D-stacking D hasthesmallest zheightand thus
outperforms the ther two caseslo sum upficoplanar ® andfi3D-stacking D are the desired
structures from electrical, thermal, and manufacturing points of ieun all possible

combinatiors.

r L4
.Il/ll/ _/lg/ L/li :/

o o 2 b

(e) (f) (9) (h)
Figure2.4: Single-pad pattern diplacemerg(a)coplanar 1, (b) coplanar 2, (c) coplanar 3, (d)
coplanar 4, (e) 3Btacking 1, (f) 3bBstacking 2, (g) 3Bstacking 3(h) 3D-stacking 4
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Lzyox(ZDXh LZMOX(ZI)XH L =M0X(21)Xh
(a) (c)
[+x
L= (l+x)><h _ (l+x)><(2H+h) _ A+ x)X(H+h)
= HoX T w L=pox————
(d) (e) ()

Figure2.5: Power loopstructures fosingle-pad pattern die placemefat) coplanar 1, (b)
coplanar?, (c) coplanar 3, (D-stacking 1 (e)3D-stacking 2 (f) 3D-stacking3 The A CO
blocks are decoupling capacitors.
2.3.2Multi -Loop Interconnections
For themulti-pad pattermlie placementit follows thesamethought procesasthe single

pad patternpas shown ifrigure 2.6. Basically, hecoplanar configuratiomaresimilar tothe results

of the singlepad patterpnas shown irfFigure 2.7(a-c). As for the 3DstackingstructuregFigure
2.7(d-f)), themulti-loop configuration is enablduetweerntwo dies as well as between dies and
capacitorsFigure 2.8 depicts the current filamestlongwith the powerdops andne of the

single filamenpathsis highlightedin each casdt can be observed that thgD-stacking D not

only hasheshortestateralloop length but alsthelowest zheight leading tahelowest parasitic

loop inductance amorgethree cases.
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(d) ()
Figure2.6: Multi-pad pattern die placemgat) coplanar 1, (b) coplanar 2, (c) coplanar 3, (d) 3D
stacking 1, (e) 3Bstacking 2(f) 3D-stacking 3

()
Figure2.7: Power loop structures for multiad pattern die placemdaf) coplanar 1, (b) coplanar
2, (c) coplanar 3, (d) 3i3tacking 1, (e) 3Bstacking 2(f) 3D-stacking 3

P : ! - — 1 =

‘/’Z‘ * & ' ey i Pi -
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N TR IO I, A - < =

A B N [~

N ri L Jpe— rd 4_b_ . W Fa r——
Filament loop T: l. Filament loop T: :l Filament loap T: :l
(a) (b) (c)

Figure2.8: Current filaments of the power loéprmed bymulti-pad dies (a) 3D-stacking 1, (b)
3D-stacking 2, (c) 3Bstacking 3

39



Due to the complexity of thénterconnedbn structuresand noncompliance with the
assumption | "Q, theanalyticd equation is1ot applicable téhefurther analysis of thpower
loop inductancestimation Thus,acommerciabimulator ANSYS Q3D Extractarwasutilized
to simulate the electromagnetic fiedddextract the loop inductanc& 520umthick GaN HEMT
(Part number: EPC2218ljes havingmulti-pad pattern and 04Q8ultilayer ceramiccapacitos
(MLCC) are considered in the simulatiofhe simulation condition was set up at 100 MHz
switchingtransient for considering 1MHaperatingrrequency All the casesadopta 2ozthick
conductor, 120unthick insulator, and 120uwthick flip-chip solderFigure2.9 exhibits the loop
inductance comparison among coplanar ands&zkingschemse. fiCoplanar D is the most
desired case in the coplanar designe tatheminimal inductance and symmetry struun fact,
Coplanar Is one of the statef-art power loop layouts whigkalizes the best singleop parallel
plate structurefi3D-stacking Dyields the lowesinductance whiclmas a 79% reduction only
21% of that ofthe Coplanar ldue tothe strongmagnetic field cancellatiarHence, from a
comprehensive analysi all multi-pad die placements combined with all possible power loop
layouts, an optimum topological layout is presentedafoniversally minimized induahce An

analytical procedure to evaluate other potential topolagialsoapplicable
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2.3.3An Analytical Equation for Inductance Estimation of Multi -Loop Structures

The loop inductance of the multopparalletplatestructure can bemodified fromEquation

(2.6) andexpresseds

‘ a Q.. ., .
0 ¢ —= 0m&al Q (2.7)
0 0

wherel isthenumber of loog To verify Equation(2.7), simplified interconnection structure$
t h e -sfit3alDc kwerelilt@ith differingnumber of loops, as shownhigure2.10. The™Qand
aare 0.25 mm and 0.5 mnespectivelyand the) is assumed 2.5 mm for meeting thé "Q
requirementThe results show that tisemulatedoop inductancel) is linearly proportional tthe
reciprocal of0 which matches the relationship betwdeand pf0 in Equation(2.7). The
inductance differences betweanalytichequation and)3D simulation at each number ofis

10%.0wing to the skin effect and proximity effect, current fEe@oncentrate at theonductor
edgewhich is adjacent to theonductowith opposite currerflow, asthe Q3D simulationshovs
in Figure2.11. TheP and N represent the positive and negatéage supply bus interconnects

of a haltbridge, respectively. IfFigure2.11(b), it is worth pointing out that the middle conductor
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is shared by two loops. Thus, to balance the current densitjatéral length ofthe middle
conductor has to be twice the length of outer edge conduttoesiagneticenergy stored in the
parasitic induanceis the maincauseof the switching transiemtvervoltage By combining

Equationg2.2) to (2.3), thisenergycan be expressed as

& cﬂ 5 Qo 2.8)
wherew isthemagnetic energwhichis proportional to the square of theagnetic flux density
(6). Inthe ANSYS Maxwell 3D simulatio(seeFigure2.12), it can be observed that most of the

magnetic flux is concentrated in tinsulatorregionthat isenclosel by the conductalAlso, the

interaction between loops is insignificant and thus the energy in each single loop structure is

similar. For that reason, the total energies of siimbg and doubldoop cases can ®mpared
by calculating the sum a@f thatexisted in the totatolume Figure2.12 showsa roughly 50%
reduction of the maximurd and twicethevolume in the doubkoop structure compared with the
singleloop structureThereforethe overall energy of the doubleop case is 50% of the energy
in thesingle-loop caselt proveshatthe reciprocal db is proportionalto magnetic energy as well
as loop inductanc@&he propose@nalyticd equation for inductance estimation of mudtop

structures is verified by simulations and is utilized for the following analysis.
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Figure2.11: Current density distributiowith an input current of 1LAyellow arrows represent

the current flowsja)singleloop (N=1), (b) doubleloop(N=2) structures
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2.4 Optimization of Die Pad Configuration

The advantages amaiplementation®f multi-loop structuretiavebeen fully discussed in
the previous sectioin this section, taesigna universallyoptimalmulti-loop configuratiorfrom
a higher levelthe semiconductor devigadpattern and packaging have to accommodate each
other In terms ofthe device, itis customary to design squamdrectangle shameofdies due to
the wafer dging technique. As a result, the mudbp driven digpaddesign starts with square
and rectangkeasunit cells.Sincethis section mainly focuses on the minimizatiorttod power
loop inductance, onlythe Drain and Source electradesonsidered in a unitcelhe nterleaved
conductostructuravith opposite currentflows is the cdematureof the multiloopconcepiFigure
2.13 depicts four interconneioin configurations based on square and rectangle unit dédés.
corresponding dipadpatterns are shown iRigure2.14. The blue and red blocks represent the
Drain and Sourcpads, respectivelyf-or minimal inductance, all the cases are equippedpth
mounted solder barandballs for flip-chip soldering. Inthe interleaved square scheme, it is
difficult to implement routing toeachthe middlepads without adding@ninner routing layer in
the packaging substrate. Addiaginner layer is undesired since it would increase tineight
and thus be detrimental to magnetic field cancelinherefore only interleaved rectangle

concentric rectangle, and concentric square cases will be discussed and compared.

= F=4

() o (b) ) (d)
Figure2.13: Multi-loop interconnedbn configurations (yellow arrows represent the current
flows) (a)interleaved rectangle, (b) interleaved squ@¥gconcentric rectangl€d) concentric

square
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(a) (b) (c) d
Figure2.14: Multi-loop driven digpadpatteris (a)interleaved rectangle, (b) interleaved square,
(c) concentric rectangle, (d) concentric square

For the concentric square unit cell, the cemteddoesnot needto be square. Pentagon,
hexagon, and circle are discussed as well. To appbrthlyticd equation for estimating thpower

loop inductancef concentric unit ced Equation(2.8) is modified as

g - 4@ 29
. 29)

where0 is the power loop inductance and is the effective width between interleaved
conductor®r the total width of all the loop® ( 0 0).Figure2.15expresses the definition
of the unitcell dimension and comparisornof .The0 and Oarethelength ofthepadand space

betweerpads, respectivelyAs aforementioned, to balance tharrent density, the length of the
centempad(20) mustbe twice compared to the length of the outer ring condutgjam the square
case The0 can be determined by the skin defth, thermal resistance, mechanicaiability,
manufacturing capabilitygtc.Since this study focuses on electrical characteristieskin depth
is the main concerriFor instance, in a conductor walninfinite crosssection area, 95% of the
currentis concentratad the region from theurface® a depth of§ . The0  is calculated as
theperimeter between Drain and Soupags and is shown as the pink daste. Square and circle
are two extreme cases among the four cdsissfound thatthé®  of thesquare middi@adis

larger than that ahecircle scheme. Therefore, the square configuration is considered thubest
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cell of the concentric square pattern and will be compared with interleaved rectangle and

concentric rectangle patterns.

Square Pentagon Hexagon Circle

el sle—bien
LG 2L GL
W=8L+ G=8L+3.14G Wy=" (2L+G)=6.28L+3.14G

Figure2.15: Comparison of the effective width @oncentric squanenit cells

The unit cell structure dheconcentric rectangle is shownkigure2.16. It can be observed
thatthe concentric square is one of the special casdisdrconcentric rectangle when ¢o0.
There are two objectives in the comparison. The @ikgéctiveis maximizing thed  per unit
area. The second is that ttagget value otheDrain (D) to SourcgS) padarea raticequalsone
(or areas oDrain and Sourcare identicgl Based on the parameters organizedable2.2, the
objectives plotted with normalized parameters are shoviAgure 2.17. For theD/S area ratio,
the concentric squamase(wfcd p) holds the largest ratio which is undesired. The larger
normalized widthHwfcO represents aviderconcentric rectangle unit cell which is closer to the
targeted ratiavhich is oneln Figure 2.17 (b) and (c)Xc0 is nota sensitive parameter, but the
normalized spacé@¢q0) and the absolutié values play significant roldés thed  per unit area.

In conclusionthe concentric rectangleuperformsthe concentric square in terms of the two

objectivesand will be compared wittheinterleaving rectangle pattern.
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A

Figure2.16: Unit cell of theconcentric rectangle

Table2.2: Comparison of the critical parameters between concentric rectangle and concentric
square patterns

Par amet er Concentric Re¢ Concentric

Uni tarcead | (2LG+X) ( BL + 2 (4L 4G)+ 2

(E(bff)ectlve AL+2R+ 8 L6

Dr apiaadr e a (2LGHX) ( 45)-+2 (4L 4G)+ 2
(4 L SG+2X XG) ( #48GE+ G?)

Soupadr e a 2L X 4 B

47



16
" 14 ——G/2L=0.5
212 Gl2L=1
by GI2L=15
o 8 =
3 . Gl2L=2
< 2
0
0 2 4 6 8 10 12
X/2L
(a)
3 3
_ —_ ——G/2L=0.5 G/2L=1
E25 . . " E25
£ T | E G/2L=15 —~ G/2L=2
2 2 2 2
?E 15 g 15 | =  E——
Qo o
% bl —ea=05 ~c=1 % 1
= 05 B | L=2*(sin =05 L=3*(skin
0 G/2L=15 G/2=2 depth @ IMHz) 0 depth@ 1IMH?Z)
0 2 4 6 8 10 12 0 2 4 6 8 10 12
X/2L X/2L
| (®) o | (©) |
Figure2.17: Comparisorof theobjectives(a)arearatioof Dto S, (@  per unitarea
whend ¢ (@ 1MHz), (c)w  perunitareawhend ¢ (@ 1MHz)

Figure 2.18 illustrates thecorrespondinglie layouts built by interleaving rectangle and
concentric rectangle unit cellShe comparison results are showrnTiable2.3. The nterleaving
rectangle holds the d&ed D/S area ratio, whereas DS area ratio otheconcentric rectangle
is theoretically larger than one. Although the area ratio is closer to one when the normalized width
(fch is large enough,laigh aspectratio (width/lengthit cell can case mechanical reliability

issues. For thew  per unit areathe interleaving rectangle still perforsrbetter thanthe

concentric rectangle. Besides that, from the-&lipp soldering process point of view, the center
Sourcepad(shown inred) of the concentric rectangle layout can indauselderoutgassing issue

since Iitds seal ed bvapadrizele fOruaxi rcpaspedild eonclusigears a n d
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the interleaving rectangle is the best solution in terms of electrical charactensticlanical

reliability, andmanufacturing

<
-
:':
®!
(€=
—
[\®]
—

Interleaving
Rectangle

2L+2G+X

Concentric
Rectangle

2L+2G+X

Figure2.18: Unit cell comparison atheinterleaving rectangle and concentric rectangle patterns

Table2.3: Comparison of the objectives between interleaving rectangle and conceriaiggtec

patterns
Objective I nterl eavin Concentric
D/'S area rat.i 1 > 1
W per unit c 2 ( 2 +&X 4L+2K+
=4 L+2&X+ 4 =4 L+2X63. 1

Theuniversally optimunmulti-loop-driven unit cellayout is determinebdased om variety

of considerationdn this part, the optimal aspect ratio of the die will be discussed. From a-higher

level power module design point of view, ttegmind arrangementas tobe considereth the

beginning and is shown Figure2.19. It is worth pointing out that thB and Sadpatterns of the

high-side and lowside switches needto be opposite for realizing a perfectfoajticonfiguration

49



(see top left deematic inFigure 2.19). The multiloop concepis not onlyappliedbetween two
switches butalso between switches and decoupling capa&ieca) However, the optimization
will only consider the loop inductangaurely contributed bythe powerswitches To be more
specific,only the inductance of vertical loopgdllow arrows) and lateral loops (blue and red
arrows) within the projected area o power switches will be taken into account for the die

aspect ratimptimization, as shown iRigure2.20.

Decap

=
* =
S B |

Figure2.19: 3D-stacking halbridge power module arrangement
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High-Side Switch

Low-Side Switch
i >1P >« P /e R
o —— N —> N | —— <y
! Capacitor ! Power switch ! Capacitor !

Vertical Latera

—l
PR

Figure2.20: Definition oftheloop inductance contributed by power switch and capacitor

The parameters anlde schematic plotor die optimizatiorare showrn Figure2.21. Except
forthe die aspectratio §, all the other parameters aither dependent variablesgiven based
on the following consideration¥he de aspectratio is defined lilyedie length(c) divided by
the die width (). As &orementioned, the pad lengttiX) can bedetermined by skin deptleurrent
rating, therma) mechanicagland manufacturgnconcernsPad space”Q mainly follows the
insulationstandardsthedielectricstrength of insulate and solderingimitations. The die area
(0) is primarily decided by the estateresistanc€éRon). The dielectric thicknes¥] is controlled
by the voltage rating and substrate rigidif9includes the flipchip soldethickness, conductor
layer thickness, and dielectidi@yerthickness. According tequationg2.7) and (29), the total

power loop inductance)() can be expressed as

b | ‘ o 0 | ™® o Q

g (2.10)
0 c® ¢ 0 ¢O
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The first and secontérms are vertical and lateral loop inductagaespectively Since the
decoupling capacitors are employatitwo sidesandform two loops, the second term is divided
by two. In addition, the average lateral current flow distaneg&jsd. In Equation(2.10), 'QQ
"Qand’ are givemumerical valuesThe0, &, and®are functiors of thedie aspect ratiq () and

Equation(2.10) can befurtherexpressed as

. ‘0 O (i) Q
N T T e 1)
, Where® | 07w | w| X andod is die area. lusw| , ®| , and0 | can be
obtained as
Q| Vg (2.12)
Ay on (2.13)
6| ol Vol (2.14)

10 ¢O 0 O

By substitutingequationg2.12) to (2.14) into Equation(2.11), the expressionaf | is given

as
5 "0 "0 Y
A o
10 ¢O G o W ¢O
‘ "0 '0 1 ¢O o @ 1w ¢o (215
C Y o
‘ 10 ¢O ‘0 O Q
q 0 [
It can be observed that the first term of the final expressiesh—— —— doesnotcontain

the variablevhichi mpsl iteh@t otwlee t i ¢ amld ulcd @am c ei Jcean satmedntt ar

i's irnte®lwhen@d, andOare fixedFor t he | laé¢ e atahsee Icouorprse,nt
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fl oviirmgmeef t asnidersi gobwi tdlee diie| )i nhe cemall éonge:
curremanrdesmimta higher inductance. Thus, the s
Equat2 bi s i nver s ell ygune222itustratés the poadr lodp smductance
breakdown and the given parameters which followHER&C2218GaNdie. As an example for
demonstratiorshows again that the vertical loop inductance idévant to0 as well a$ , and the
lateral loop inductance decreases with increa8inghe variation of 0 induces opposite
effecson lateral and vertical loop inductaisc&he overall loop inductansglotted with different
| areshown inFigure 2.23. Although the trenslof 0 versus among different ratiosf "Qfq0
are similar, thelecay rates are quite different asahsequentlyhe selection othebest die aspect
ratio needs to be carefully determined.

The selectedie aspect ratidbased orminimization ofinductanceconsideratiommay not
pasghemechanicateliability tesssince the die aspect ratioasoone ofthecritical parameters
in terms of mechanical performandéere are up to 3@ackagingarameterarhichcan influence
the mechanical behaviorsf the flip-chip packaging67]. Critical paramedrsinclude dieand
solder area$68], die thicknes469], PCB thicknes$70], solder materia[71], under bump
metallization UBM), redistribution layer (RDL),and solder mask desigri72]. Therefore,
designers need to condunechanical analysend find the range of acceptable die aspect ratios
for passing the reliability tests. Within this range, the lajeraspect ratiteads to the lower

power loop inductance
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» Parameters

Number of the unit cell: N (positive integer)
Contact pad length: 2L

Contact pad space: G

Die width: X

Die length: Y= N(4L+2G)

Die area A=XY

Wer= N(2X)

Die aspect ratio: a =Y/X

Dielectric thickness: h

Z-height between dies: H

Objective
Power loop inductance: Lp

f

h

Unit Cell

-T- Low-Side Switch
H

Figure2.21: Parameters and schematic plot for die aspect ratio optimization
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T e ; ~
= 050 =L_Laterd >mF'"’ Contact width 2L (m) 2.50E-04
2 0.45 ———— Dielectric thickness h (m) 1.20E-04
g 040 Z-height between dies H (mm) 5.00E-04
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Figure2.22: Power loop inductance breakdown
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Power loop inductance Lp (nH)
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Figure2.23: Powerloop inductance vs. die aspect ratio
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CHAPTER 3. Case Study: OptimizedPower Module Configuration

3.1 ProposedStructure

Half-bridge is one of the most basic building blocks in power conversion systems. To further
increase théunctionality, performance, and densitypower systemsntelligent power modules
(IPM) wereproposedhatintegratethe half-bridge gate driver, protection circuits, passives, and
sensors into a compact modulehis case studyprovidesvalidation of ultra-low parasitic
inductance in anovel 3D (die) stacking IPM. Two EPC2218 GaN power switches
(100V/60A/1.95x3.5mnp, onehalf-bridgegate driver(Part numbertUP1966E) gate resistors
capacitorsandtendecoupling capacitod 00v/10000pF02017) for the power loopare packaged
in a doublesided cooledPM. The case studynodule design follow the A3D-stacking
configurationshownin Figure2.7. Two GaN dies are faete-face bonded othe opposite sides of
a heterogeneous integration power interposer (HTPI¢ power interposés a Cuclad insulated
substratehat the insulating kger can be organic, ceramar,glass materialsThis study adopta
240umthick high thermally conductive epoxgsin composite dielectric (ERCD) as the insulating
layer for HIPI and thematerialproperties are shown ihable 3.1. The function ofthe power
interposeis mainly managinglectricalrouting. For the statef-art chip embedding technique,
placing drivers and passive components on the top of pdexdcedor low stray inductance at
theexpense of doubisided coolings one otthemainshortcomingsHowever in this case study,
the multi-loop structure and power interposer enable ttiva inductance characteristics while
maintaining theloublesided coolingoossibility. The backside aheGaN die is bonded tahigh
thermally conductivepoxyinsulated metal substrate (eIMS) by sékgisintering die attachment
(a combination of sintered silver and resin sygtembetter thermal and mechanical performance

compared with soldefTo minimize parasitic capacitance betwd#esadie backside anttheelMS
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baseplate, it is worth pointing out that the conductor layer of eIMS is rotighdame as the die
area.The qatedriver is placed close to the gate electrode of the di@ fomnimal driving loop
inductancePower and signal terminals are arranged at two sidesvercrosstalk The module

is encapsulated bgn epoxy-based encapsulafRroduct name: Risho RICOLITgnd its size is

12.7 x 15x 5.2 mm, notincluding terminalfie 3D mode$ are shown irFigure3.1.

Table3.1: Material properties of ERCD material

Parameter Unit Value

Tg C 300

Thermal Conductivity W/mK 10
Youngébés Modul GPa 53

CTE (U1) ppm/C - 15
Breakdown Voltage kVAC 5 @ 120 ¢
Volume Resistivity q-m 1x 103

Dk - 6.8

Df - 0.009

57



Top elMS

3 Power interposer

Bottom elMS

Driver HSDie Decoupling capacitor in the power loop
A
Signal terminal Top elMS Power terminal
t t
L ' ' [
|~ Power interposer
Bottom elMS
* .
LSDie
(d)

Figure3.1: The pwermodulecase studya)schematic plot, (b) 3D model with encapsulant, (c)
3D model with translucent top eIMS and encapsulant, (d) esestonal view of 3D model

3.2 Thermal Modeling and Characterization

For packaged semiconductor devices, thermal resistance jusictmase (Y ) is an

indicator forquantifyingtheheat dissipabn capability fromdie tocase It can be expressed as
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where™Y;

Y

C

(3.1)

is the maximum junction temperature of the semiconductor devicérasthe case

temperature at the exposed thermal pad ofpthekageThe 0 is theheat flowpassingirom

junction to caselt is customary teset up’Y ¢ wdondition when definindr in packaged

device datasheefShisimplies that there is no temperature gradient or thermal resistance between

case to ambienOn the other handt alsorepresents that the cooling components (Bgnt sink

and cold plag) are ideal andold zero thermal resistance. For this condition, it is equivalent to an

infinite convective heat transfer coefficient (h coefficient) appitie case and results in a very

small thermal spreading andi®m die tocooling componentas shown ifrigure3.2. The small

spreading angleeads toa maximum thermal resistance while calculatihgand also results in

little thermal coupling betweediies inthe power modulesHowever,the spreading angle and

thermal coupling effect can increase substantially when the h coefficient is no longer.infinite

Encapsulant

Conductor

Encapsulant

Cooling component

Insulator

Encapsulant

Insulator ‘

Insulator

Cooling component

Cooling component

Cooling component

(@)

(b)

(c)

Figure3.2: Thermal spreading with the cooling components holding infinite h coeffita@nt
singlesided cooled power discrete, (b) singided cooled power module, (c) dousided

cooled power module

To characterize the&y of singlesided cooled (SSCpower discrete through thermal

simulation the bottom surface dlfiesubstrate is sét o

be

25¢eC

uni formly

Is applied on the top surface of thie.dAll the heawill only flow fromjunction to cassince the
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sidewalls and top surface are considered adial@yicapturingy, ,°Y can beobtainedoy
Equation(3.1).Regarding the thermal characteristics of power modules, the expressinefof

die (or'Y per die) andy of module areY  andy j , respectivelyFor SSC power
modules, the definition o¥ j isthesame as that of power discrethse to thesmallthermal
coupling assumptionro extract theY of the SSC power moduléy Equation(3.1), the

"Y; is the max. junction temperature among two or multiple dies)aindhe total heat flow of
two or multiple diesThus, the main differences of  and’Y j; are the definitions of

"Y,  and0.Assumingegligiblethermal coupling between two dies in an SSC power module,
ideally, the Y j is half of the 'Y ; due to a double heat dissipating area.
Moreover,Y j is the critical parameteto determine the maximum power dissipati

(0 ) of the module which can be obtained by

. R Y

U np v, - (32)
where'Y;, g is the maximum allowed junction temperature of the semiconductor device
Typically, the values ofY; g for Si and WBG (e.g., SiC and

175eC, respectively.

For the doublesided cooledDSC) power modulesthere are two thermal paths. The
corresponding thermal resistanaee’Y ; ; andyY j  which can be characterized
separately through the same proces32BpackagesConsideringheparallel connection dfvo

thermal patb, theoverallequivalentY  of DSC packagesan beexpressed by

5
¢
<
3¢
¢

(3.3)

¢
3¢
-<
¢
3¢
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It is crucial that the definition ofY is based on having both top and bottom case
temperatures identical (e,@ 5 e &gain, due to the weak thermal coupliny, j RIS
roughly halfof 'Y

Thethermal behavior of the proposed power modutguige different fromthetraditional
moduleswith a coplanar die placement, sisown inFigure 3.2(b and 9. The thermal coupling
still existsin the proposed moduieith Y ¢ wdor infinite h coefficientappliedatthetop and
bottomcaseof the power moduldn Figure 3.3, HS die and LS die are heated separately for
evaluatingthe heatdissipation ratidthetopandbottomthermal pathg-or the HS die evaluation,
only the HS die is selheatedzeropoweron LS dig. The sameapproactior the LS die evaluation.
Due tothesymmetrical structurand boundary conditionthe ratioof the main to minor thermal
pathsof the two evaluationsre nearly the saméigure 3.4 shows asymmetricatemperature
distribution when each die dissipated/{total: 2W) Thecorresponding( canextracted

throughEquation(3.1) by considering total power loss and th¢ among two diesThe

corresponding j  can be further calculated lBquation(3.2).

86.15 % (main thermal path) 13.86 % (minor thermal path)

SEMI-SINETInE Semi-gnterng

— Heat source

‘ Powerinterposer e P

ower interposer

Sgmi-sintering ] Heat source

13.85 % (minor thermal path) 86.14 % (main thermal path)
| @ ®
Figure3.3: Heat dissipatiomistributionsof top and bottom thermal patfe) HS dieheating (b)
LS dieheating
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27.333
27.074
26.814
268,555
26,296
26,037
25,778
25,518
25.259
25

Unit: C
Figure3.4: Thermal behavior of theower modulease study

Considering interfacial thermal resistance betwaierattachand adjacent layer is critical in
thermal modeling. Research indicates that the interfacial thermal resistance of solder or die
attachment strongly affects the powersifigtion capability of electronic packadé8] [74] [75].

The interfacial thermal resistanisscommonlyextracted byhetransfer line method (TLM) and

the yintercept represesatwice theinterfacial thermal resistance, as showkigure3.5 [75]. Itis

also worth pointing out that the interfacial thermal resistance can be several times the bulk thermal
resistance of the solder itself depending on the bond line thickness @idpulk thermal
conductivity. Silver sintering materials are one ofplogularsolutions for minimizing interfacial
thermal resistance due to excellent bonding quality between silver sintering die attachment and
silver surface treatmebbnding padTo smulate the thermal behavior accurately, the interfacial
behavior canotbe neglected and must be considerdeimite ElementFE) modeling. This study
considered the interfacial thermal resistance at all the safdksinteringnterfacesThe cetailed
dimension and thermal conductivity of theoposegpower module in the thermal modeling are
shown in

Table3.2. The thermal modeling is validated through experimental testing in previous work
[12] and is attached in AppendikXhus, the material properties and boundary conditions in this

study are pwperly modeled. fie simulated resuliadicate thathe'Y  is 2.33 K/W and the
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COo#

is 1.17 K/W.TheD

of the modulas 106.8W at;

8

p vawandyY

Table3.2: Dimensiorsand thermal conductivésof thepackaging components

. , Ther mal C (
Component Materi 4 Thickne W mK)
GaN di e Silicon ( 520 um 130
Dielectr.i
i nterpose ERCD 240 um 10
Dielectri 120 um
_Conductor > 07
i nterpose
Conductor Copper 390
el MS 3 oz
Basepl at e 1.5 mm
Die attacl Semii ntkAkg 50 um 100
o Sn/ Ag3.0
Fl-cphip sol (SAC305 120 wum 6 0
Absolute thermal resistance (K/W)
v
7.5
2ok SAC305:y = 16227x + 4505 ™
' Sintered Ag: y = 4834x + 3.933
S.ar SAC305
o
6.0 =
s x
5.5+ k3
z -‘
50 u% u .. e Sintered Ag
4.5 X L e o
o e
4oL tee % eve .
2 o Y
35 1 | | | | | L |
0 20 40 60 80 100 120 140 160 180

Bond line thickness (10-®m)
Figure3.5: Thermal resistance viBond line thickness of die attachment materials
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3.3 Mechanical Modeling and Characterization

The thermaimechanical reliability of the proposed power module is characterized tiader t
thermal cycling test in accordance with JESERP04D condition M that the testing temperature
range is-40 to 150C and the dwell time is 10 minutg&]. The common failure modes of power
modules under active and passive thermal cycling lasewell establishedsuch as wire
degradation, solder fatigue, die crafgk7] [78]. For assessing solder fatigue lifetime, many
empirical theories have been dev@dal, including stresbased, strain energyased, and strain
based prediction model€offin-Manson empirical equatiof79] is a strairbased prediction
modelwidely used for evaluating the solder joint fatigue life subjected to thermal cycling in the
electronic packaging field. Many researchers have modified the equation for better accuracy and
made it easier to apply. For example, Lin et al. proposed a modified @ddifison equation by
using the range of equivalent plastic strain in one cycle to prindicolder fatigue lif80]. This
modified equation has been validateddgyverakesearci10] [81] [82]. The equation can be

expressed as
0 —VY- (3.4)
wherel is the mean cycles to failure a¥d is the increment of equivalent plastic straiand

— are the constants determined by solder mategald are 0.235 and1.75 for SAC305,
respectivelyf82]. This modified equatiors applied in this study.

Formechanicamodeling, Anand&/iscoplasticConstitutive mode]83] wasapplied since it
can consider both elastoplastic and creep behaviors for SAC305 during the cyclic thermal load.

The flow equatiorns described as

L (3.5)
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where- is the plastic strain rate ands the internal variablélhe evolution equatiodescribes

the variation of with time. In its differential form, itan be expressed as

5
i VSO S — - 3.6
l SO S e (3.6)
where
5 o I'_Z 3.7)
and
R 0
’z y . v 3.8
l ll-ququ—,,Y (3.8)

All the material parameters of the Anand model for SAC305 and mechanical properties for other

components in the modudee shown iMable3.3 [84] andTable3.4, respectively.

Table3.3: Materialparameters of Anand model for SAC305

Description Symbol Value
Initial value of deformation resistance sO 45.9 MPa
Activation energy Q/R 7460 K1
Preexponential factor A 5.87 x 108s?
Stressmultiplier U 2
Strain rate sensitivity of stress m 0.00942
Hardeningandsoftening constant hO 9350 MPa
Coefficient for saturation value of deformation resistan o) 58.3 MPa
Strain rate sensitivity of the saturation value n 0.015
Strain ratesensitivity of the hardeningndsoftening a 1.5
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Table3.4: Mechanical properties in FE modeling

Component Material Youngos '\POiSTQ’O” CTE
(GPa) Ratio | (ppm/°C)
GaN di e Silicon ( 160 0.26 3
Dielectric ERCD 53 0.3 15
Dielectric
Conductor | 110
i nterposer Yield strength: 0.11
Conductor | Copper (,tangentmgodulus: 0.35 17.6
Baseplate o 1.1)
Die attach Senrmigs nt e 12.5 0.4 25
45 . 74 0@ C
42. 20@C
. : Sn/ Ag3.0 31.7 @ 4
Fl-cphip sold (SAC305 24.6 @ § 0.35 21
16. 7 @ 1
12.3 @ 1
Encapsul ant Epoxy 8 0.3 15

The materialfailure theory can be categorized into two types: brittle failure and ductile
failure. The brittle failure usually occurs when the max. normal stress in any direction reaches the
max. tensile or compressive strength of the material. Thugnthe principal stresswhich is
calculated athe max. normal stress at a certain amgieidely utilizedas anndicator for brittle
materials (e.g.Si, ERCD, and epoxy encapsulanbDue toa ductile or malleable feature, ductile
materials usually falindera certan cyclic force or load, leading to fatigue failure. This study
adopted an equivalent plastic strdiased model for evaluating SAC305 solder fatigue life
subjected t@thermal cycling testin this study, several potential failure points werenitored,
and the criteriaveredefined as (1) max. principal stress of (Besubstratex 170 MPa, (2) max.
principal stress of ERCD < 50 MPa, and (3) SAC305 solder fatigue life > 1000 cValsave
simulation computational time and capture accurate mechd@baliorat focused components
afine mesh arrangementasly applied at GaN die, flgghip solder, andritical ERCD areas, as

shown inFigure3.6. The sinulatedmax.principal stresses of die and ERCD are 129.3 and 25.5
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MPa, respectivelyThe simulatedlip-chip solder fatigue life is 1537.7 cycle$Shus, d the
mechanical behaviorsasgdthe criteriaand the case study module as proposed should meet first

pass industry acceptance.

.

S CoNdiGEgE= —
(a) (b)

3.506%-5
3.1173¢-5
2.7276¢-5
2.3379%-5
1.0483¢-5
1.5586e-5
1.160e-5
| 7.7032e-6
3,8066e-6
0

Unit: m

,, \Flip—chip ,

=solder ==

(c)
Figure3.6: Thermaimechanical modelinga) mesh arrangement of GaN chip, (b) mesh
arrangement of fligchip solder, (c) deformation plotat 0 ¢ C

3.4 Electrical Modeling and Characterization

The parasitic inductance of the proposed power modaksimulatedand extractedby
ANSYS Q3DEXxtractot The parasiticsvere extracted at 100 MHz whievasrepresentative of
the GaN HEMT turron and turroff speed. The main parasitic inductareia the power module
can be categorized into two parts: (1) power loop inductance and (2) drivinmpthagiance. The

definitions of thepower loop inductancanddriving loop inductancgincludedpull-up and pull
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downloops are shown ifrigure 3.7(b). Theresultingsimulatedresistances andductances are

shown inTable3.5. The power loop inductece is 0.12 nhivhich is higher thah h at o f

t

st a c k iconfgguraian inFigure 2.9. Because the proposed power module employed a

interposer withatwice-thickerdielectric (240 um) for improving the rigidity and preventing crack

issuesduring handling and manufacturing. Téeving loop inductancesf pull-up and pulidown
arebothbelow 1 nHbased on the simulationEhe driving loop inductances are less deperaent
the semiconductor devicand more dominated by the packaging desifnus, he driving

inductances of thigsdy are compared with other works, as showiatle3.6. It shows that the

inductances are lower thatil other worlssincethe gate driveand power deviceareflip -chip

bondedwith a minimum distanc&he 3D model and circudtf the case studyoduleconsidered

in the simulation are shown kigure3.7. Thephysical structures dhepoweranddriving loops

are depicted ifrigure3.8 andFigure3.9.

Table3.5: Parasitic resistans@nd inductanceof the power and driving loops

DC Resi gt AC Resi Jmt) |l nduct an
Power | oo .22 2. 22 0.12
: : Pu-bp: 1. Pu-up: 17 Pu-tp: 0.
Driving | Pu-td bwn: Putdbwn: 1 Pu-dbwn: I
Table3.6: Driving loop inductance comparison
Unit: nH Pull-up Pull-down
Stony Brook University85] 1.21 1.28

Xi'an Jiaotong Universit{86]

Half-bridge 1: 1.7
Half-bridge 2: 2

Half-bridge 1: 2.4
Half-bridge 2: 2.2

Stony Brook University87]

1.7

1.2

Fraunhofer IAH88]

1.8

0.86
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Figure3.7: Q3D modeling of thgpower modulease studya) 3D model(b) circuit
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Figure3.8: Definitions of driving loop inductances (a) puip, (b) pull-down
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Figure3.9: Definitions of power loop inductance (a) front vigiv) side view
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To validate thesimulationof the inductance extraction, a doubpeilse tes{DPT) was
carried out to measug/namic characteristiand calculate thparasitiinductancen the power
loop. In theturn-off transienbf the LS switchthe power loop inductare (0 ) is resonant with
theoutput capacitanc®( ) of the LS switchresuling in aringing effect on the switching node

voltage (o ) which is across the LS switch. The ringing frequefi@y ) can be obtained by

"0 (3.9)

¢ 0O

In the test setud,GHz bandwidth passive voltage praifeart number: Tektronix TPP1000)
wereemployed to measure and the pulse width modulation (PWM) input gate voltaidee
probe holds a parasitic capacitance off@vhich is negligible compared with the power device
capacitancéi.e.,0 ). The currenflowingthrougha7.5uH power inductowas measuredy a
30 A current probe (Part number: Tektronix TCPO030K)e DC bus voltage was set up at 60V
for testing the 100V GaN power device. Two pulse widths of thetate were 1.5 us. The PWM
input gate voltage was 5V. The DPT circuitry and the experimental setup are sHogura3.10.

A doublelayerflexible PCB with a 120unthick polyimide insulation layer and 30z Cu
conductor layers was selectasthe power interposer for theeviceunder test (DUT)Both top
and bottom Cu layers were mounted witsaN power deviceRart number: EPC22)8a gate
driver (Part number: UCC275)2three gate capacitors, and a gate resi$im. 0603 MLCC
decoupling capacitorsere onlymounted on the togu layer. Sincehe top and bottoreIMS
impedesthe connection of measuring probes &Rl only dissipateasmall amount of heatyb
elIMS werenot considereth the DUT. The prototype of thBUT and the dimensions are shown

in Figure 3.11. The waveforms of the switching node voltage, gate bias voltage, and the power
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inductor current are shown irigure 3.12. The ringing frequency was measured as 526 MHz.
According toEquation(3.9), the corresponding power loop inductance is calculated as

P P

v “Q 0 T U QP0G v RO T ee 0 (310

The power loop inductanc® the DUT through ANSYS Q3Dsimulationis 0.11 nH.
Considering theequivalentseriesinductance (ESL)n the MLCC, the selected 0608ILCC
decoupling capacitor holds an ESL of 0.45[8H]. The DUT has ten decoupling capacitorain
parallel connection in the power loop and consequently the total ESL is 0H4Hherefore, the
simulatedpower loop inductance needs to include an ESL o#BrfH, resulting in an overall
power loop inductance of 0.1584 which is 5% smaller than the inductareadculatedrom
Equation(3.10) in theexperimeniThis experimental testing not only validates the Q3D simulation

of the inductance extractidsut also proves the mulibop interconnection structure ceamnlize

ultra-low inductance.
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Figure3.10: Thedoublepulse test (a) circuitry, (Bxperimental setup
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Figure3.12: Waveforms of thewitching noderoltage, PWM input gate voltage, and power
inductor current

3.5 ProposedPower Module Figure of Merit

High efficiency is one of the ultimate goals of power conversion. It can be achieved by low
parasitics and high thermal conductance packaging degminimizing the power loss and
junction temperatuteespectivelyTo achievdow parasitic L and @aluesshort interconnection
distance and small overlapped conductor ameaneededHowever, short distance and small
conductor arearepreseight die placement and small thermal spreading area which substantially
limits the heatdissipation capability. Tis to implementa comprehensive evaluation of power
module performance from admer level,performancendicators are proposeébr thermal and

electricalconsiderationsThese indicators normalize the effect of semiconductor deaice
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solely evaluate the packaging performance of power modégesiorementioneda tradeoff
exists between thermal and electrical design considerationsingddoth performancs into
account is necessary for assessing the overall power module performance. Thefdorer, a

ModuleFigure Of Merit (PMFOM) is proposed to evaluate the ovegpaliformance and conduct

a fair comparison.

Thermal resistance junctieto-case (Y ) is a cucid parameter to evaluate the thermal
performance othe paclaging Typically,”Y consists of thebulk thermal resistances of each
component and interfadithermalresistances betwedwo adjacentomponerdg. The'Y canbe

expressed as

) (O]
Y = Y R O
U (0]
0O 0O 0O (3.11)
0 0 0 0 0 0
Y i Y ﬁ
(0] (0]

where0 and0 are numbes of componentand thermal interfacefrom junction to case
respectivelyThe'Oandu are thicknessand thermal conductivity of each component, respectively.
Theo is the area along the heat transfer pathsumeds thato is the same a8 . The

Y is the interfacial thermal resistance and the unit is ussplgified agd D) ® &

Theo | isthe effective heat transfer areithe substratgseeFigure 3.13) which can be

described as

(3.12)
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Therefore, all the terms iBquation(3.11) containeitherd or0 in thedenominatorAs a
result,Y is notonly determined by the packagiegqy.,die attachment and substrate) but also the
semiconductodie. For this reasojiY is not a proper parameter to evaluatepgheepackaging

thermal performancd.o remove tle effect othedie and purely measure the effect of packaging,

T factoris defined amormalizng’Y byo andcanbesxpressed as

YQOH®O EYi 0

(@) O O
0 0 0 06 Ho R  HQ (3.13)
Y h Y ﬁ

The first term(i.e.,—) of T factoris fully contributed by dieTherefore the contribution of

packaging can bebtained by subtracting the first teim——isknown. SinceO and0v are

notusuallyrevealed in papers and the first term usually contributes a poradinof T factor the
packaging thermal performance cesughly be expressed a3 factor. T factor can also be
illustrated as the thermal resistance per unit arba.lower the T factothe better the thermal
performance othepackaging desigrLast but not least, T factean apply to both singlsided

anddoublesided cooled power modules.

i

¥y ¥ v r v

- F 1 5
Semiconductor ! Die

Packaging Substrate

r

Figure3.13: Thermal behavior in gypicalsemiconductor packatg
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Minimizing power loop inductancean mitigate semiconductor device failure and reduce
switching lossMinimal interconnection distance and placing dies close together are two common
ways to reduce inductance. Researchers usually post a couple of nano Henmangudenry
inductanceo express superior packaging desigthoutrevealing the semiconductor information
andcomparinghethermal performance with other works additionto the packaging effedhe
size ofthedie, number of dies, voltage insulation requirement, and deagb@blogy(e.g., vertical
and lateral deviceg)re allstrong parametefer determining thenterconnectionnductance. lis
unfair to make a comparisaf packaging designwithout normalizinghe aboveparameters
related tothe semiconductor dieTherefore, this study propcsa P factor to fairly compare the
power loop inductande lateralpowerdevicepackagingvhich can apply to both singded and
doublesided cooled power moduledincetheficoplanarl 6 ¢ o n f i ¢goa neaized by both ¢ a n
single and multipaddies anddoesnotrequire advancepackagingechniquesthe P factor was
established based dime extreme condition othe singleloop interconnectiononfiguration (no
gap between two diegp a benchmark models shown irFigure3.14.

The P factors definedas

ca Q
0

0"QMO WO EUBI- 'm0 - (3.14)
The0 is the minimum inductance dtiesingleloop flat-plateinterconnection and is the actual
inductance of the modul@he lower the P factor, the better tn@dule designn terms of the
power loop inductanceélhere are three situations of P factor: (1)aetor > 1,representing a
packaging design iaferiorto the P factor modé€br single-loop flatplate interconnection)2) P
factor=1, represeimgapackaging design reaekthe best scenaridtilizing single-loopflat-plate
interconnection(3) P factor < 1representing gackaging design is superior to the P factor
benchmarkmodel (e.g., multloop interconnection).
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Figure3.14: Interconnection configuration ¢fie P factorbenchmarknodel

TheT and P factors are established by nornadjzo the semiconductor device and can be
useful indi@tors formeaningfulcomparisos of thermal resistance and power loop inductance
However,using justone ofthefactors is ingfficient to prove a comprehensive power module
design.As d@orementioned, thdow inductance interconnection and low thermal resistance
structure designs can contradict each other and consedhbetitlyeed tdbeconsideedtogether.
Sincethehigherthe PMFOM valuesas thebetterperformancea PMFOM is defined as

P
0 QOWO EVIQO WO £ |

00 00 0 (3.15)

Equation(3.15) considers mequal weighting for both P and T factors as an example. Designers
can add weighting functions Bquation(3.15) based on the importance of each factor and the
application fields.
According toEquation(3.13) andEquation(3.14), the Tand Ffactorsof the proposedase
studypower module can be calculated as
YQODO Vi 6
N 3 N (3.16)
PP ¥ Tw C TP wd TWUWA T @ a VTw

and
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‘ ca Q
0
™ pm O (3.17)
" S ¢ pHWUL pMa & T p1a&
T p  "OfG @ pTa

T® L X
Due to the multloop interconnection applied in the proposed power module, the P factor is 0.36

which is lower than 1. The PMFOM is calculated as

P o s P
VL OV s —— .
0 QO WO EYIQUOUE |

P (3.18)
& L X TP @ & T

pW w0 d
Chapter 5 will compare the case study module with other lateral device power module® using

factor, T factor and PMFOM
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CHAPTER 4. Investigation of the CommonrMode Currentin Ultra -Thin Dielectrics
4.1 Introduction and Background

The parasitic capacitances inevitably occur in power modules due to the capacitive coupling
between conductors, especially between thyg and bottom conductor layers of insulated
substrates (e.g., DBC and IMS). The bottom conductor ymetabaseplate is usually grounded
for safety concem The capacitances related to the B¥depotential would charge and discharge
in every switcling cycle, leading tsignificantcapacitive current which induces higlvitching
loss andelectromagnetic interference (EMIo avoidtheseadverse impactsninimizing the
parasitic capacitance in power modules is a mMitst.capacitandeetween twgarallel conductor

platescan be expressed as
5 - = (4.1)

whereg is the capacitancg is the absolute permittivity of the dielectric between the parallel
conductorplates, 0 istheoverlapping area of two plateendQis the distancéetween two plates
To minimize the capacitance of a parallel plate capasigecting low permittivity matéals[90],
thickening dielectriclayer, and decreasing theonductor area othe SW electrode[91] are
traditional ways to minimize the capacitannepower modulesDue to the fasswitching
characteristics of WBG power devices @arahdsof ultra-thin dielectrics, the parasitic capacitance
inducedcapacitivecurrent is further magnified and the above methar@msufficient forbeing

in compliance with EMI standard$herefore, bulky and costfiters are common solutions.

An EMI distubance is delivered in two waysonduction and radiation. This study focuses
on conducted EMI propagated through the grounding connection at the bagepatgsink To
capturegheconductedEMI noise,a well-definedline impedance stabilizatiaretwork (LISN)is
requiredfor providing a standardized line impedamt¢heEMI measuremeniheLI SNis set up
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between the power supply andthe equipmentundertest (EUT) for isolating the power supply noise

and only capturing the noise from EUT, as®im inFigure4.1.

EUT
Parasitic
Capacitance
Power Power
supply LISN module _”_ L oad

Figure4.1: Schematic plot of the conducted EMI measurement

The noisscan be decomposed into commmode (CM) and differentiainodg DM). LISN

measurethe noises in the form of voltagéhichcan be expressed as

(4.2)

(4.3)

Wherew andw are CM and DM voltage®r noises)respectivelyw andw are measured
voltageson5@ r es i st o r, asshown ifFigure 4.2LBot8 hbises need to comply with
the emission limitspecifiedin EMI standards. For examplehe International Special Committee
on Radio Interference (CISPRpecifiegshe EMI noise limitsof automotive electronic products
and multimedia equipment in CISPB[92] andCISPR32[93], respectivelyThe frequencies of

interest of the conducted EMI noise limits are usually between 150 kHz to 30 MHz. CISPR 25
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specifies the frequengpectrumup to 108VIHz which isthe highestamong the common EMI
standards. To consider a broader range for potentiatduteamands, this study discusses the
frequency up to 1 GHz.

It is worth pointing out tha€CM noise finds the return path through parasitic capacitance
with respectto the ground and DM noise follows the direstidthe load current. Since this study
focusesonthe reduction of theconducted EMIwhich disturls the neighborhood components
througha groundedpower moduléaseplate (or heat sinlguppressin@M noise is themain

objective in the following analysis.

LISN Power module
l’ ———————————— *\ l’ ——————— y  — T T~ ~
VL
Lo 20U = | e T’ e /2 o—L N "o
i — 1 1$I T
| 0.1uF | | :
| == + : 5 |
|1 500 [ S[Vilcy ! | !
| IDM - 1 : I_ | l
—_ S — I f—d Load
Vii =T .T . | (L 1 (o]
: - : CDC | Cdecap '_ : COut
lluF__ Sho lvz i Bus : I
| — + 1 1 I
' 0.1 | ' T '
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LISN Power module
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Figure4.2: Paths of commaomode (red arrcf\i/av)s) and differentisode (blue arrows) noisé¢s)
Buck converter, (b) Boost converter

In addition toadding commosmode chokegor filters)and slowing down switching speed
for tacklingthe CM noise problemseveraimpedance balancing technicgugereproposed by
splittingthepower inductor into two smaller inductors aaddingadditional passive components
for cancelingCM current.The main conceptis to balance the impedances of two legs in a
Wheatstone bridge and thus the noise sobeteieen two legsan be substantially attenuated
[94]i[97].1 n Cr e e 6 s a plgcalietara gath byraddingan external capacitor between
N electrode and baseplate (or heat sink) can direct CM current back into the module instead of
flowing to ground98]. Althoughthe abovenethods are popular and can significantly reduce the
CM noise, these methods need extra components which limit the power module density and
increase the cosDn the other handhe approaches frothepackaging design perspective are
limited for fastswitching power devices.

Some researchers adoptdtackedceramic substrate structufer transferring the CM

current from the mieconductodayer of the substrate the negativgd9] or midpoint[100] of the
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DC bus capacitors (or decoupling capacitoessulting in 14 to 15 dB noise reductieaving the
module However, these methods were not optimized and were at the expense of thermal
performancecost,volume weight,and extra assembly processes.

Ultra-thin dielectrics are trersdin advanced packaging because of thermal performance
enhancementinductanceminimization and volume reduction This studyfocuses onthe
investigation ofan ultrathin dielectric substrate with an interstitial conductor layer connected to
the midpoint & decoupling capacitor3 he interstitial layer acts as a shielding lajeassist in
CM noise suppressiondiailed impedance anassconstraintgpackaging design guidelis@and

substrate thickness optimization will be discussed.

4.2 Implementation of a Shielding Layer

A half-bridge power module case study is proposed for implementing a CM noise shielding
layer. To becomprehensivall possiblearasiticinductances and combinations of capacitances
between any two electrodes are irdsal Power inductances andlriving inductances are
representedby t © andDd t O ,respectively. The shielding and grounding impedances are
represented by Y and0 'Y , respectively. Regarding the parasitic capacitances, some
capacitances are too small to be considered due to small overlppfaccaslong distances
between twopads. The elimination process of capacitances will be shown in the next section
through a cae study power module for CM noise suppression. The final parasititshe

multilayer substraten ahalf-bridge moduleareshown inFigure4.3.
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Shielding layer

W]

2

Figure4.3: A half-bridge module with a CM noise shielding layer

In addition tothereductionof the CM noise, minimizing parasitic inductance is also critical
for high-performance and higreliability power conversion systemdslherefore, a compact
intelligenthalf-bridge power modulease studyvith minimal insulation and assembly distasice
is proposedThis high-density module at only minimizesinductanceut alsoresults in minimal
pad sizesleading tolow parasitic capacitanseAs a result, this minimal inductan@d
capacitance configuration ensures the highest dofdiastest switchingat theswitching (SW)
electrodgor midpoint electrode in halbridges)andconsequentlgonsiders the strictest scenario

of the CM noise issue.
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In the case study modylevo EPC GaN poweswitches (Part number: EPC22)8a half
bridge gate drivefPart number: UP1966H)o gate resistors, four gate capacitars] ten 0402
MLCC decoupling epacitors are mounted on the tognductotdayer, shown irFigure4.4. In a
multi-layer IMS, aninterstitial conductor layer (or shielding layer) is laminabedween two
120umthick ERCD dielectricsThe sielding layer is connected to the top conductor layer by
blind vias andcovers the pads of the top conductor layer with a minimal &reaninimd
capacitanceA low grounding impedance witmanductance ob nHanda resistance aciOmq
in series connectiowasselectedht the baseplat@presenting an electrically short connection to
ground On the other hand, low grounding impedance leads to a higher CM noise propagated to
GND and therefore this study considers the worst scer@rmosing proper grounding impedance
can suppress CM noig&01], butis notdiscussed in this studyhis stug only focuses on the
packaging design inside the modulable4.1 andTable4.2 show all the parasiticén Table4.2,
theparasiticcapacitances of-B-SW, SWto-N, P-to-G;, and SWto-G; arein parallelconnection
with the power device capacitancease(, Csp=4.3 pF Css=1185 pF and Cps=558 pH. These
parasitic capacitances are several orders of magnitude smaller than device capaocd@aodse
ignored. In addition t@ to 0 , all the othecapacitanceareonlya couple ofL025Farad and thus
arenegligible The parasitic gate capacitandéesand0 are also ignored since these capacitances
are much smaller tham ,0 ,6 , and0 . Thereforepnlyd ,0 ,0 ,andd are considered in the
following analysisThe above process of definingparasitics and preliminary packaging design
can be applietb any power module sictures (e.g.doublesided cooling, die embedding, and
leadframebased packagingnd any topologies (e,dull-bridge and thre@hase circuits) by

extending theanumbers o€lectrodes.
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Signal terminals C )
Gate capacitor

Shielding layer Gate driver

Gate resistor

Power terminals

HS switch
Decoupling capacitor

LS switch Baseplate

(@) (b)

Decoupling capacitor LS switch HSswitch  Decoupling capacitor

Top dielectric Bottom dielectric Baseplate  Shielding layer Via Top conductor layer

(c)
Figure4.4: Thecase studpower module with a CM noise shielding layer (a) 2D schematic, (b)
3D model,(c) side view

Table4.1: Parasitic inductances and resistaringbecase studpower module with a CM noise
shielding layer

Symbol |[Descri|Val ue Descri|Symbol|Val ue

L, iL, Power 0.1 nH{Ground|Liog 5 nH
i nduct i nduct

LT Ly Drivin|0O.5 nH|{Shield|R 2 gm
i nduct resist

L, Shield|0.5 nH{Ground|R; 10qgm
i nduct resi st
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Table4.2: Parasitic capacitane@ the power module with a CM noise shielding layer

Parasitic ((@kpFaci t ance
El ectP N SW ShiellG, G, GND
P 0 - - - - - -
N 0.0010 - - - - -
SW 0.08[0.08]0 - - - -
ShiellC=5.3C=5.7C=5. 10 ] ] -
G, 0.02|0.00J0.0017C=0.4do - -
G, 0.00]0.0030.014C=0.0d0. 0010 -
GND |- - ; C=22 |- - 0

4.3 Simplification and Analysis of an Impedance Network

Doublepulse test(DPT) is a commonly usedtest system to extract the dynamic
characteristics and transient behaviors of power swit@hesmain purpose of DPT is to maximize
the switching speed and characterize the dynamic limitation of power switches. Unlike the Buck
and Boost converters, thewer inductor and output capacitor are optimized for output noise
suppression rather than maximizing the switching speed. Therefore, DPT enables the harshest
condition for evaluating the CMoiseissue and is selected as the test circuit in the following
analysis.

LTspice simulator is the main tool to characterize the CM noise in this dii#ly.has to
be considered in the DBImulation for matching CM noise measurement sgtigwever LISN
in DPT circuitcan besimplified by the process below. Firstiyhe 50 uH inductors and 1 uF
capacitors are employed for isolating the noise coming from power supplyigsee4.2). Since
the power supply (¥) in the simulation is a perfect voltage source and does not generate any
noise, two 50 uH inductors and two 1 uF capac

resistor works as voltage sensorsifiogasuringCM noises (or voltage) as defined irfEquation
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(4.2). Also,the ground current@ ) istwice of théO inFigure4.2. Asaresultc 0 q resi sto

can be ignoreih thesimulationand theCM noise (@ ) can bealirectly obtainedas

0
() O um ~ LTt (4.4)

ThemodifiedDPTcircuitfor the CM noise study is shownkigure4.5.0 and’Y represent
the parasitics between the power supply and the power maithdeGND is connected to two
L | S Ndpacitors§ ) for capturingO . Thefunctions of DC bus capacitod ( ) and
decoupling capacitor®( ) areto decoupéthe adverse effecisduced byd0 and actingas a
local voltage sourc&8he’Y wasselectedas1lq3 based on the critical d
driving loop.The condition waset as500kHz switching frequencynd 50% duty for the LS
switch, and the HS switch wastattheoff statecontinuously The main goals of this study are to
minimize®® (orw ) and establish the design guidebrfer power modulewith a CM noise

shielding layer
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Figure4.5: Doublepulsed test circuit for the CM noise study

, an impedancanalysis is a musthe

full impedancenetwork of the CM noise mode& shown inFigure 4.6. The dv/dt and ringing

frequency of the SW voltageanbe up to dew hundredviHz. Under this frequency levehe

power inductob can be regarded as open circ@imilarly, the DC Bus capacitqrdecoupling

capacitorsand LISN capacitors aregarded as short circuitherefore, the test circuit can be

simplified to the top graph iRigure4.7. Based on the top graphkigure4.7, it can be observed

thatthebranches of HS and LS switches fally in parallel connection with the branch of ground

current. Therefore, tlse two branches argelevant to the quantity 6® and consequenttie

impedance othemcan be ignored. To further simplify tinetwork 6 andd can be combined

aso

. The final simplifiedimpedancemodel andhe simplification procesareillustrated in

Figure4.7. To validate the simplified model, tHi® waveforms of full and simplified models
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are shown irFigure 4.8. With good agreementhe simplified modeis used for tle following

discussion.

Figure4.7: Simplification process for the impedance network of ther@idée model
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Figure4.8: Ground current waveforms of the full and simplified models

It is critical to characterize the ringing frequency (Begire4.9) of the SWnodevoltage
(w ) since it can induce a significant magnitudé®@f at this frequencyThe ringingn w is
causedy theresonanelements composirtge power loop impedance. The power loop impedance
(&) is the lumpsum of power loop inductance (sum 6fO 1 ), capacitors across P and N
(includingd ro ), andoutput capacitance of the switah ( ) in series connection.
Sinced is much smallerthathe capacitors across P and N, obilly andd O are leftin the
power loop impedancé&herefore, thepowerloop impedancen frequency domain can be

expressed as

” T~ ,‘ " " P
(VI Qv )] )] 0] oy
Qo

(4.5)

The power loop impedance reaches minimum at tiesonant frequencyrhe corresponding

resonanfrequency(or ringing frequencydf w in the LC circuit can bebtainedby

0 p p

c% 5 0 0 0 0 c%rm"ol)cpfq"o
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Figure4.9: Switching voltage waveform

Regarding the resonance@f ,itcan be derived from the simplified model, as shown in

Figure4.10. The'Y and’Y are relatively small and thugnored in thgroundoop impedance

. P s P
L T (4.7)
Qo
After furthercalculation Equation(4.7) can be expressed as
¥ P o o ” 0 0 6 n P
Q71 vu o o 1 U — 0 .
& 1 0 10 (4.8)

p 1 0 O 0
Again, theresonance occurs when the impedance reatinimum at resondrfrequen@s
Therefore, the resonafrequency can be obtained when the numerat@opfation(4.8) is zero

and the final equationis

: 3 p (4.9)

AlthoughEquation(49) i s f ourth order, 7 tand derthatdeasoncont ai

Equation(4.9) can be reduced asgjuadratic equation bgubstitutingd=] and shown as
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« o «
5 R (4.10)

(o]
o]
[of k=]

5 (4.11)

50 6 & 50 6 6 T 800

In Equation(4.11), there are two solutions which areando . Thus, the corresponding angular

frequencies () can beobtained as

1 0
1 0
B (4.12)
] o]
1 0

Since negative frequencies are not possible, the resbremuencies of the ground loop are

expressed as

b‘_
"0 il
C
. (4.13)
5
"0 il
C
Using values fronirable4.1 and Table 4.2, the calculated values @@ 1 L 0 ( tand
Q  p&X ( UThe simulatedfrequency spectrums and resohtrequeny peaksof the

circuit in Figure4.5 are shown irFigure4.11 which shows good correlatioh is worth pointing
out that the peaks ® are not only caused by tihesonanein theground loop itself but also
includesharmonics. Thereforgvoidingresonanceamongtwo loops is critical fominimizing
0
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Figure4.10: Ground loop impedance
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Figure4.11: Frequency spectrusof the switching voltage and the CM noise

The other wayf suppressind ismanaging the impedance of thienplified CM noise
model In Figure4.12, the impedances on each branch are simplifigd & . First of all, it is

desired to maximize th@® for reducing the overall capacitive currdi@® ) passing throug
since’O isproportional tdO . Secondly, eithe®d or@® has to be minimizetb divert’'O from

‘O . Lastly, maximized to suppres® . As mentionedn the Chapter 4.2, the proposed

compact power module holds the minimém ,6 ,6 , and0 . It represents thab and® are
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already maximizedand® is already minimizedOnly w is not minimized and may be a solution

for afurther redution of'O . The quantities of each impedance across the frequencies of interest
(150kHz to 1 GHz) are shown irFigure4.13. It can be seen théat dominates theurrentamong

@ to® since tlese impedances are in parallel connectibindicatesthat®w cariesthehighest
capacitivecurrentfrom @, as slown inFigure4.14. Therefore Figure4.15clearly shows that the
shielding layecan effectivelydecrease the CM noig¢e ).

The overall desigrior circuit in Figure 4.5 is shown inTable4.3. However, design only
considesthegeneraimpedance distributiomnd notresonance effects. Sinttee quantities of the
resonanfrequency and harmonics af dictate the impedance distribution of the CM noise
model, the impedance needs to be carefully adjusted for avoiding resonance gilag¢tivieen
w andO . The other approach to tack®@ at its resonainfrequenciesife.,”Q  and
"Q )isincreasing the grounding resistan¥e)( as shown irrigure4.16. However, it may lead
to an ineffective ground connection and thus a higher voltage fluctuation on the baseplate or heat

sink.

CpN = C]_ + C2 /Z—l\
Lo
Cs
v/t

Ry
Cs L1o Ro
>

IGND

Figure4.12: Simplified impedance network of the CM noise model
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Figure4.13: Impedancepectrumesf the CM noise model
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Figure4.14: Frequency spectrums of thapacitive currents the CM noise model
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Table4.3: Designfor suppressingsnp in Figure4.5

Description Sy mbo Val ue Gui del i
SWaseshield cap G, 5.7 pF Mi ni mizi
Shi-eND capadq Cs 22.3 phH Mi ni mi zi
: Maxi mi zi
- C
P/-N&ND capaci b N 10. 4 phH (not sen
Shielding ingd L, 0.5 nH Minimizi
Shielding refg R, 2 gm Minimizi
Grounding ing Lo 5 nH Max i mi zi
. R (control | {
Grounding r ef§g 5 10gm designe
10 R2=10 mQ f 453 MH
—hi= GND_1~ z
100 RI=1 O
90 -
R2=10 Q fonp o= 1.87 GHz
80 —
2 70 ' /
S 6 Y
= 50 M '
= p “ | &
=40 o )t
20| 7 SNl T SN |
20 W '|lJ f A Al ( | | |
| ,'|l .JI
10 " 'Ir fu
0 | 9 "
=10 I
L.LEH05 L.LE+H06 1.LE+H07 L.E+08 1.E+09 LLE+10
Frequency (Hz)

Figure4.16: CM noises of the power modules with different grounding resistances

4.4 Shielding Layer Design

Although the performance can be further improved by incredsing is two ordes

smaller thard across most frequency spectrum and therefopays an insignificant role of

sharing current. On the other hand, increasingepresents larger sutbaste pad sizes for P and N

electrodes which greatly reduce the power denbity.thesereasors, this study intentionally

reduces the shielding layer coverage on P and N electrodafuidnerreduction ofd , leading
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to a larger® . In Figure4.17, type 2(Figure4.17(b)) with theshieldinglayer (yellow)is narrowed

for keeping shielding and power loop inductances miniiffa¢é P and N piaterminal bonding
areas araotcoverednd thugorm parasitic capacitanswith respectto GNRe.g, 6 andd ).

TheO remains the same aid is smallerThe deailed parameters and the test circuit are shown
in Table4.4andFigure4.18, respectivelyFollowing the same conceptdescribed in the last section,
the full immpedance model anichpedance simplificatioprocess are shown figure 4.19 and
Figure4.20, respectivelylt alsoshows a good agreement between the full and simplified models

and thus the simplified model will be used for the following analkgstetermine théO

Not
P

|, Not
covered

covered

(a) (b)
Figure4.17: 2D schematic of the power module with a CM noise shielding layer (a) type 1, (b)

type 2
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Table4.4: Parameters of the CM noise impedance networks

Description Sy mbol Type 1 Type 2
SWMaeshield ca C, 5.7 pF 5.7 pF
Shi-e6®dlD capa Cs 22.3 p 16. 9 p
P/-Ne hicdmpaci Cong €15, 10.4 p 5.6 pF
P/-N&GND capac Cong €.5, 5 - 2.6 pkF
Shielding in L, 0.5 nH 0.5 nH
Shielding re R, 2 gm 2 gm
Grounding in Lo 5 nH 5 nH
Grounding re R, 10qm 10qgqm

Power module

Rs=10mq lem -_____I_—\\
‘ |
Ciu= Cy= |
1.3pF _
CLisv= 2.8pF p : g L=
L= 0.1uF | 1.5uH
100nH _"_ |
|
|
|
CDC Bus™ |
v 1 — __lOOuF (
N —— . —— | |
|
Cs= Ce= | L=
5.7pF | 16.9pF 1 5nH
CLisn= I
LISNT |
0.1uF I R,=
I Omq
|
|
Cy= I
2.8pF
A I P C= :
¢ ® I—o 13pF | |
| I | GND
I CM I i
Lo= I
= 0.5nH -
= GND A | =|enD

Figure4.18: Double-pulsed test circuit of the type 2 power module for the CM noise study
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dv/dt

@su
ap

qF

dv/dt L@Eﬂ I—S

= L 3 Coss

/\CPle Cut+ Cy
<Y> snieg )
L
Sk AR GAL ——"
11
C, Shield

dv/dt
dv/dt Cs
= o

— 5 L
leno GND

Figure4.20: Simplification process for the impedance network of the type 2 CM noise model
(with amodified shielding laygr
In Figure4.21, type 0 represents the module without a shielding layer and type 2 module
holdsa modified shielding layer patterfiheresonant frequencied ‘O can be obtained by the
simplified CM noise impedance model showrFigure4.20and the corresponding ground loop

impedancd® ) is
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QD ] Q0

P Qﬁ) (4.14)
" B p Q0
Q o 0 oiig

Follows the same procedure frdaguation(4.8) to Equation(4.13), the resonant frequencies are
Q  uvpoOa
(4.15)
Q  p&cO0a
Again, the peaks 0D at resonances can be mitigated by increasing the grounding
resistanceThe design guideline for type 2 moddtdlows the same concept mentioned in the

previoussection(computed values ahown inTable4.5). The core concept is managing the

impedancadistribution of theCM noise network for minimizing

110
——Type 0

100 —Type 1
90 ——Type 2
80
70

60

50

40
20

10 \( V \w' \'”i I'H! m‘ ' |

Magnitude (dBuV)

vV

-10
1. E+05 1.E+06 1.E+07 1. E+08 1.E+09

Frequency (Hz)

Figure4.21: CM noises ofifferent power modules
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Table4.5: Design for suppressingipin Figure4.18

Description Sy mbo Val ue Gui del i
SWaeshield cap C, 5.7 pF Mi ni mi zi
Shi-e®diD capad Cs 16. 9 phH Mi ni mi zi
P/-Nehield cap onT ©1% 1 5.6 pF Max i mi zi
P/-N&ND capacilC,35¢C.GC,, 2.6 pkF Maxi mi zi
Shielding inc L, 0.5 nH Mi ni mi zi
Shielding res R, 2 gm Mi ni mi zi
Grounding i ng Lo 5 nH Maxi mi zi

i q control | {
Grounding r ef R, 1 Onq ( designe

4.5 Optimization of Dielectric Layer Thicknesses

The 2D layout of the shielding layer is modified and disedssthe previous section. This

sectionanalyze the z dimension of the substrate stack apd will have key value in new

packaging approaches discussed in the IEEE EPS Heterogeneous Integration R{&dMep

to the trends of small form factor and high thermal performance demands, minimizing dielectric

layer thicknesses is desiretherebre, this study will discuss the optimized thickness ratio of the

top and bottom dielectrics for a minimal CM noise. The objective ismsiilimizing the ground

current (O )whichcan becalculatedoy simplearithmetic operatiosn The impedance elements

on each branch iRigure4.20arereplaced byo to @, as shown ifrigure4.22.
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Figure4.22: Simplified impedance network of type 2 CM noise model

The totalcapacitivecurrent("O) generated at SW electrodan be expressed as

& .
0 S—Rmie P

O

BB P 4.16
® B g P (4.16)

o

)
@

Through the current division principle, the current flowing throtigis

p
% C,%pd% o
"0 "ogt% (% d) pp (;; (4.17)
; E o
Similarly,© (or"O) can be obtained as
B
0 0 gwg (4.18)
A )

By substitutingequationg4.16) to (4.17) into Equation(4.18), the final expression is shown as
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a p O
(@] Y p y
&y w p p oy
o oy ) & 0
& o s (4.19)
o - y
&, %p p T &
aVG & p_~ Pa
® o p
o O ® O 0}

To obtaininsights from the above general equatiofyrhersimplification process igsed
The impedance spectrums of each branch are shokiguine4.23. In automotive anchultimedia
equipment fieldsthe highest specified frequency of conducted EMI limit is at 108 MHizh
will be the upper bounth thefollowing analysis. Firsof all, the first current divisionoccurs
amongw,®, andw @ Ff&O brancheslt can beobservedhatsw sis at least two orderof

magnituddowerthan|w sandgd @ F¥w sand therefor&quation(4.19) can be modified as

P

. P .

oy W (@}

AT

0 w = (4.20)

S P W

W T P&

o 04

In the secondurrent division betweeé andd , X sis at least one order of magnitude lower

thangd s Equation(4.20) can be simplified as

p
0 @ ‘*’p—‘*’ (4.21)

Moreover 90 sis at least one order of magnitude lower tharg Equation(4.21) can be finally

reducedhs
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P

- P
To expresg&quation(4.22)by electrical components, it can describedas
0O w P (4.23)

Equation(4.23) indicates that the lower value 0f0 0 results in a loweiO which is ground
current (O ). Since thethicknesgs of the top and bottom dielectric layersaaffectl , only

the product ofh and6é will be consideredn the optimization analysis.

1.E+06 1.E+06
1E+05 1.E+05
1.E+04 LE+04
1.E+03
—lz1 1.E+03
1.E+02 —IZ3|
N 22| 1 N 1.E+02
LEw0L |Z3+Z411Z5)| i
+ 1.E+01
LEO1 1.E+00
1E02 1.E-01
1.E-03 1E-02
1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09
Frequency (Hz) Frequency (Hz)

Figure4.23: Impedancepectrumsf type 2 CM noise model

The productofh andd can be expressed as
6 0 - - (4.24)

where- is the absolute permittivity of the dielectric mater@l is the overlapping area between
SWand Shieldo isthe overlappingareabetween Shield and G&H"Y and”Y are thicknesses

of top and bottom dielectrics, respectively.dmimize the thickness ratio, total thicknes¥ ic
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assumed to ba constant. Since the thickness of the shielding layer is relatively small compared
“Yand,"Y Y “Yisconsidered as a constraint in the optimizatiogure4.24illustrates all
parameters used in the dielectric thickness optimiza@amsidering the thickness constraint,
Equation(4.24) can be expressed as

S50
O O S — 4.25
6 6 Sy (4.25)

-,0 ,0 , and"Yare all constants. OnlyY is variable To find the optimized thickness, a first
derivative ofEquation(4.25) with respect taY is taken andet to zero,
~ - 00
YN Y (4.26)
ay

By cancelling constants and takitngfirst derivative,

Y Y 4.27
N VY (4.27)
The final solution oEquation(4.27)shows
v (4.28)
C

It indicates that the best thickness ratio¥vto "Y is onefor suppressin@® or CM noise A
parametric study wasarried out for alidatingthebest thickness ratiarhelowestproduct 0
and0 occurs at caseWwhich holdsthe saméY and”Y in Table4.6. Figure4.25 shows that case
5 yields the lowest CM noise under 300 MHz. After 300 MHz, the resonarfceés andO

mix togethemnd designers need to carefully manage thickness and impedance distribuitian.
other hand, ecording toEquation(4.25), i worth pointing outthatdD reaclesthemaximum
when either’Y or Y is equal to'Y. The"Y or “Y equaing “Yrepresents no shielding layer.

Therefore,tiprovesagainthat a shielding layer is needed for CM noise suppression.
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A

v

Figure4.24: Parameters idielectric thickness optimization

Table4.6. Parametric study of type 2 modules with different dielectric thicknesses

Case Ty T Lp Cpni Cpne Cs Ce C: G
(um) (um) (nH) (pF) (PF (PF) (PF) | (PF"2)
1 40 200 0.1] 16. 2.6/ 10.] 17.] 173
2 6 0 180/ 0.2] 11, 2.6/ 11.] 11.]128.
3 80 160/ 0.2] 8.4 2.6 12. 8.6/ 108.
4 100/ 140] 0.3] 6.7 2.6] 14. 6.8 99
5 120 120] 0.4] 5.6/ 2.6] 16. 5.7 96
6 140/ 1200] 0.4] 4.8 2.6] 20. 4.9 99.
7 160] 80 0.5 4.2 2.6] 25. 4.3/ 108.
8 180| 60 0.6| 3.7 2.6] 33. 3.8/ 128.
9 200 40 0.6 3.4 2.6/ 50. 3.4/ 173.

120

110
100

Magnitude (dBuV)
Y - ]
S S &

1LE+6

1EHI7

Frequency (Hz)

LE+08

LE+09

1LE+05

—Case §
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1E+06

1LE+H)7
Frequency (Hz)

1LE+08

LEH9S

Figure4.25: CM noise of type 2 modules with different dielectric thicknesses
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The last parameténatwas nodiscusgdis thedielectricpermittivity, seeEquation(4.1) It
was assumed thahe top and bottom dielectrics a the same material. However, to be
comprehensivandgeneralizedthis studywill discuss the substrate using different dielectric
materialsfor thetopandbottom dielectris. The general form of the equation of ground current
('O ) is shown inEquation(4.19). Defining permittivig asavariable will only affectapacitive
impedance(i.e.,®,®, ®,and® ). To be more specifigsmallerpermittivity leads to a smaller
capacitance and higher impedankga resultjO would approach zero if either tipermittivity
of thetop or bottom dielectriapproachegero.Hence, amallerpermittivity substrateesults in
lower CM noise. Howevethe resonance effect still needs to be carefully considered while

selecting lowpermittivity material.
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CHAPTER 5. Summary, Contributions, and Future Work
5.1 Summary

The thoughprocesses dheminimum inductance interconnection development angalie
pattern optimization are thoroughly described in Chapter 2. To implement and validaitesthe
low inductanceanterconnectiorapplied in an intelligent power module (IPM), a cately ofthe
3D die-stackingpower module is propose@ihetherma) mechanicalandelectrical performanse
are characterized in ChapterRurthermoreT andP factors angoower module figure of merit
(PMFOM) are established as performance indicattbrat can make a fair comparison among
different power module§ he proposed power modigbowcasesuperiofT andP factors anthe
bestPMFOM over statef-art solutiondor lateral GaN power moduleser the pash yeas, as
shown inTable5.1 andFigure5.1.

INFraunhof er [38Atikedaseralponerdobperesultsin avery low magnetic field
cancellation and consequently a vérgh P factor(seeFigure 2.4(d)). Doublesided cooling
(DSC)is a key factor to realize superior thermal performarieading toa low T factor. Chip
embeddingnablsalow power loopnductancgor Pfactor) butmounting decoupling capacitors
and gate circuits on the top of power devibgalesa DSC configuration Thus, t limits most
embedding modulete adoptsinglesided cooling (SSC)United Technologies Research Center
(UTRC)[15] and Virginia Teclf102] achieveP factoswhich isnear to onelue togood practice
of singleloop flatplate structureThe normalized and unormalized performance comparison
are shown irFigure5.2. It clearly shows that unormalized performances can be misleading and
normalized performance indicators are necessary for evaluatiagtina superiorityFigure5.3
depicts the®MFOM value of this work is more than twibegher aghat of the seconglacestate

of-art solution
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In Chapter 4,ie methodologies of implementiritgecommormode(CM) noise shielding
layer and simplifyingthe impedance network arkully discussed. The 2D layout @ndy
directions) and the substrate thickness apéimized for suppressing CM noise. The results

highlight the effectiveness of the shielding layer and design guidelines feswatshing power

modules using ultrghin dielectrics.

Table5.1: Lateral GaN power module performance comparison

Power loop Substrate Cooling
Design T factor | Pfactor| PMFOM structure t%acﬁlr(]%?cl)r;:g/ configuration
1. Fraunhofer |AF (2020) Chip
[88] NA 18.93 NA Lateral embedding SSC
2. X'an Jiaotong University .
(2021)[103] 0.16 1.58 3.93 Vertical DBC (AIN) DSC
3.The University of .
Tennessee (2021)04] NA 2.09 NA Vertical PCB&DBC SSC
4.United Technologies . Chip
Research Center (20185] NA 1.02 NA Vertical embedding SSC
5. Xi'an Jiaotong University, . Chip
(2022)[105] 0.21 2.73 1.77 Vertical embedding DSC
6.Safran Tech (2027106] 0.33 171 1.79 Vertical PCB&DBC SSC
[71'8’2'59'”'6‘ Tech (2023) 014 | 100 | 705 | Vertical Pcagf,\%BC ssC
DualelMS
8. Thiswork 0.16 0.36 17.54 Vertical and power DSC
interposer

12¢12 mmy'

(bottom view)

PCB-cmbedded GaN-on-Si half-brndge (top view)

GaN Ihe

Bus Docoupling Capacitor  Diiver

D:::;'r‘\‘::)\v:d Bcopper Cernmic v
Goe Clprepreg  BGaN IC Solder <2 !
DC- DC+ 1C top-side Ceramic y I
(|g:||\.'|n|c Cu
si high-Side GaN IC o)
low-side GaN IC gh IC back-side Via Cu Pillar GaN Dre Frcagpilant
(entirely Cu)
(a) (b)
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Middle point Controll
| >~ &

Decoupling

- — :
— / Bus capaditor s
DBC Control2 s
Heatsink FET drain/ source
Famer Module Dle ___PC8 micro-vias

/o kg
GaN FET SQubstrate micro-vias
(d)

Decoupling Capacitors
- g~ EEY D - g v
PCB for cmhcdding_. w‘:ﬁt"si:’@j/'
GaN bare dies

Driving circuit

iCeramic Substrate

Sensor Loop

Driver Decoupling Capacitor Driver o S e
—
'« Current Sensor Loop _ Sensor Coll
* Copper-Filled “.[{ - il EE R R — 880
. . - P .- Opm
laser microvias — . > T— _ l _ 2 mi I I m l EI
= bare dies = WP : | ‘ I ,

DC+ SW

s,D,

Fabricated Half-Bridge
Module with a Decap

Decoupling Capacitors

- |
Substrate to Source Path 81 DOC Substrane Substrate to Source Path &
| - J

(9)

Figure5.1: Lateral GaN power module structuresfaunhofer IAF, (b) Xi'an Jiaotong
University, (c) TheJniversity of Tennessee, (d) United Technologies Research Center, (e) Xi'‘an
Jiaotong University(f) Safran Tech, (gYirginia Tech
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Thermal performance
14
12
1.0
0.8
0.6
0.4
0.2 L J
0.0 '
1 2 3 4 5 6 7 8

"Rjc(e€C/W) NA 062 NA NA 041 012 010 117
mTfactor NA 016 NA NA 021 033 0.14 016

(a)
Electrical performance

Value

18.9 —I

35
3.0
2.5
2.0

15

1.0

0.5 ‘ .

0.0 -
1 2 3 4 5 6 7 8

mlLp(nH) 222 074 0.77 043 031 086 112 012
mPfactor 1893 158 2.09 102 273 1.71 100 0.36

(b)

Figure5.2: Power module performance comparigaT factor, (b) P factor

Vaue
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PMFOM
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PMFOM=5
—PMFOM=10
—PMFOM=20

10 2. Xi'an Jiaotong University

Pfactor

O

B 5. Xi'an Jiaotong University
u B 6. Safran Tech

O 7.VirginiaTech

B 8. Thiswork

0.1
0.1 0.2 0.3 0.4 0.5

T factor
Figure5.3: Power module performance comparisothe&PMFOM

5.2 Contributions:

1. Performed comprehensive analysis on ult@-inductance interconnections together with
design guidelines of the optimal metalized pad pattern for lateral power devites.
comprehensive analysis includes all the possddefiguratiors amongdies decoupling
capacitors and interconnectionsThis methodology can bepplied to any type of
semiconduator devices and passive components. The Aadi interconnection together with
multi-padlateral powedevice enables a P factor which is lower than one. This cuatlde
achieved byanyoft he exi sti ng wor é&xtebsi@eslierdtureesrcht he aut ho
2. Implemented ultrdow-inductance interconnection andulti-pad lateral devicena 3D die
stacking intelligent power moduighile considering all the critical metrics (e.glectrical,

thermal, mechanical, manufacturing, and cost aspdtis)propsed modul@erforms the best
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overall performancenthermal resistance and electrical inductance compared with the state
of-art GaNbased power modules.

3. First to propos@ormalized thermandelectrical indietors (i.e., T and P factors) and a power
modaule figure of merit (PMFOM) for measuring therraatielectrical tradeoff and comparing
the overall thermadndelectrical performansof lateratdevicebased power modules.

4. Performed comprehensive analysis @efiningand simplifyingthe impedance ne&tork of
commonmode(CM) noisemodelwhich can be applied to any type of power circuits (e.qg.,
Buck and Boost converterginpedance distribution and resonance management are two core
concepts for CM noise suppression

5. Proposed design guidelinks shieldingayer pattern design, dielectric thickness optimization,
and dielectric material selection aspects for the physical structure of the power nvbdhle
arerarely foundin previous works.

6. Demonstrated and justifia@istrongreasorfor ultra-thin dielectricautilizedin nextgeneration
power electronic packagingf minimizing the adverse effects of coupleducianceand

capaciance.

5.3 Future Work:

1. Extensionof the lowinductance interconnections to thnellti-die per switch configuratian
It is customary to increase the current capabiifyparalleling powesemiconductorsThe

proposed interconnectiomethodology was developdthsed onthe singledie perswitch

configuration.ln Figure 2.19, doubledie perswitch configuratiorcan be achieved bmirror

another pair of 3Bstacking diegn parallel connectioalong the x axisHowever thescalability
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of parallelingthree or more dies increases the complexityut the methodology should be
demonstrated on the more compti& placement and interconnection layout.
2. Application of multiloop structure on verticlgl conducting powesemiconductors

Lateral etvices enable multiple pairs of drain and source electrodes on the same surface and
consequently it is easiéw optimizemulti-loop structurecompared with vertichl conducting
semiconductorsvhich havedrain and source on opposite sides. Therefore, managing multiple
vertical devices can be an opportunity for implemengingulti-loop interconnectiorstructure.
3. Considering electric field metrics of shielding layer design

The triple point is the electriteld (E-field) concentration position whichsually represents
the intersection of conductencapsulananddielectric.The excessivefeld ata triple point
canlead topartial discharge and leakage curnehtle DC or AC voltage load is appliedh&refore,
care needs to be takatthe triple poinivhile selecting materialslesigningpatterns otonductos,

and profiling the zheightof eacHhayer.
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Abstrac® Wide-Band Gap (WBG) power devices have become ening option for high
power applications due to the superior material properties over traditional Silicon. To not limit
WBG devicesd mot her -pedormancepoweadevicagagkagihg salmtionish i g h
necessary. This study proposes a Dotfhitke Cooled (DSC) 1.2 kV halbridge power module
having dual epoxy resin insulated metal substrate (eIMS) for solving convectional power module
challenges and providing a cestffective solution. The thermal performance outperforms
traditional Alumina (APO3) Direct Bonded Copper (DBC) DSC power module due to moderate
thermal conductivity (10 W/mK) and thin (120 mm) epoxy resin composite dielectric working as
the IMS insulation layer. This novel organic dielectric can withstand high voltage (5 kVAC @ 120

mm) and has a Glass Transition Temperature (Tg) off30®&hich is suitable for higipower
applications. In the thermahechanical modeling, the organic DSC power module can pass the
thermal cycling test over 1,000 cycles by optimizing the mechanical piepeftthe encapsulant
material. In conclusion, this article not only proposes a competitive orggased power module

but also a methodology of evaluation for thermal and mechanical performance.

Keywords : Doubleside cooling, epoxy resin composite eietric, haltbridge power module,
power electronic packaging, thermal modeling, thermathanical modeling

[. Introduction

Fig. 1 shows the crossectional schematic plot of traditional power modulad].
Semiconductor devices are soldered on one or more insulatedalaetaieramic substrates.
Insulated substrates are mounted on a thick metal baseplate for better thesadirgpand
mechanical support. In addition, a plastic housing/case is attached to the metal baseplate for the
silicone gel encapsulation. However, high thermal stress would occur at the solder layer between
ceramic substrates and metal baseplate unden#di@yclic loads due to high CTE mismatch.
More- over, the CTE mismatch between substrates and metal baseplate can also cause warpage,
resulting in a cyclic force on bond wir@&2]. To solve the above reliability issues, Mitsubishi
proposed a novel powarodule configuration using a high thermally conductive insulating metal
baseplate (IMB) and epoxy resin encapsulai#foh, 3, 4], as shown in Fig. 2. The IMB is similar
to metal core PCB (MCPCB) or insulated metal substrate (IM&),having a high therml
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conductive epoxy resin dielectric as an insulation layer. It eliminates the solder layer between
insulated substrate and baseplate, leading to lesser potential failure points. In addition, the epoxy
encapsulant can mold all the components rigidly dugigbher modulus compared with silicone

gel and CTE matching with IMBA 1-4]. On the other hand, organic packaging yields superior
reliability due to CTE matching with the organic mainboard. Last but not least, the cost of organic
material and manufacturig more competitive compared with ceramic substi#&$.

Silicone gel

. Case
Wire Lid Chip
— )/'\
e} %}i
Baseplate Solder Ceramic
substrate

Fig. 1. A conventional power module using ceramic substfAtdgs

Case

DP resin J

o
k

IMB  Resin insulator Solder

Fig. 2. A novel power module using an organic IMB and epoxy resin encapplgnt

The main thermal path of conventiopalwer modules is through the baseplate side to air or
coolant. For maximizing the heat dissipation capability of the module, the thermal resistance from
junction to case (bottom surface baseplate) has to be minimized. Common approaches include
using highe thermally conductive materials, increasing the area along the thermal path, reducing
the thickness of low thermally conductive components, enlarging the contact area of
interconnection components, and optimizing the thickness of conductor layers fieghkeat
spreadingeffedd6] . However, these approaches had bee
the rapidly rising demand of power density mainly due to the siidle cooling limitation.

Therefore, to effectively decrease the thermal resistandeubleside cooled (DSC) conceptis
proposed and realized by dissipating the heatto both the top and bottom sides of the power module.
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Several articles indicate a significant reduction of thermal resistance as well as electrical parasitics
(e.g., resisince and inductancfd 7-13]. It not only pushes the heat dissipation capability and
power density to a higher level but increases system efficiency with lower parasitics.

The stateof-art DSC power modules employ top and bottom matd insulated substtes
for a large contact area and planar connection to-sidalsolderable dice, instead of extremely
small contact of conventional bond wires. Some of the DSC power modules have to have spacers
for adjusting the height difference of power devices (engulated gate bipolar transisf¢GBT]
and diode), improving mold flow quality of the encapsulation process, and controlling the
insulation distance between terminals and cooling components (e.g., heat sink and cold plate).
Cooling components can be nrged on two substrates for transporting heat from die to ambient,
as shown in Fig3.

Cooling component

I |
DBC

|
I I I
|

DBC
I [

Cooling component

Fig. 3. The crosssectional schematic of a DSC power module using dual BBfStrates

Due to superior thermal/electrical/mechanical performance and mature manufacturing,
metalclad ceramic substrate, e.g., direct bonded copper (DBC) is the most popular candidate for
high-power modules. Preferred ceramic materials and the physical chatézdeare shown in
Table I[A14]. The 96% Alumina (AO3) is commonly used in conventional power module
substrates due to the low cost. For higher power dissipation, reliability, and electrical insulation
requirements, Aluminum Nitride (AIN) is one thfe best solutions. An AIN has the higherthermal
conductivity among DBC ceramics and lower CTE mismatch to semiconductor deviibes (3
ppmEC) com pared with A}Os. ABB Ltd proposed HiPak IGBT power modules rating from 1.7
to 6.5 kV by employing AINinsulated substrate and Aluminum Silicon Carbide (AISIC) baseplate
for high-power applicationfA 15].

Tablel. Material propeies of common ceramic materials for DRAL4].

Material Thermal conductivity CTE Dielectric strength
(W/mK) (ppm/ ecC (kV/mm)
Alumina (ALQOs) 26-35 6.8-9 10-20
Aluminum Nitride (AIN) 150180 4.36.2 14-17
Boron Nitride (BN) 20-60 0.1-6 40-200
Silicon Nitride (SiNa) 20-30 2.63.6 10-14
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Although many studies have focused on DSC power modules, very limited research focused
onorganicbhased DSC power modules with evaluation of thermal and mechanical performance at
the same time. This study proposesa DSC 1.2 kV SiClirailhe power module applying a highly
thermally conductive Epoxy Resin Composite Dielectric (ERCD) substmt@rove the
ruggedness under thermal cycling test and demonstrates the methodology of-thecimeical
characterization. Moreover, it shows better thermal performance and much lower cost compared
with Al203 ceramic substrate. Previous works proved the feasibility and performancesid®ne

cooled power modules using ERCD substri#elss-18].

II. A double-sided cooled 1.2kV SiC BIiDFET hakbridge power module using ERCD

substrates

A. Bi-directional Field Effed Transistor (BIDFET)

The Bidirectional power switch performs identically in on and blocking states in two
directions (forward and reverse). It can be usedhatrix-converters or cyckzonverters and
multistage inverters to facilitate higihequency swithing of AGto-AC conversionfA19]. A
monolithic 1.2kV/10A SiC BiDirectional Field Effect Transistor (BIDFET) with a dimension
around 1x1 cm is proposed which contains two-3iB power JBSFETsvith a shared bottom
drain. It can functionally work by fouf® pinouts (i.e.G1, T1, G2, T2) on the top surface of the
device. as shown in Fig. fA20]. This paper presents a BiDFHalf-bridge power module by
connecting the T2 of the first BIDFET to the T1 of the other.one

Power JBSFET
Source

JBS Rectifier Power MOSFET

Anode

1] ~ L P.] El

JBS Diode

Accumulation N

Channel

\, Cathode N, Drain /
/_ T1 Gl Power BIDFET G2 i \
T I SiC Power JBSFET - 1 SiC Power JBSFET -2
P e e iy -3 LS PR 2oLy e R
| [ Source Motal ol 1 rr— :
U

I Oxide | Oxide |

: \ wET | arer I JET | srET Al

1| UBS Diode : JBS Diode :
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: I
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Gl G2

(b)
Figure 4. A monolithidi-directional field effect transistg¢a) schematic plot of the css
sectional view, (b) top view of the prototype20].

B. Epoxy-Resin Composite Dielectric (ERCD)

The ERCD material proposed in this study is a mixtuepokyresin, AbOz; and AlN fillers
developed byrisho Kogyo Co., LT[dSee Fig. 5). The epoxy resin is a low thermally conductive
material. Adding the ceramic fillers greatly increases the equivalent thermal conductivity. Figure 6
indicates the breakdowroitage (BV) test setup that is in accordance with IEC 6024tndard
[A21]. The testspecimenisan IMS havingloztop Cu layer, 120um ERCD, and 1mm Al baseplate.
The test results show an average BV of 5.1 kV with a standard deviation of 0.34 kV among 50
specimens, as shown in Fig. 7. For the lbergn reliability testing, the ERCD substrate also shows
good performance under the ther mal a g40nog

test
125eC range with 30 minsowwmé&d.8 ti me for 3000

Metal I

Ceramic
Metal Hllers

Figure 5. The SEM image of a metdhd ERCD substrate.
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In terms of the thermal characteristics, the Glass Transition Temperature (Tg) and thermal
conductivity amk refplclvelC Sircatlte sthn@ard/ginigiger thickness of
ERCD is 120 um, the thermal conductance of ERCD is similar4mil96% Al,O; DBC. A more
detailed comparison will be discussed in the next part. Its properties are shown in Table Il showing
excellent thermal/mechanical/electrical characteristics for WBG device packaging.

Table 1. Material properties of the ERCD material.

Parameter Unit Value
Tg e C 300
Thermal Conductivity W/mK 10
Youngds Mod GPa 53
CTE (h) ppm/ eC 15

Breakdown Voltage kVAC 5@ 12 m

Volume Resistivity q-m 1x 103
Dk - 6.8

Df - 0.009

C. Physical structure

In Fig. 9, two 10.5x 11 x 0.36 mm SiC BIiDFET devices are mounted on the bottom ERCD
substrate. Spacers are mounted between the top ERCD substrate and the top surface of the devices
for enabling thermal and electrical paths. The function of the spaaercigeate room for wire
bonding on the gate pads and insulation distance between pin terminals and cooling components.
The power and signalterminals are located attwo opposite sides for lower crosstalk noise and easier
next level packaging design. Theesiaf the power module is 37 x 31.5 x 3.05 mm, notincluding
terminals. Table Il shows the thickness of each layer. The schematic fabrication process flowchart
is shown in Fig. 10.

Tablelll. Dimension of the DSC power module.

Component Thicknessifim)
4H-SiC Die 0.36
Cu Spacer 1
ERCD substrate Cu:30Z/ERCD:120um/Cu baseplate:0.5mm
Sn89/Sbh10.5/Cu0.5 Die Attachment 0.1
SAC305 Solder Layer 0.1
Epoxy Encapsulant 3.05
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AT

(e)
Figure 9. 3D models and schematics of the DSC power m¢@a).8® model with encasement,
(b) 3D model without encasement, (c) crasstional view, (d) 3D schematic, (e) electrical

circuit diagram.

1. Die and bottom lead frame 2. Wire bonding
bonding (189/ $10.5/ Qu0.5)

ﬁ ﬁ‘

3. Top lead frame and Qu spacer
bonding ($h89/ $10.5/Qu0.5)

5. Encapsulation

Q Q

4. Top and bottom substrates =
bonding ($196.5/ Ag3/ Qu0.5)

[ 4 = " 4
W
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Figure 10. Fabrication process of the DSC power module.
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[1l. 3D Finite Element modeling and thermal modeling validation

A. Steadystate Thermal Modeling

To quantify the capability of power modules to dissipate the heatfrom die to outside, thermal
resistance junctiofio-case Ry) is extracted and it can be expresasd

h

Y

(1)

where theéy; is the maximum junction temperature of the semiconductor devicéasthe

case temperature at the exposed thermal pad of the insulated substr&tes The power loss

passing through the thermal path. Since there are two thermal paths in the-sidall cooled

power module, both top and bottorh will be characterized separately. Taketp(Y ) for

Il nstance, i n the simulation, the exposed the
uniformly and a known heat flow wapplied on the top surface of the device. Thus, all the heat
would only flow from the junction to the top case and the thermal resistance can be calculated by
Eq. (1). Same method for characterizing the botton(y ). In Fig. 11, theed dash line

depicts the heat flow directions for top and bottom thermal paths. It is worth pointing out that the
25eC setting at t he ccanveetivdhsattensfericoefficiel)@pplied o an
at the case together with an ambiemhperatur¢’Y)o f  216cenSiders the worst case when
calculating theY since the infinite h would result in a smallest spreading angle, leading to a
smallest effective area along the heat pR#sides, there is no temperature gradient beteasn

to ambient. It represents that the cooling component on the case is ideal and provide zero thermal
resistanceTo understand the maximum power dissipation capability of the DSC power module,

an equivaleny (Y j )is proposedand is expsesl by

2% . h h (2)

h h

It is crucial that the definition oY ;; is based on having both top and bottom case

temperatures identical (e,§. 5 e C) . HYe jn caer he calchlaed by parallel connection of
Y i andy j . Moreover, the maximum power dissipation{ ) can be furthedefined
as
o (3)

h
where the™Y; iIs the maximum allowed junction temperature of the semiconductor
device. Typically, the values 6¥; for Si and WBG (e.g.SiC and GaN) devices are

150 and 175¢e@®,sr25p€cftovebgth top and bottom
Due to thesymmetrical structure, only half of the model was consideredin the Finite Element
(FE) modeling, as shown in Fig. 12. Considering interfacial thermal resistance between solder and
its adjacent layer is critical in the thermal modeling. Research indibaethe interfacial thermal
resistance of solder or die attachment strongly affects the power dissipation capability of electronic
package$A22-24]. The interfacial thermal resistance can be extracted by transfer line method
(TLM) and the yinterceptse pr esent the interfacial ther mal
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also worth pointing out that the interfacial thermal resistance can be several times of the bulk
thermalresistance of the solderitself depending on the bond line thickness (BLT)latickbmal
conductivity. Silver sintering materials are one of the solutions for minimizing interfacial thermal
resistance due to excellent bonding quality between silver sintering die attachment and bonding
pad with silver surface treatment. To simultite thermal behavior accurately, the interfacial
behavior candt be neglected and must be consi
interfacial thermal resistance at all the solder layer interfaces.

Top thermal path Top case (Teop) Bottom thermal path
cu4 Die
Dielectric Solder 1
cu?
Solder 3 cu2
Spacer Dielectric 1
Solder 2 Cul

Bottom case (T pottom)

Figure 11The schematic plot dieat flow paths.

ANSYS

2019 R2
ACADEMIC

Figure 12. Mesh arrangement of the half symmetry model.
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Figure 13. Thermal resistance vand line thickness of die attachment matefiad2].
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B. Thermal performance comparison of DSC power modules using DBC and ERCD
substrates
This study compared the thermal performance of DSC power modules using dciatiCu
ERCD and Ceclad ceramic (i.e. AD3; and AIN) insulated substrates. The thermal property of
each componentin the module is shown in Table IV. To make a fair and prectigadrison, 15
mil (0.38 mm) of A}O; and AIN DBCs were selected due to standard commercial thickness

options and similar breakdown voltage (based on the dielectric strength in Table 1)-ton120
ERCD IMS. Detailed characteristics and dimensions are sitoable V.

TABLE IV. Thermal conductivity parameters usedhre FE modeling of DSC power module.

Component Material Therm(e\ll;:n? E;j uctivity
Pin Terminal
Spacer Copper 390
Conductor Layer
Encapsulant Epoxy Molding Compound 1
Solderl &3 Sn89/Sh10.5/Cu0.5 60
Solder2 Sn96.5/Ag3/Cu0.5 60
Die 4H-SiC 370
ERCD 10
Dielectric layer Al;Os 24
AN 170

TABLE V. Characteristics and dimensioosCu-clad insulated substrates for DSC power

modules.
Parameter Al,O; DBC AIN DBC ERCDIMS
Dielectric thickness (mm 0.38 0.38 0.12
: Top:0.127 Top:0.127 Top:0.1
Cuthickness (mm) Bottom: 0.127 Bottom: 0.127 Bottom: 0.5
Breakdown voltage (kV) 5.7 5.9 5.1

To understand the most critical layers#6r, the breakdown chart by extracting the thermal
resistance of each layer is provided in Fig. 14. Because of the low thermally conductive dielectric
layer in ERCD and AlDscases, as well as hightire r f ac i al t her mal resi st a
ADielectric 10 | ayer sYg o n,tasshdwnih Eig. 44{ah Thasdthe9 0 % o
power module designers should pay more attentionto these two layers while thinkipgamiing
thethermal conductance. Same concept for the top thermal path. In Fig. 14, it can be found that all
the'Y j is roughly twice theY . Since the spacers only cover 60% of the die area and
there is one more solder layer in the top thalr path, resulting in highéy . Therefore,
eliminating solder layers is one of the future trends, not only because of reducing thermal
resistance, but also the failure probability and complexity of the manufacturing process. Figure
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15(a) indiates that they'
on max. power dissipatiom (j,

of ERCD case is 10% lower than,®; one, leading to 9% higher

capability.p0Osist3& thickeréehan&ERCDe
but the thermal conductivity is only 2.4x of the ERQDaddition though the) j

)

of the AIN

t

h e

case is 68% higher than the ERCD case, the cost is roughly 10 times higher than the ERCD
substrate (see Fig. 15(b)).
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Figure 15. Thermal characteristics and cost compa(adhermal resistance, (b) max. power
dissipation and cost.

C. Validation of thermal modeling

To validate the thermal modeling, a thermal dissipation test was carried. In the experiment,
the module was selieated by inputting a known DC current and the case temperature was
captured by thermocouple (TC). Due to theavailability of theduatsided solderable die and
ERCD IMS with Cu baseplate, this study proposed a sisigled cooled BIDFET halbridge
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power module using wire bond version die and IMS with 1.5thick Al baseplate for validation,
as shown in Fig. 16.

— X e,
e T A e e e A T -

it e e G

(c)
Figure 16. Singlesided cooled BIDFET halbridge power moduléa) schematic plot, (b) un
encapsulated module, (c) encapsulated module.

A fine gauge TC wire (36 to 40 gauge) and high thermally conductive attachment material
(> 5 W/mK) was used for minimizing the TC reading eff25, 26]. Thus, two 38auge (0.1
mm) K-type TCs were selected and mounted on the top case of the modulmbl asount of
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15.7W/mK thermal paste. A 12V DC fan was mounted on the top of theided cooled module
for cooling. Figure 17 demonstrates the test setup and all the equipment.

Thermal meter
(Monitor case temperatures)

Digital Multimeter
(Sense voltage drop of BiDFET)

Power supply
(Input DC current for self-heating)

12V DC Fan

h ’F WAy BiDFET half-bridge module

Figure 17. Test setup of the thermal dissipation experiment.

Although dificult to physically measure the junction temperattivg JESD511 proposed
an electrical test method (ETM) fameasuring the thermal characteristics of packaged
semiconductor devices by using a temperasaesitive parameter (TSPA27]. The forward
voltage drop @) of a diode is one of the most common TSPs. The diode can be specifically
designed into the die or it exists as a parasitic device (e.g. body diode of MOSFET). The concept
IS to capture the relationship of TSP versus temperature foelabng junction temperature.
However, to measure thie of the MOSFET, the heating currei@)(has to be turned off and then
thew measurement needs to start within a few microseconds for preventing temperature drop.
This requires higlspeed sampig digital multimeters and fast higtompliance pulsed current
sources for ensuring accurate measurement. Therefore, for a simpler and reliable measurement,
this study adopts the estate resistanceY( ) as TSP since th& can be measured without
turning off the’O and highspeed equipment. THé is defined as the termin&b-terminal
resistance between P and U pins (see Fig. 16(a)) and the relation¥hipvefsus temperature is
shown in Fig. 18.
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Ron vs. Temperature
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Figure 18. Relationship &¥,,vs. temperature of Device 1.

In the thermal dissipation experiment, a known heating current was inputted into device 1
(left) and the voltage drop was-gitu monitored. The case temperatures and the voltage drop were
recorded once those values were stable and the system reached &wpritibrium. TheY and
generated power can be calculated by Ohmbés | a\
the convection heat transfer coefficieftd (was obtained as 270 W#K by aligning to the
experimentalY. The differences T, between experiment and simulation are o#3y1% and

1.8% for’Y; and"Y;, respectively. The temperature distribution with an input current of 20A and
Joule heat of 17.92W is shown in Fi@. Figure 2G6shows good agreement between experiment
and simulation and validates the steestsite thermal modeling.

101.14
97,24
9%.336 > Devicel ) Device 2
82,433 | -

£85.529
91,625
15721
7817
69,913
66,009

Unit: eC

Figure 19. Temperature distribution of the singi¢ed cooled power module with an input
current of 20A.
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Power loss vs. Temperature
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Figure 20. Relationship of power loss vs temperature ofitigle-sided cooled power module.

D. Thermalmechanical modeling

This section discusses the mechanical reliability of the DSC power modules using different
insulated substrates subjected to the thermal cycling test in accordance with JEBIAZP
condition M thatthetesting temperaturerange$50 t o 150eC and the dwel |
[A28]. The common failure modes of power modules under active and passive thermal cycling
load were well organized, such as wire degradation, solder fatigue, digA2&k30]. In terms
of the DSC power module with spacerinterconnection, itwas found thatthe failure mode occurred
at the solder layer between the spacer and die due to a high CTE mismatch between silicon and
metal[A31]. In this study, several potentialifae points were monitored, and the criteria are
defined as (1) max. principal stress of SiC die < 250 MPa, (2) max. principal stress < 50 and 300
MPa for ERCD and ceramic dielectric (i.e ;85 and AIN respectively), (3) SAC305 fatigue life
> 1000 cycles

Coffin-Manson empirical equatioi\ 32] is widely used for evaluating the solder joint
fatigue life under thermal cycling test in the electronic packaging field. Many researchers have
modified the equation for better accuracy and made it easier to d&uplyexample, Lin et al.
proposed a modified Coffivlanson equation by usingthe range of equivalent plastic strain in one
cycle to predict the solder fatigue lif&33] and was applied in this study. This modified equation
has been validated by some resb$A 34, 35]. The equation can be expressed as

o —V- (4)
wherel is the mean cycles to failure aid is the range of equivalent plastic strain. Frand

— are the constants determined by solder materials—dred— are 0.235 andl.75 for SAC305,
respectivelyfA 35].
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In the numerical modeling, Anandsdoplastic constitutive model was applied since it can
consider both elastoplastic and creep behaviors for SAC305 during the cyclic thermal load. The
flow equation was described ps36]

- bQan — i@, - (5)

where- is the plastic strain ratd,is the absolute temperature, anslthe internal variable.
The evolution equation was described as

[ "Qso6 s o R (6)
where

i© Qo (7)
and,

o p <8

All the material parameters of the Anand model for SAC305 and mechanical properties are shown
in TableVI andTableVIl, respectively.

TableVI. The parameters of Anand model for SAC3B&37]

Description Symbol Value
Initial value of deformation resistat sO 45.9 MPa
Activation energy Q/R 7460 K*
Pre-exponential factor A 5.87x10s*
Stress multiplier , 2
Strain rate sensitivity aftress m 0.00942
Hardening/softening constant hO 9350 MPa
Coefficientfor saturationvalue o ,
deformation resistance IH 58.3MPa
Strain rate ser:/salf;\ljléy of the satura n 0.015
Strain rate_sensitivity of the a 15
hardening/softening '
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TableVIlI. The mechanical properties in FE modeling.

Component Material Yo u(gpg)o S ngfign (pr(J:nTwll_:"C)
Lead Frame
Spacer Copper 110 0.35 17.6
Conductor Layer
Encapsulant Epcoc;% gﬂoﬂgg]g 10-30 0.3 10-30
Solderl Sn95Sh5 50 0.38 22.8
45.7 @40°C
42.2 @-20°C
Solder2 SAC305 gié g gg:g 0.35 21
16.7 @ 125°C
12.3 @ 150°C
Die 4H-SiC 347 0.23 4.5
ERCD 53 0.22 15
Dielectric Al>Os 340 0.22 6.8
AIN 320 0.23 4.7

It is critical to select the encapsulant material with optimal mechanical properties for
maximizing reliability. Thus, this study sets the rangemoflulus and CTE of commonly seen
commercial epoxy encapsulants for 25 cases of Design of Experiment @af)own in Table
VII. Due to the higher CTE mismatch between die and organistgte compared with the
ceramic substrate, the encapsulant is more important for organic power modules to balance CTEs
and manage reliability. The traditional silicone geattprimary function is to provide electrical
insulation is no longer capable of stress management due to low modulus or weak mechanical
support.

The mechanical behaviors in the DSC power module can be attributed to two mechanisms,
including (1) local CTE nsmatch between adjacent materials, and (2) global CTE mismatch
between spacer and encapsulant. The first mechanism can occur at any two bonded materials with
different CTEs, and a higher modulus would exaggerate the thermal stress. The global CTE
mismatchcan result in tensile or compressive stress on dies based on the polarity of the CTE
mismatch between spacer and encapsulant. It can bring opposite mechanical behaviors when the
CTE of the encapsulantis higher or lower than Cu spacer. In addition tidneefife of solder
and the stress of the top and bottom insulated substrates would also be affected by the extent of
global CTE mismatch.

Il n addition to CTE, Youngds modulus is anot
can mitigate the deforation due to higher stiffness. However, it can also yield higher stress
directly at adjacent materials due to local CTE mismatch. Since the mechanical interaction can be
very complicated, this study parameterizes CTE and modulus of encapsulant for ¢icaigdhis
evaluation of the reliability.

The most commonly seen failure points in power modules are monitored and the criteria are
defined. The failure theory can be categorized into two types: brittle failure and ductile failure.
The brittle failure usuallpccurs when the max. normal stress in any direction reaches the max.
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tensile or compressive strength of the material. Thus, the principal stress, which is corresponding

to the max. normal stress at a certain angle, is a proper failure indicator ferrbatgrials (e.g.

SiC, ceramics, and ERCD). Due to the ductile or malleable feature, the ductile materials usually

failin a certain cyclic force orload in electronic packaging, leadingto fatigue failure. For assessing

solder fatigue lifetime, there aneany empirical theories been developed, including strassd,

strain energybased, and straibased prediction models. This study adopted an equivalent plastic

strainbased model for evaluating SAC305 solder fatigue life subjected to thermal cycling test
Aforementioned, there is a huge CTE mismatch between die and ERCD IMS, resulting in a

higher max. principal stress of die of the ERCD type compared with ceramic substrate

configuration, as shownin Fig. 21. However, there is minimal die stress wharcidyeselant has

a CTE of 15 ppm/eC and modulus of 30 GPa. Tl

mechanism dominates the die stress in the ERCD type and the encapsulant material has to be

carefully optimized. The lower CTE mismatch to Cu spacer (CTES87 pp m/ eC) and ¢t}

encapsulant, the better improvement on the die reliability. On the other hand, it shows that the

local CTE mismatch dominates the die stress in ceramic types. Higher CTE and modulus of

encapsulant would only deteriorate the religbof SiC die. Therefore, the design experience of

ceramicbased DSC power modules cannot be applied to ordeased approaches.
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Figure 21. Max. principal stress of SiC @& ERCD type, (bAl.Ostype, (c)AIN type.

In terms ofthe stress on the dielectric layer of the metatl insulated substrates (€ AJ..0s
or AIN in DBC, and ERCD in IM§ it can be found that the optimal points are located in the range
of 15 to 20 ppm/ eC of encapsulBs,nhe Cuspacerand o wn
encapsulant would expand or contract evenly in the vertical direction, leading to small warpage on
both top and bottom substrates. This is exactly the global effect. However, the local effect still
affects the AIN type sincethe minanlk stress occurs at the bar
modulus of 10 GPa.
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The SAC305 is located between the dieandthebott substrate (see fAsol
It is subjected to a large CTE mismatch between those parts. Thus, in Fig. 23, it can be observed
that higher CTE of encapsulant can increase the equivalent CTE surrounding the die for
minimizing the CTE mismatchranaximizing the solder lifetime. In addition, the higher modulus
can magnify this effect. Itis worth noting that the global effect still has an influence on ceramic
types. Some peaks occur at the range mach 15 to
to Cu spacer.
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Figure 23 Fatigue life of SAC30%a) ERCD type, (bAl.Ostype, (c)AIN type.

Each type of power module contains 25 cases of DoE. After the filtering process based on
the criteria established, the optimal properties of encapsulant and its corresponding stresses and
fatigue life among the DoE are shownTable VIII. The first step bthe filtering process is to
screen out the points by the criteria for die, dielectric layer, an@sdlden, for considering the
minimum mechanical effect on the semiconductor device, the optimal cases are selected based on
the lowest Max. principal sgss of die from the passed cases. Although the ERCD type has higher
stress on the die, the solder fatigue life is higher than ceramic types. Itcan be foundthatthe optimal
mechanical properties of encapsulant for the organic and ceramic based powleisraoziguite
different. The encapsulant material has to be separately optimized based on the different
configurations. Also, the CTE of commercial epoxy molding compounds (EMCs) is usualy
inversely proportional to its modulus since the EMC is a mixtdirepmxy resin and hardener.

More hardener results in higher modulus butlower CTE. Therefore, it is difficult to find a high
CTE and high modulus EMC forthe ERCD type power module. This study points outthe potential

demand for high CTE and high modulukapsulants and provides insights for material scientists
to explore epoxy encapsulants.

Table VIII. Optimal properties of encapsulants and the corresponding stresses and fatic

ERCD Al203 AN
CTE of encapsulant
A 20 20 15
(ppm/°C)
Modulus ofencapsulant
(GPa) 30 10 10
Max. principal stress of
die 154 125 131
(MPa)
Max. principal stress of
dielectric layer (MPa) 41 224 220
Solderfatigue life
(cycles) 2078 1624 1396
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IV. Conclusion

Thermal performance and mechanical reliabilityxduble-Sided Cooled (DSC) power
modules are characterized by 3D FE modeling. The thermal modeling is validated through a
thermal dissipation test on a singligled cooled power module that uses an Epoxy Resin
Composite Dielectric (ERCD). The DSC ERCD poweodule shows a 10% reduction on
equivalent thermal resistance junctitmcase (Y ; ) compared with an AD; DBC power
modaule. In addition, the ERCD material costis only 1/3 of the 963 ADBC. In the thermal
mechanical modeling, a methodology £valuation of DSC power module reliability is proposed.

For selecting optimized encapsulants, a set of DOE and reliability criteria are created for three
types of DSC power modules. This study proposes local and global CTE mismatch mechanisms
to elucidde the mechanical behaviors on die, dielectric substrate layer,and solder. The ERCD type
power module passes the established criteria by applying optimized properties of the encapsulant
In summary, the organibased insulated substrate is a replacenaml,O; DBC substrate in
advanced DSC power modules.
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