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Abstract

The nonisolated POL converteae widely usedh computers, telecommunication systems,
portable electronics, and many other applications. These conwegarsually constictedusing
discrete components, and operated at a lower frequency around @OkHz to achievea
decentef f i ci ency at the middle of 8006s %. The p.
capacitors, are bulky, and they occupgoasiderabldoot-print. As the power demands increase
for POL converters and tHenited real estate of the mother board, the POL converters must be
made significantly smaller than what they have demonstrated toldaaehieve these goatsvo
things have tohappensimultaneouly. The first is a significant increase in the switching
frequency to reduce the size and weight of the inductors and capacitors. The second is to
integrate passive components, especially magnetics, with active componemtsalipe the

neededgower densit

Today, thisconcepthas been demonstrated a level less than 5A and a power density
around 306700W/ir by using silicorbased power semiconductoféis might address the need
of small haneheld equipment such as PDAs and smart phones. Howevefaitfrom meeting

the needs for applications, such as netbook, notebooktajesid server applications where



tens and hundreds of ampeegs needed

After 30 years of silicoMOSFET development, the silicon has approached its theoretical
limits. The reeently emerge@aN transistors as a possible candidate to replace silicon devices in
various power conversion applicationGaN devices are high electron mobility transistors
(HEMT) and have higher barghp, higher electron mobility, and higher electuaocity than
silicon devices, and offer the potential benefits faghhfrequencypower conversions.By
implementing the GaN device, it is possiblebtaild the POL converter that can achieve high
frequency, high power density, and high efficiency at threesime. GaN technology is in its
early stage; however, its significant gasr® projectedn the future. The first generation GaN

devices can outperform the statiethe-art silicon devices ih superiorFOM and packaging

The objective of this work i® explorethe designof high frequency, high power density 12
V input POL modules with GaN devices and the 3D integratchnique This work discusses
thefundamentadifferences between the enhancement mode and depletion mode GaN transistors,
the effed of parasiticson the performance of the high frequency GaN POL, thée8Bniqueto
integratethe active layer with LTCC magnetic substrate, and the thermal design of a high density

module using advanced substrates with improved thermal conductivity.

The hardwaredemonstrators arevo 12V to 1.2V highly integrated 3D POL modules, the
single phase 1® module and twophase20 A module, all built withdepletionmode GaN

transistors and low profile LTCC inductors.
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Chapter 1. Introduction

1.1. Background of Point of Load (POL) Converters

The Point of Load (POL) converters are becoming more and coonenonin everydaylife;
the range of applications is from the small handleddattronics likesmart phones, GPS to the
laptop and desktop, to the large size systems like telecom and server as shown in Higsg.1.
POL converters conveftom a 3.3 V, 5 V or 12 V power rail down to a processor core voltage.
As the Moor eds | awand pansstbis courdsdof thetploeessa pgassrd

significantly, the power demands of the processorla@s@ been increasstynificantly[1][2].

POL

Cellphones Gt

—

Laptop Desktop

Solid-state Drive

Fig. 1.1: Applications for POL converters

In 1997, CPES proposed the mytthase voltageegular(VR) to powerthe new generation
1



of microprocessors with improved efficiency, transient performance, and power da}jgiip].
Todayods e v aesrpgwerpdwith one sfshese mup hase VRO s. The desi
with each phase providingl®b-25A current. The number of phases (modules) increased from 1

to 810 phases since the microprocessor damandup to 180A currentThese VRsaremostly
constructedvith discrete components and built on the motherbdardrder to achieve aircuit

efficiency at the mieB 0 6 s %, t is operatedatr aclawer tfrequency around 2600 kHz.

The passive components such as inductodscapacitors arbulky. Theyoccupya considerable

foot-print on the motherboardFig. 1.2 shows a server motherboard with lotsvés populated

on board. Thes¥Rs occupyabout 30% ofootprint of the motherboard.

-
[ —————————

Fig. 1.2: Server motherboard withR& on board
With the current trend of reducing the size of all formgoftablecomputingequipment

from notebookto netbook, increasing functionalities of PDA and smart phaesvell as the
2



increasing use of cloud computing instead of a more traditioetwork based computing, the

high power densityhigh efficiencyWRs are demanded

Recently,the industry leaders such as IBM and Cisco are promoting the idea of replacing
these embedded VR solutions with plugph modul es, namel| gavefh ower
motherboard real estate for othmitical functions.Fig. 1.3 shows the power blocks products
from GE and Delta Electronics Inc. that cover the current range from 3 A to 40 A. These power
blocks contain all necessary power components, such as pow&FEIS and drivers,
input/output capacitors, output inductor. They are designed to work with either digital or analog

controllers located on the mother boargtovide maximum flexbility for system configuration.

20A

20A 40A
(a)
Fig. 1.3: Power blocks fronfa) GE and (b) Delta Electronics

However, these power blockse all working in around 400 KHz ~ 500 kHz range. The

magnetic component occupies significant amount of volume, limits the power density. To

3



address the future demand of high power density poveglules,h e s e fApower bl ocks

made significantly smaller than thegve been demonstratexidate. To achieve these goals two
things have tdappensimultaneously, one is a significant increase in the switching frequency to
reduce the size and wét of the inductors and capacitors. The second istagratepassive

components, especially magnetics, with active componentatzethe neededpower density

[61[71[8][9].

1.2. State-of-the-art POL Modules

Todayds POL mthea types as ishownl i Biggdl.The first type is the
integratedPOL usingsilicon-based power semiconductomhich addresss the need of small
handheld equipment suchs PDAs and smart phoneghe power density caachieve700 ~
1000 W/irt. Howeverthe current isusually less thalBA. The second type is goackaged POL
module usingbare dies of power device and driver packaged withdiscrete inductor and
capacitors. Th cepackaged POL converter can provide 5 ~ 20A output current withaiver
density is around 200 ~ 500 WiirThe third type ishe discretePOL module whictis built with
all discrete components on a PCB board. These modolesthe output current rage of 5 ~ 40

A with a much lowepowerdensity of 50 ~ 200 W/
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JF= Fuiji Electric Device Technology Co., Ltd.

Co'il Terminal
conductor

Fig. 1.5: Fuji FB6831J integrated POL module
Fig. 15 shows a fully integrated POL module from FHjectric Device Technology Co.,
Ltd., with 5 V input voltage an&00 mA output currenf10]. It is built with a silicon control IC
on a ferrite inductor. Theperationfrequency is 2.5 MHz, which makes possible for the inductor

to be small enough to be placed the back of IC as a substrate, whids definedas 3D
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integration.

L LINEAR ‘ ’
LTMU627V
NS LINEAR
NB5U25 B1007MY TECHNOLOGY

(@) Intersil ISL8201M (b)Linear LTM4627
Fig. 1.6: X-ray images for cgpackagedPOL moduls

Fig. 16 shows theX-ray images for twal2 V inputco-packaged POL modules with higher
outputcurrent. Fig. 16(a)is Intersilds | SL82 01 M P OLA ootputcurfeetat6@0 t h 10
kHz operation frequencjdl]. Fig.16( b) i s Linear Technologyés LTM
A output currentat 780 kHz maximum operationdquency[12]. In these modules, the active
barediesarewire bondedo the substrate; thdiscreteinductoris placednext to thesilicon dies.

The inductor still hasarge physicalsizewhich impacts the modubepower densitydue to the

relativelow operationfrequency.

At higher current level, the POL modulage usually builvith all discretecomponents and
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operating at much lowdrequencyFig. 17 shows a 12 V20 AdiscretePOL module from Delta
Electronics, INC[13]. With a 500 kHz operation frequencyit requires a large sizeductor,

therefore, itpowerdensity isless thar200 W/irt.

Fig. 1.7: DeltaDCL12S0A0S20NFAdiscrete POL module

In a sum, the integrateBOL module has the highesperationfrequency, significantly
reduces the size of passive componehénceit has the highesbower density. However the
output current idow. The cepackaged POL module increases the outputent however,the
powerdensity suffers from the digete inductor. ThdiscretePOL module has the highest output

current, but the lowegtowerdensity because df all discretestructure

The objective of this thesis is tesignthe high current, high efficiencyi2 V inputPOL

modules, with 3D integraion of the output inductor to increase fimverdensity.

1.3. 3D Integrated POL Module

In order topenetratehe barrierto highpowerdensity which can be seen in themackaged

7
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modules in Fig. 1.6(a) and 16(b), the modulessolumeis dominated by the disete inductor.
The 3D integrationapproachshould be considered to improve the module power density
[16][17]. As shown in Fig. B, theconceptof 3D integration is tantegratethe active layer on
the lav profile inductor substrate tproducea small footprint, low profile verticastructure
solution. The3D integration allows forfootprint saving and full space utilization, which

significartlyi ncr eas es f{pdwerdensiynverter 6s

& /5

Active Layer

Inductor Substrate

Fig. 1.8: Conceptof 3D integration

13 TEXAS =
INSTRUMENTS ENPIRION

Fig. 1.9: Industry 3D integrated POL modules from (a) Ti and (b) Enpirion
This 3D integrated conceptis beeradopted by few industry companies. Fig. 1.9 shows the

3D integrated POL modules from Ti and Enpirid4][15]. With the 3D integration technique,



these products have high power density. Howether,output current of theg@oductsare all

less than B\. Output current level has to be pushed to meet the increaesmegr demands.

Lots of practices of 3D integrated POL moduhese been demonstrated CPES[16][17].
Fig. 110 shows a 3D integrated high power POL module developed in Z0@active layer
was builtby MOSFETdies, driver, and control IC that mounted on the AIN substiidte.AIN
DBC substrate is employed as the Hm@derto improve the active stagethermal conductivity
and modulethermal performancelhe LTCC inductor with the silver paste windirgadopted
for the low profile inductor substrate. This POL module worked at 1.5 MHz operation frequency
The maximum output current is 15fAr a 5 V to 1.2 V conversion, the power density can

achieve300 W/irt.

Ref:Qi ang Li, Fr ed CceDdnstelowii ldif gh el ncdhdatcamr Structure for |

Fig. 1.10: CPES 3D integrated POL converter
In 2008, a further improvement in power densiigs realizedy implementing thenverse
coupkd two phaseinductor [18]. The inversecoupled LTCC inductor can save 50% of the
footprint comparing with a nenoupled inductorWith 1.5 MHz operationfrequency and 40A

output current, thisntegratedLTCC verticatflux-coupled inductor POL converter module

9



achieves 500W/if power desity as shown in Fig. 11. All these modules have an order of

magnitude higher current than the industry products.

Ref:Yan Dong, Al nvest i g a-tnductor BuokiCorMartérg in Aoiofd 9@ dC Ap pll e d¢ Rissdrtations2609.7
Fig. 1.11: CPES two phase 3D integrated POL converter with coupled inductor

Although these 3D integrated POL converters improved the output current and power
density, the input voltage and the maximum operation frequemese limited by the
performance of Silicon devicefn order to keep pushing thaperationfrequency and power

density, new technology has to be adopted to reptecSilicon devices.

1.4. Gallium Nitride (GaN) Transistor

In the past decadesIOSFETs have become thgower device of choice for many
applications.From planarHEXFETsto Trench FETs anduperjunction FETs, silicon based
MOSFETs have madedramatic improvemenh figures of merit FOM9) to effectivelyservein

a variety of applications.
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Fig. 1.12: Semiconductor device technologies

Fig. 1.2 shows theoperationfrequency andcurrent range for different powerdevice
technologies. Th¥ DMOS is usually usedfor applicationswith a voltage greater than 30 V. For
the low voltage application§renchMOSFETandlateralMOSFETare twowidely usedsilicon
devices.For the 30 V applications, the Trench MOSFETaisore popular choicbecause it is
usualy operating at less than 600 kHz with 25A curréitie lateral MOSFETis more suitable
for lower voltage (< 20 V) ankbwer current (< 10 A) applications and it is capable of running at
ahigher frequency> 1 MHz)[19][20]. In 2007, Ti introduced thiateraltrenchMOSFETwhere
it can bebestused at a voltage range from 15V to 25V ancuaentlevel similar to a trench

MOSFET Its FOM is almost half of todaytsesttrendh MOSFET This newcomer, laterdtench

11



MOSFET has some potential thll this applicationgap betweenlateral and trench devices.
However, none of these devices is suitable for higher frequency (>5Mldher current, and
high buck ratio applicationsln order to achieve highepower density with an operating
frequency approachinggBOMHz and acurrentreaching 2040A level, a new device has to be

developed with a significant improvement in its figure of merit.

1000
LISi Limit | *

100

10

*
oYe **
0.1 e H | |
*Ref: N. lkeda et.al.
ISPSD 2008 p.289
0.01 ‘ * Ref: IRF APEC2011

10 100 1000 10000
Breakdown Voltage (V)

®Si @ EPCGaN * IR GaN N Transphorm GaN

Limit [

Specific On-Resistance (mOhm-cm?)

Fig. 1.13. Comparison of Si and GaN spkcion resistances.

Therecently emerge@aN transistorsas a possible candidate to replace silicon devices in
various power conversion applicationGaN devices are high electron mobility transistors
(HEMT) and have higher barghp, higher electron mdlty, and higher electronelocity than
silicon devices, and offer the potential benefits for high frequeymyer conversions. By
implementing the GaN device, it is possiblebtaild the POL converter that can achieve high
frequency, high power densitypé high efficiency at the same time. GaN technologyiilin its

early stage; however, its significant gaare projectedn the future as shown in Eig13 [23].

12



The first generation GaN devices can outperform the -sfatee-art silicon deviceswith

superiorFOM and packaging.

Table 1.1: Parameters comparison between GaN and Silicon devices

4“\
EEECELEY d PowerFLAT
nnoann

EPC 1015 s S

40V Enhancement GaN g S
40V Silicon

Rds (on) @Vgsmfy) 3.2 3.1
Qg (nC) 10.5 45
Qgd (nC) 2.2 14
Ciss (pF) 1100 5900
Coss (pF) 575 870
VGS (V) -5~+6 -20 ~ +20

The parameters for the staikthe-art ST Microelectronic0V silicon MOSFET[21] and
the first generation 40V enhancements GaN transatrcomparedh Table 1.1.Both devices
have similarRds(or). However the GaN transistor only has Y footprint of Silicon MOSFET
The Qg, Qgd, Ciss, and Coss of GaN transistor are much lower than the SI@SRET,

thereforeGaN transistors suitable for high frequen@peration

1.5. Thesis Outline

This thesis mainly focuse on exploring the high efficiency, higbower density POL

13



modulesdesign The GaN transistorareutilized to pushto high operation fragqency, reduce the
passive components size; the active layer and LTCC inductor substrate amee@@tedto

improvethe powerdensity.

Chapter 1 gives an introduction of the research background.

Chapter 2 givesan introductionof the current GaN technolag, the advantages and
limitations of depletionmode and enhancement modgaN transistors, andonsiderationsof
utilizing the GaN transistors in high frequency POL converter deftigiiso addresssdriving
the GaN transistors, the detwhe loss for tk GaNbased buck converter, the maximum

operation frequency, and the impactlod packageand layoutparasitics

Chapter 3 discusses the module structure desigmmdétieodof reducinglayout parasitics
the shieldlayer implementation, the PCB substrdesign thermal management with advanced
DBC substrate, the integration of the low profile LTCC magnetic substrate, and tiphase

interleaved moduldesign

Chapter 4 provides the thermal cyclitestand thermal performance evaluation results for

thedesignedsaN POL modules.

Chapter 5 provides summaryof thisthesisand proposes some future work.
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Chapter 2. Utilizing GaN Transistors in High Frequency POL

Converter Design

The GaN transistor offers thleapability of high frequencyoperationwhile maintaining the
high efficiency. Currently, for low voltageoint of load application, there are two types of GaN
transistorsavailable on the marketthe depletion mode GaN transistors from International
Rectifier (IR)[22], andthe enhancement mode GaN transistors from Efficient Power Conversion
Corporation (EPC)23]. This chapter willgive anintroductionfor the current GaN technologies
the advantages and limitatiod these two types of GaN transistp andconsiderationof
utilizing the GaN transistors in high frequency POL converter dekignll alsoaddressriving
the GaN transistors, the detwhe loss for the GaNbased buck convertethe maximum

operation frequency, and the impactioé packageand layoutparasitics

2.1. Depletion Mode and EnhancementMode Low Voltage GaN
Transistors

Both of depletionmodeand enhancement mo@=aN transistorgrelateral devices. Fig. 2.1
and Fig.2.2 showhesimilar structure for these two devicg24]. In both of these two structures,
athin layer of Aluminum Nitride (AN) is grownon the silicorsubstrateand therGaNis grown
on the AIN An ultrathin AlGaN layeris then grownon top of the highly resistive GaNhe

interfacebetween the GaN andiGaN crystals layers creates a two dimensional electron gas

15



(2DEG) whichis filled with highly mobile and abundant electrofi@5]. The conduction channel
betweensource and drain electrodase formedwith the underlying 2DEG. To turn off the

channel theelectrons havéo be depleted.

AlGaN

Two Dimensional
Electron Gas (2DEG)

Aluminum Nitride
Isolation Layer

Ref: EPC “Gallium Nitride GaN Technology Overview”
Fig.2.1: Structure for depletiomode GaNransistor

Field Plate

AlGaN

Protection Dielectric

Two Dimensional
Electron Gas (2DEG)

GaN Aluminum Nitride

_4_ o

Ref: EPC “Gallium Nitride GaN Technology Overview”

Fig.2.2: Structure for enhancememinde GaNransistor
In depletion mode GaN transistar,gate electrodes plac&l on top of theAlGaN layerin
order todepletethe 2DEG Thegate electrodes formedas a Schottky contact to the top surface.
Whenapply a negative voltage to this contact, the Schottky barrier becomes reverse biased and
the electrons underneatlte defeted Therefore, in order tturn this device OFF, a negative

voltage relative to both drain asdurceelectrodess needed

16



In enhancement mode GaN transistbe gate electrodes designedo form a depletion
region under the gatéddditional layersof metalare addedo route the electrons wate drain,
and source terminaldo turn on the FETa positive voltages appliedto the gate in the same

manner as turning on anramannel, enhancement mode poWE)SFET

IRG depletionmodeand EP@ enhanement mode GaN transistdiavethe samelinear
Grid Array (LGA) packageas shown in Fig2.3. The devicas mountedas the bare die with the
underneath metalized bumps. The drain and source g@adsnterleavedo minimized the

parasitics

dsdsds d

d s dsds dsd

(a) (b)
Fig.2.3:LGA package for (a) IRlepletion mode and (b) EPC enhancement mode GaN
transistors

The most noticeable difference between these two types of devices is that the enhancement
mode GaN is anormally off device it requires a positive voltage tarh on, whereas the

depletion mode GaN isreormallyon device it requires a negative voltage to turn off.

Fig.2.4 shows thé-V curvesfor IR& 30 V depletionmodeand EPGs 40 V enhancement
mode GaN transistors | R OtmansiG@aidNon with OV gatevoltage it needs aegative3.3V

to turn offwith the threshold voltagat-2 V [26]. The Rygon) Of this transistor i2.5 nq, and he

17



figure of merit (FOM) is 30m gk C. E P C 6 ¥ GalNQdevice requires a\6 gate voltageo fully
turn on, and OV gate voltagdo turn off withthe threshold voltagat 1.4 V, The Rygon) Of this

transistor is 3.2nq, andthe FOMis 40m gAC.

30V Depletion Mode GaN 40V Enhancement Mode GaN
60 — 60
Vgs = OV ’ -1.5V I V=5V [/ av 1
Device On i

40 | ! 20 i Device On
- - — | —_
NS Rds(on) =2.5mQ < Rd's(on) =3.2mQ
T 20 20
g 5
S VTH = '2 V -2V =
O o 8 0
£ Vgs = -3.3V - Vs = 0V
‘5‘.’ . Device Off g » Device Off
|

[
%)
<L 1 | 3,
11 | I v
-60 | | -60
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Vs — Drain to Source Voltage (V) Vs — Drain to Source Voltage (V)

Fig.2.4:1-V characteristics folR& 30V depletionmode andEPG3s 40V enhancemennode
GaN transistors.

From the 4V curvesof these two devicesadifferentcan be found between GaN transistors
and silicon MOSFETs: when these devices working inthimel quadrantGaN transistors have
higherreversevoltagethan silicon MOSFETSUsually thereversevoltage for siliconMOSFET
is about 0.7V, which is the forward voltage of body digdis reversewill not change much
with the increasing curren®When comparinghe depletiormodeand enhancement mode GaN
transistorsthe reverse voltage is about M3or the depletion mode GaN transistor, it is smaller

thanenhancemennode GaN, which is abott4V at no load, and ¥ at 10A.
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2.2. Driving GaN Transistors

Fig.2.5 shows thegatedriving characteristicfor IR® depletionmode transistor and ERC
enhancem@t mode transistof27]. EP C6 s e n h a n dGaNntemsistor ra® aldestinct
property in the devicdats maximumgatevoltagelimit is -5 to 6V. An over of this6V limit will
damage the devicadowever, his enhancement mode Gabhl designedo achieve optimum
performance with a gate drive voltage around 5V, which leamesxtremey tight margin for
safe operation. Therefore,careful gate drivingdesignmust be considered tanit the drive

overshoot for the enhancement mode GaNsistors

| R depletionmodetransistorhas a maximum gate voltagem -10V to 6V. It does not
encounterthe over voltage issue sinceistdrivenon at 0V and driven off at3.3V. There are
plenty of margins for tuning oand oft Therefore, deplein mode GaNransistos offer a much

safer driving than the enhancement mode @aNsistos.

Resistance vs Gate Voltage
3.5
S s Safe Operation Device
c =
2 Enhancement | Failure
2]
B 2.5
QO
o 2
o .
8 15 Depletion
©
€ 1
]
Z o5
2 1 0 1 2 3 4 5 6 7 8 9
Gate Voltage (V)

Fig.25: Gate driving characteristics of GaN transistors
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Since there israextremey tight margin for enhancement mode GaN transistor to be turned
on, spedic methods have to be implemented in the driving ciréuist of all, the power supply
for the enhancememhodedriver should bewvell regulated. For the silicoMOSFET, since the
gate drive voltagés usually +f 20V, theconventionabias power supply dr silicon driver can
comefrom a loosely crossegulatediransformer windingHowever, it is nosuitableanymore
for the enhancement mode GaN transig&8]. As shown in Fig.2.6, &V LDO should be
implemented in the power sugpdircuit whichcanregulatethe supply voltage from aavailable

higher voltage rail, a transformer windiray directly from the unregulated input voltage

VIN

A higher voltage rail 5V
A transformer winding LDO
An unregulated input voltage =

Fig.2.6: Power supply for enhancement mdgaN driver

The powerdissipationfor the LDO can b calculated from the below equations:
O v Q (2.1)
0 W vw O (2.2

Where }, is gatedrive currentQy is the total gate chargh,is the operatiorfrequency,and

Vi maxis the input power supply voltage.
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When driving enhancement mode GaN transistors, angitwiem is thehigh reverse
drainto-source voltage/sq, and the reverse voltagecreases with increasing curreit/hen
implementing the enhaement mode GaN transistor in a synchronous Buck orbhidife
converters, this high reverse voltage causeserousproblem in driving ahigh side GaN
transistor Fig. 2.7shows theconventionalgate drive circuit using thbootstraptechniqueto
drive the high sidé=ET in a buck converter. When the I@ide FET is turnedon, the bootstrap
capacitoris chargedy Vcc via the bootstrap diode. Then, the charged bootstrap capacitor serves
as the bias supply for the high side driv€his tecmique works wdl for driving silicon
MOSFET, when this techniqueis appliedto a GaNtransistor the bootstrap capacitovill be

chargedo a voltage/ .0t Whichis mainly determinedy:
) W w W (2.3)
Where \&¢ is thedriver bias supply voltage, Mhe forward voltage dropn the bootstrap
diode, and Vy o2is thelow sideFET reversedrainto-source voltageWWhen \ecis 5V, andVe is

0.7V, sinceVsq goWill increasequickly with the load current, th€ oo Will also increasequickly

to exceed the maximum &dtinganddamagehe high sideGaN transistor.
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Fig.2.7: Bootstrapcapacitor voltage for enhancement m&eN driver
In some applicationan external diodés addedto parallelwith low side GaN transistqrto
reduce the reverse voltag¢owever, it is not a effectivesolution to preventhedriving problem
because charging the bootstiggpacitor completes in less thamea tens of nanosecondBhe
lead inductance of the diode wdlgnificartly reduce itseffectiveness of clamping threverse

drainto-source voltageluring this short periad

To overcome all these problems, the gate driver should be dessgeedically for the
enhancement mode GakansistorsFig. 2.8 shows the first released enhancement mode GaN
transistordriver by Texas Instrumenf29]. It has annternalgate drive voltage clamp blockhe
high side FET gate voltages clanped at 5.2V to preventthe over voltage driving.In the
meantime, théurn on resistersre builtin the driverto reduce the switching ringingss shown
in Fig. 2.9, increasing the gate resistance will reduce the gate voltage spikes to prevent

overvoltag damage, dwever, theturn on resisters purposely slow down the switching speed
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The turn on time is 10 u®r 1.4 ohm gateesistancgit increases to 20 ufr 2.4 ohm gate

resistanceThereforethe maximum operatiofiequencyis limited by the turn orresister

HS
- VDD T
|| L
A-m==== ~T>
uvLO : :
LOH
U - —|—D_E oL i _lE
M K\ — Y
—b 'ﬁ‘ VSS
=
Fig.2.8: LM5113:first released enhancement mode GaN FETs gate driver
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Fig.2.9: Gate signals with different gate resistance

Fig. 2.10 shows the block diagram for the depletion mode GaN driviere $here is plenty
of marginsfor driving thedepletion mode GaN transistéhe driver does nateedthe voltage
clampblock to prevent over voltage driving, neither then on resistergso slow down theturn
on transition As shown in Fig. 2.11, the turn on transitiime is only 3 US. Thedepletion mode
GaNtransistorswitches much fasteéhan the enhancement mode Gaahsistor That means the
converter built with depletion mode GaN transistor can operate at higher frequency than the

converter built with enhancement GaN transistor.
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Fig.2.11: Gate drive signals fatepletion mode Galansistos

On the other hand, the depletion mode GaN transistar normally on devicewhen no
drive signals applied to top andttmm GaN transistors, both of them are on, the input source is
shorted through these two switches. To prevent the short through issue, a switch is usually placed
in series of input sourcas shown in Fig. 2.12This switch remains off until the drive sidea

have been applied to the GaN transistors
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Fig.2.12: Buck circuit with switch in series of input when using depletion mode GaN

[
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The depletion mode GaN transistor requires a negative voltage to turn off. Therefore, both
positive and negative biaswer suppliesare neededor the driver.A level shift circuitis also
neededor input PWM signas as shown in Fig. 23 This level shift circuit shifts the 0 V ~ 5V
input PWM signal toi 3.3 V ~ 0 V then send& to the driver. The driver generatéso
complementaryupper gate drive (UGD)nd lower gate drive (LGD) signals for top and bottom
switches as shown in Fig. 2. 14l thesecircuit requirementincrease theircuit complicity for

driving depletion mode GaN transistors.
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Fig.2.13: Application £hematic for depletion mode GaN driver
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Fig.2.14: Drive signals for depletion mode GaN driver

2.3. DeadTime Loss when Using GaN Transistor as the Synchronous
Rectifier

Although the GaN transistors have similar switching characteristics with sSNEOSFET
switches, there are differences between GedWsistos and siliconMOSFET. One man
difference is that a GaNansistordoes not have a butith body-diode. When implementing both
of these twadevices as the synchronous rectifiers, they are wotkitige third quadrant during
the deadime. In a synchronous buck converter, theadtime is definedas the transitiotime
when both top and synchronous rectifier devaesturnedff. The deaedimeis usedo prevent
the simultaneous turn on for bodlevices which will cause shoot through that can significantly
decreasehe efficiency even damage the devicd3uring the deadime, the current freewheels

t hrough t he TBhR deseintetmssig givenby d e .
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Where \kp is the voltage drop across the SR during the dead turns,the output current,

tpr IS thedeadtime, andfs is the operationfrequency.
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Fig. 2.15: (a) Synchronous Buck converter, (b) Detithe for SR
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Fig.2.16: Deadtime operatiorfor (a) silicon MOSFET(b) enhancement mod&aN transistaqr
and (c) depletion mode Gakansistor

Fig.2.15 shows a synchronous Buck converter, whien SR works irthe deaetime. For the
silicon device, the channel is afiuring the entire deatime. The reverse current chagythe
output capacitofirst. When the output capacitepltageis charged to theoltageof the internal
body diode, V, thebody diode turnsmand conducts the load current as shown in Eitf(a).

Thereversevoltage between drain tourceis the body-diodeforward voltagewhich is0.65 V
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at no load, an@®.7 V at 20 A full load.
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Fig.2.17: Third quadrant-V curves for (apnhancement mode Gaid (b)depletionmode
GaN transistor
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However, for a GaN device, operation in the third quadramjuite different without the
body-diode.During the deadime, the reverse current flefrom the source to drain thrgh the
output capacitor g first, and then build a voltage across output capaddecause the GaN
transistor isa lateral structuredevice it can be driven bdirectionally with a gate voltage on

eitherVysor Vyq. The gate to drain voltags givenby:

w0 W (2.9)

As the source to drain voltage increasing ancch@nelwill turnon at:

o (2.6

At this time,the GaNchannelturns onweakly This device is varking at the third quadrant.

As the third qudrant +V curve shown in Fig.27.(a), the voltage between source ah@inis
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thethresholdvoltage, which is higher than the silicon device. Furthermore, thetadeadeverse

voltage increaseswith current ncreasing Fo r EPCO6s enhan ctamistor,the mod e
voltage drop is 1.4/ at no load, and 2.¥ at 20A load, which is about 3 times larger than the
silicon device.In the real application, considering tparasiticsinductance in the circuit, as

shown in Fig.2.B (a), thisreversevoltage duing the deadime is larger than calculated value. It

is -2 V during the deadime when SR turneff and-3 V during the deadime whenSR turns on

as shown in Fig.28(b).

— " O

V. =12V, V,=1.8V, f.=1.2MHz, L=150nH, [,=6A

Fig.2.18 (a): Buck circuit with paasitic inductance
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Fig.2.18 (b) : SR deadime voltage drop
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The depletion mode Gatdansistorhas better deatime performancehan the enhancement
mode GaNransistorAs shown in Fig. 2.17 (b)he deadime reversevoltagefor | R @epletion
modeGaN transistoris only 1.0V at noloadand1.3V at 20A. However, it is still 1.5 times larger

than the silicon device.

In addition, the bodyliode of silicon device is a minority carrier, which has a reverse
recovery charger during the detghe; whereasthe GaN transistor does nobntainminority

carriers during the deatme, which eliminates theeverserecovercharge

When implementing the GaMansistorsn the synchronous?OL converter, the dedine
loss needs to be carefully considerédere arehreemethod have been proposetb reduce the
deadtime loss duo to the higteversevoltage.Methodone is to overlap the top and bottom drive
signals toreduce thdransitiontime. The transition time can be reducegd fine-tuning the gate
drive wavefoms of top and bottom switcheSig. 2.19 shows thedriving circuit diagram for IR
depletion mode Galdased converterin this circuit, two resistors R1 and RfZe usedto
fine-tune the deatime between uppeawitchgate signal UGD and the SR gate sign@a1[30].

By fine-tuningthese two resistances, the transition time between UGD and LGD is changed.
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Fig. 2.19: Driving circuit diagranmwith fine-tuning resisters

Furthermore, the top and bottogatedrive signals can be overlapped at where slightly under
the theshold voltage as shown in 22Q In this way, during the deatne, the actual voltage
between drain tsourceis thethresholdvoltage minus the gate tabe. Since the gate voltage is
fine-tuned at slightly below the threshold voltage, rierse voltag® ys is reducedo about 0.2

to 0.5V depends on the fiianed level. Therefore the deadime loss can be significantly

reduced.

1 Vidiv

LGD
ov *

UGD
-3.3V

10 ns/div

(a) Overlapped drive sitpls
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1 Vidiv

LGD
oV &

UGD
-3.3V

10 ns/div

(b) Nonoverlapped drive signals
Fig.2.20: Overlappeda) and noroverlapped (bYGD and LGDgate drive signals

Fig.221 shows theefficiencyc o mp ar i s o n deplationmdddn @aNoasedconverter
with overlapped and neoverlapped drive signallt can clearly to be seen that with overlapped

drive signals, the efficiency can be significantly improved.

Vin =12V, Vo = 1.2V, Fs = 5MHz, L = 36nH

0.9
0.88
= 0.86 / Overlapped
E 0.84 /
c
O
E 0.82 v / Non-Overlapped
0.8 /
0.78 . : . ;
0 2 4 6 8 10
Output Current (A)

Fig.2.21: Efficiency data for IR depletion mode Gdidsed converter with overlapped anc
non-overlapped drive signals

Although finetuning thegate drive signals can reduce the loss, and it is a commetimod

that is adoptedby lots of industry companies, there is still concern about the reliability since
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these two driving signals are so clas¢he threshold voltagéhe shootthrough may ocauin the

circuit.

The secondmethod that can improve tredficiency but does not have thehootthrough
concernis paralleling a Schottky diodes shown in Fig. 2.22n this way,during the deadime,
the reverse current flows through the Schottky diodeead of GaN FET channel; therefore, the
forward voltages limited to around 0.3 to 0.5V; and ttedficiency can be increasedrig. 2.3
shows theefficiency comparison for an enhancement mode @alNed converter. Without
overlapped drive signals, theal§ efficiency is even worse than silicon. Witparalleling

Schottkydiode, the efficiencys improvedto about the same level with overlapped drive signal.

I_J“_?I (YN Y

L
Qf

Diode

— Cin Qj t—_l_ & SChottky Cout
_TCa

S

Fig.2.22: GaN transistor paralleled with Schottky diode in Buck circuit
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RefDavi d Regis cthr,eqiHency, High Power Density Integrated Poi
Fig.2.23: Efficiency data foEPC enhancementode GaMNbased converter with overlappec
non-overlapped drive signaland with Schottky diode.
The tird methodthat canreduce the deatime lossis creating astepdrive signal.Fig.
2.24(a) shows a common drive signals applied to the Buck converter with enhancement mode

GaN transistorsThe simulation waveforms show that the bottom switch Vds has DWr

negative voltage during the detiche.

st
PWM1

ov >

5V t
PWM2

5V t’

/ Vis1

ov .

5V — t
Vis:2 /

ov t>

(a) PWM signals
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Fig.2.24: Common PWM signals and simulation waveforms for Buck converter with
enhancement mode GaN transistors

Fig. 2.25(a) shows the drive signals wigh 1 sig addedo the SR drive sigd during the
turnon and turn off deatime. Thestepvoltageis setslightly lower the threshold voltage. In this
way, during the deatime, instead of O Vfhere is a positive voltage added\dgs, therefore, the
actualVds voltageis reduced TheVgs voltage simulation resultare shownn Fig. 2.25(b). It
can clearly to be seen that, witle step SR drive signal, the ¥doltages significantly reduced

compared to without step drive signal.
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PWM1
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5v t
PWM2
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(a) PWM signals
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141.98 142.00 142.02 142.04 142.06 142.08 142.10 142.12 142.14 142.16 142.18 142.20
1ps)

Fig.2.25: Step PWM signals and simulatiovaveforms for Buck converter with enhancemt
mode GaN transistors.

The third quadrant-Y curves can explain the reduced reverse voltage with a step drive
signal. As shown in Fig. 2.26, for an enhancement mode GaN transistor, its reverse voltage will
reach 23 V when there is no voltage applied on Vgs. However, with a step on the drive signal,
there is a positive voltage applied on Vgs, the reverse voltage can be significantly reduced. With

a 1 V voltage, the reverse voltage is reduced to Japthe sme load condition.

-10
Vy20v/ v, =1V /

AR AR
= / / 2V // 5V
JI T

-3 -2.5 -2 -1.5 -1 -0.5 0

Vs — Drain to Source Voltage (V)

l4s — Drain Current (A)

Fig.2.26: Third quadrant-V curves for enhancement GaN transistor
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2.4. Packaging and LayoutParasitics

For the highoperationfrequency synchronous buck convertére parasitics irthe high
frequencypowerloop and top and botta switches driving loops amxtremey important The
general rules is that the higher of parasitics, the lower converter efficiBecycing the

parasiticof thesdoops can significantly improve the converter performaf8H[32].

- SRR — — = = - ——— -
I _n_m._n_,v__l_t_mm__n - : N
: Lee Re | Lar Rar Lsy Ry LsiRsl I

1
: Q, R—él :
1 Lo —1 3
1 ,7¢ Las i
1 Rar R I =N
k= C. Q “i1 Cout ™=
™ " Let 2 I out — .
I e bR : Packaging
1 c8 Tep |TGEP TCH 1 Parasitics
: Driver p—wA— i

1
1 I —Nan_
|| Power Loo S,
| P Reg - : Layout
: L{”\L R : Parasitics
b e e e e e e e e e e e o e o o e e e e e a

Fig. 2.27: Synchronous buck-converter with parasitics
Fig.2. 27 shows a synchronous buck converter considering aflatfaesiticsin the power
loop anddrive loops. Thesgarasiticscome from two parts: the device paghay parasitics as
shown in red in the figure, and theyoutparasitics as shown in green in the figu#ereal Buck
circuit with two EPC 1015 enhancement mode GaN transistors is analyzed by the finite element
analysis (FEA) toolto extract the parasttiinductance and resistanee 1 MHz operation

frequencyTheseparasitics are listed in Table 2.1.
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Table2.1: Circuit parasitic§or EPC 1015 GaN FETs based Buck converter @ 1 MHz

L (L L oo jLo e Lo Lo L L

DT ST GTP DB SB GTP PL SL NL GT GB

(NH) | 0.07 | 0.08 | 0.07 | 0.07 | 0.08 | 0.07 | 0.49 | 0.23 | 0.47 | 1.24 | 1.6

R |[R_./R_|IR_|R |R_IR_|R |R.|R |R_I|R

aT ST GTP dB SB GTP PL SL NL GT GB

(MY) | 0.09 |0.10 | 0.12 | 0.09 | 0.10 | 0.12 | 0.4 | 0.17 | 0.59 | 49 | 3.87

As shown in Fig2.28, the power loop parasitic inductances can be lumped into two main
parts:Ls andL oop. Ls is the common source inductance shargdhe drain to source current
path and gate driver loopioop is the high frequency power loop inductance from the positive
terminal of the input capacitance, through the top device, synchronous rectifier, and ground loop

to the input capacitor negatiterminal. The inductances are defined as:

0 0 0 (2.7)
O 6 0 0 0 0 (2.8)
M 1 £ N Y Y\
Loy @1 Ls :
.
.

| 1
m— | —

O

L
FE

O

:

T

|

Fig. 2.28: Power loop inductance

Fig. 2.29 shows the impact dfs andL _oop Onthetop side switchurn-on transitionDuring
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the turn on transitiorsincethe drain currentis rising the negative voltageareinducedby the

positive dp/dt acrosd_s andL oop. The actual voltage across drain to sourcéhetieviceis:
) W W ®w o —D — 3 (2.9

Then the device gate driving current is:

"0 (2.10)

Where \ive is the drive vliage, Vyson)iS gate to source voltage during turn on, agdskR

the total gate resistance.

The induced voltag® oo, andV s reducethe effective voltage across the drain smurce
duringtheturn on transition, reduce the switching loBgwever, the ammon source inductance
induced voltageV/, s counteracts the driving gate voltage, reduces the available gate charging

current. Therefore, the turn on transition speed is limited.

+ Vioop - +V, -

M\_LLoop Q =8 VY
—_— —_— L
f ILoop f ILs
Rq
- Vi + Vg - Jl__. Q, Vour =

Turn-on Transition

Fig. 2.29: Parasitics impact at twon transition
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Fig. 2.30: Paradiics impact at tur+off transition
During the turn & transition, shown irFig. 2.30, the drain current is fallinglhe positive
voltageareinducedby the negative didt acrosd s andL oop. The actual voltage across drain to

source othedeviceis:

O O 6 » o —D — (2.11)

Thedevicegate driving current is:

0 (2.12)

The induced voltag® .., andV s add to the input voltage, increase the effective voltage
across the drain tsourceduringthe turn off transition,and increasé¢he switching lossLs. The
common source inductamdnduced voltagéd/, s counteracts the driving gate voleggslows

down the device turn off speehd lengthenthe turn offtransitiontime.

As the resultsfor the synchronous buck converter with small duty cycle, lbotmmon
source inductancegland hidn frequency power loop inductanceckp have negative impaston

turn on and turn oftransition, increase the laskig 2.31 gives the simulated power loss at
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different Ls and L oop. It can be seen than the power loss is creasing with both increasigg of L
and Loop. Ls has more impact than gop because & carries the drain source current and the
gate charging current. Any voltage induced gmiill show up in the Vgs of switch. Because of
the importance of Vgs on the switching performance of the powdchswcommon source

inductance has a significant impact on the system perfornja8j§a4][35][36][37].

12V, 1.2 V,,,, 10A@ TMHz
Simulation Data

1)
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(351
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0 O.IZS 0!5 D.I'f'S I1 1.I25 1‘.5 l.Lz'S 2‘
Parasitic Inductance (nH)

Fig. 2.31: Power loss vs parasitic inductance

*e

SO-8 LFPAK DirectFET GaN LGA

Re;Davi d Reusch, AHi gh Frequency, Hi gh Power Density | nte¢
Fig. 2.32: Package evolution fggower transistors

When designinghe high frequency converter, both the device packagangsiticsand the
layout parasiticsneed to be minimized to achieve good circuit performafbe LGA package

whichis adoptecb y b o tdépletioiGaN transisto and EPCO6s enhancement
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has remarkaby low package inductance. Compared witie common low voltage silicon
MOSFETpackage types: S8, LFPAK, andDirectFET, as shown in Fig. 2.32he LGA package
has much smaller parasitic inductance agglstancg38]. The low parasiticsinductancegives
GaN transistors theapability of fast switching at théigh frequencyoperation The parasitics

FEA simulation results for thegpackageare listedn Table2.2.

Table2.2: Devices @mckageparasitics

Fs = 1MHz Lg(nH) | Lg(nH) | Ls(nH) | Ry(mY) | Rg(mY) | Rs(mY)
SO-8 2.06 0.48 0.83 9.44 0.13 0.96
LFPAK 1.64 0.1 0.54 0.73 0.1 0.14
DirectFET 0.09 0.44 0.09 0.22 0.39 0.23
GaN LGA 0.07 0.07 0.08 0.12 0.09 0.1

When implement thesedaBl transistors in circuit design, since the packaging parasitics have
been minimized, the layout parasitics become critical to circuit performance, it has to be

minimized as wellTheway of minimizing thelayoutparasiticswill be introducedn chapter3.

2.5.  Modular Approach vsDiscrete Approach

IR and EPC chose different approaches of launching their GaN devices to the market. In
2010, IR ntroducel the GaN-based iP2010ntegratedpower stage device [39], as shown in
Fig.233 (a). The iP2010providesa fully optimized, high frequencgower stage solution for
synchronous buck applicatiankiside the module, the 30V top and bottom GaN transistors are

monolithic integrated into the same wafer with optimized die size for POlicapph, a highly
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sophisticated, ultrgast silicon driver IC, andinput decoupling capacitorare mountedon a
BT-Epoxy material substrates shown in Fig.33 (b). This module camleliver higher efficiency
and more than douldeswitching frequency of sterof-the-art siliconbased integrated power

stage deviced.he maximum switching frequency of this module is SMHz.

(a) (b)
Fig. 2.33: (a) IR GaNbased integrated power stage devitgslevice interior

Di fferent with | R6s Iyseld thediscrete@aNpdevicescWhen E P C
designing a GaMbased converter, designer needsfhoosethe propertop and bottom switches,
find the suitabledrive IC, designthe substrate, arakssemble them together to form a module as

shown in Fig2.34.

Driver
Substrate Module

In this design process, the designer Yatte severalchallenges: first of all, in order to get

Fig. 2.34: Discrete approach for EPC GaN devices

better performance, thHayout parasiticshave to be minimized. Second, the gate drive signals
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need to be cafelly fine-tuned to reduce the dedithe loss.Third, since GaN device has smaller
die size than silicon MOSFEPproper thermal management has to be implemented into the
design Last, the maximum operation frequenisylimited because of gate voltage limaind

circuit parasitics.

Because therare so many challenges foretliscrete approacHR chooses the modular
approachto achieve the begterformancefor their products Instead of providesliscreteGaN
devices, IR provides theompletepower stage mode solution to their customer. Inside the
module, theparasiticshave been minimizedhe gate signals have been well fin@ed, and the
thermal performancehas been optimizedThis approach redusehe burdenfor the circuit

designer.

2.6.  Summary

In this chapter, the fundamental characteristics of depletiodeand enhancement mode
GaN transistoraire introducedl R @epletionmode GaN transistor offers better figure of merit,
much safer driving, and higheperationfrequencycapabilityt h a n  EHlaacénsent enade
GaN transistor. | R6s modul ar approach al so

desi gner disdetapprdaa¢chC o s

Parasiticgs critical for high frequency convertetesign Both of these two types of GaN
transistorautilize the LGA package to reduce packagpayasitics In the meantime, theircuit
layout parasiticshave tobe minimized as well in order to achieve better performance of the

converter.
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Chapter 3. 3D-Integrated POL Module Design with Depletion

Mode GaN Transistor

The future point of load (POL) converter needs to achieve high power density, high
efficiency, high output current, and small size factor. All these demands cannot be satisfied with
the conventional technologie3here are limitations in the $weh performance, packaging
parasitics layoutparasitics and thermal management that must be addressed to push for higher
frequencies and improvedower density. To overcome all these limitations, tloesign of
3D-i nt egrated POL magdetion made GaN trdnsisoisith lip addiRssesth

this chapter.

Thepreviouschapteraddresses the characteristics of deplatimadeand enhancement mode
Ga N t r ans depletionmede GaNRransistor offers better figure of merit, much safer
driving, and highewoperationfrequencycapabiltyt han EPCO&6s enhancement mo
Ther ef odepetionmoedGaN transistds chosernin this thesis work talesignthe high

frequency, higlpowerdensity POL Module.

This chapter will discuss the adule structure design, thmethod of reducinglayout
parasitics the shieldlayer implementation, the PCB substrdesign thermal management with
advanced DBC substrate, the integration of the low profile LTCC magnetic substrate, and the

two phasdantedleaved modulelesign
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31. | R6s High Frequency
At APEC 2011, IR demonstrated the new iP2B0&5 high frequency GaN modulglO].

Compared with the iP2010 and iP2011 GaN module that released in 2010, the maximum

operation frequencyis increasedto 10 MHz. The features comparisohetween iP2010 and

iP2008RvG modules arelistedin Table 3.1.

Table 3.1: Features comparisdretween iP2010 and iP208&G GaN module

GaN Modul

iP2010 iP2008 RvG
Maximum Operation Frequency 3 MHz 5 MHz
Maximum Current 30A 10A
GaN Die Size 4.5 X 4.5 mm? 3X3mm?
Driver Up to 3 MHz Up to 10 MHz

Fig. 3.1 shows

iP2008RvG has been modifieor high frequencyoperation the die sie is reducedo 3 X 3
mn? from 4.5 X 4.5 mrhof iP2010. The maximum output curreatalso reducetb 10A from

30 A of iIP2010 because of die size reduction. The silicon gate davaodifiedas well tofit

maximum10 MHz driving.
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Fig3l1. | Rés i P2010 (a) and i.P2008 R

Input Caps

Driver ——| /
Six Layers
) PCB
Substrate
BGA Pins GaN device Vias (connect C;, and
GaN pads)

Fig. 3.2: Cross section view of iP2008 RvG Module

The most noticeable difference is that gtrictureon the new moduleis changedForthe
previousiP2010 module, the GaN transistors, driver, anghctors are all othe same sidef
PCB substrate. Thistructurehas been provetb beadequatdor 3 MHz maximum operation
frequency. However, in order fmushto 10 MHz operatiorirequencyon iP2008RvG module,
this structure needs to be modified. Asown in Fig.3.2, iP2008 RvG module chooses the
double side structur& he driver, input capacitorare placedn the top side of a 6 layer PCB
substratethe BGA input/output pins and GaN transistare placedon the bottom side. The
GaN device isight underneath of input capacitors, connects to the input capacitors and driver by
vias In this structure, the high frequency power l@wpa is minimizegasshownin thered dash

line in Fig.3.2 Thedrive loopsare minimizedas well since the drive contec Ga N devi C e
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gate terminals directly byias Table 3.2 gives the parasitic inductances and resistances for
powerloop anddrive loops for this double sidgtructureunder 1 to S8MHZ operation frequency,
extracted by Ansoft Q3D extractor. It can be fduhat thepowerloop inductance is less than
0.1 nH, which is extremely low. Therefore, this double side structursuitable for high

frequencyoperation

Table 3.2: Parasitic inductance aedistancdéor iP2008RvG module

Operation Power Loop Drive Loop TOP Drive Loop Bottom
Frequency LooH) | Rma) | Lol | Rmq) | LoH) | R@mq)
1 MHz 0.099 0.262 0.476 3.885 0.314 3.058
2 MHz 0.093 0.332 0.406 4.768 0.261 3.743
3 MHz 0.090 0.392 0.361 5.530 0.224 4.346
4 MHz 0.087 0.445 0.328 6.199 0.197 4.880
5 MHz 0.086 0.493 0.304 6.801 0.176 5.361

Fig. 3.3 (a) shows the iP20#8/G module assembled on a demo bodardis GaN module
does not have the output inductor and capag;itbeyare assembledn the demo board. Fig. 3.3
(b) shows the efficiencies testedtlwCoilcraft discreteinductorswith 15 A output current at 1 to
5 MHz operation frequency respectively. It can be seen thaffibeencyis decreasing with the
increasingoperationfrequency; thgeakefficiencyis usually at 6A, and there is significe low

efficiencyat light load.
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Fig. 3.3 (a} GaN module on demo board, (b) demo board efficiency

3.2. Structure Redesign for Inductor Integration

Although iP2008RvG mo d u tloabiesidestructurehasextremdy low powerloop parasitic
inductance, which isritical for high frequencyperationas addressed ichapter2, this module
does not have ehoard output inductor anoutputcapacitors. The objective of this thesis work
is to build a 3D integrated converter, which means the induatar output capacitor should be
i ntegrated i nto t hdeublesweastiucterehas&hissuewhenrassenmblR@ s
the inductor as shown in Fig. 3.4. The tge of the moduleis occupiedoy thedriver and input
capacitors, and there are not la same level. Wheplacethe inductor on top, it iextremey
difficult for soldering ands not mechanically stable. Therefore, the doudike structureis not

suitable for the inductor integratiohhe structurénasto be redesigned.



Inductor
/

BGA Pins GaN device Vias

Fig. 3.4: Isste of inductor assembling on doulsielestructure

Inductor
/

GaN device

Driver

/0 Pins Input/Output
Caps

Fig. 3.5: Proposed single side structure
Fig. 3.5 shows the proposed singligle structure In the structure, the driver and input
capacitorsare movedo the bottom sidethe output capacitorare al® addedinto the module.

The topsideof module is clean anitht now; it is suitable for inductor assembling.

However, aftermove the input capacitor and driver to the same side of GaN switches, the
power loop structureis changed As shown in Fig. 3.§a), the power loop is vertical in the
double sidestricture The distance between input capacitors and GaN switches is only the

thickness of PCB substrate, which is 0.6 nifhe loop inductance is only 04H. In the
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proposed singlside structure the powerloop is alateralloop. The loop areais increasegdthe

loop inductancés also increasetb 0.9nH.

' Lateral Loop
Vertical Loop 0.9 nH
0.1 nH

b i

(a)
Fig. 3.6: Vertical poweroop (a) and lateral loop (b)

In order to evaluate theffectof the increase@owerloop inductance, a simulatiomodelis

built as shown in Fig. 3.7. This simulation model comes from two parts: the GaN device model

provided by IR and theircuit parasiticextracted by Ansoft 3D.

_ nNnam—1Ina GaN |noal N Y Y
T Model Tse L
from IR
5
T
E— cin er cout :|:
Tes GaN
Model
H I o W VY
Driver from IR
Q, :>
TNL
f\ A'L

Fig. 3.7: Simulation model
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Fig. 3.8: Estimated efficiencies data
After puttingthe extracted parasiticd double side structure and single side structure into the
simulation model, the efficiencies data can be estimated as shown B&ighe result shows
that the singleidestructurehas significant lower efficiency than theublesidestructureduo to

the increasegowerloop inductance. The loop inductance has to be reduced in order to achieve

high efficiency.

3.3. Active Layer with PCB Substrate

3.3.1. Implementing Shied Layer to Reduce Loop Inductance

The shieldlayer has been provedo be an effective method to reduce the loop inductance
especially for the POL module with integrated indudit]. In previous practice, a POL
converterwas builtwith LTCC inductor as the substrate. The silvec#savere printecon LTCC

inductor andthen the active componenigere placedn top of LTCC inductor. The test results
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showed that this converter had severe ringing caused by parasitic inductance,wahkich
introducedby the mutual coupling between the gnatic core and the active circuit. To reduce
the parasitic inductance, one solution is insertirstpiald layer between LTCC inductor and the
active circuit toblock the mutual coupling. Moreover, the eddy current induced in the conductive
shield layerfurther reduces the parasitic inductance. Therefore, a mininwm layes of

substrates neededor activecircuit since one layeis usedas ashieldlayer.

Fig. 3.9shows theconceptof reducingloop inductance bymplementinga shieldlayer. The
powerloop currentl generateshe flux 0. After a metalshieldlayeris insertedunderneath the
active layer, thélux 0 generatesnoppositedirectioneddy current in the shield layéthis eddy
currentalso generateux t 9which cancels wittlux G . Therefore, the loop inductance can be

reduced.

Power Loop

Eddy Current

Inductor

Fig. 3.9: Concept of implementing shield layer

Fig. 3.10 (a) shows the firstttemptof implementing theshield layer. Theshield layer is
insertedbetween the inductor and the copper layeadifve layersubstrate, which is a ground

plane ofthe circuit as shown in Fig. 3. 10 (b). Since trsundplane is not well designed in the
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first time, it is incomplete and not able coverthe powerloop area, the loop inductance is 0.9
nH without ashieldlayer. After a shield layers insertedtheloop inductance can be reduced to

0.57 nH, which is 36.7% of reduction.

Inductor GND W
N 1 [ ot
Shield N : A= L\
Layer - Incomplete__) H /_:’h ——
ground plane »
Active Driver Y GaN device JiliTIT: Powe| loop
Layer Caps /

Ground Plane Ground plane of active layer

(a) (b)
Fig. 3.10: Implementing the shield layer

The inserted shielthyer does reduce the loop inductance, and the simulation results show
the efficiencyis improved However,since an extra layer of metal required it increases the
complexity of module integration and the cdsg. 3.11 shows another method to implementing
the shield layer. A well redesigned complete ground plane as shown in Fig. 3.11(b), which can
cover dl the power loop area, can serve as the shield layer too. In this way, the system structure
is simplified without the additional shield layer as shown in Fig. 3.11 (a), it is easy to integrate
the active layer with inductpthe costis also reducedMoreover, since the ground plane/shield

layer is closer to the active layer, the flux cancelation is more effective.
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I I L .
N
Complete 5> I‘ 1' ‘

ground plane
Active Power loop

Layer

Ground Plane/Shied layer o
Ground plane of active layer

(a) (b)
Fig. 3.11: Using ground plane as the shield layer

3.3.2. PCB Substrate for Single Phase Module

After moving all the active lagr components to the single side and using a ground plane as
the active layer, a PCB substragedesignedor the single phase GaN module. Fig. 3.12 shows
the structure of a single phase GaN module with PCB substtate PCB substrate contains 6
layersof copper the top layer is the active layarhere the components soldered; the middle 1
layer is the weldesigned ground plane which serves as the shield, kagemiddle 2, 3, and 4
layers areVin, ground, and Vout respectively for better thermal pennce; the bottom layer is
also the ground plane and have two pads for inductor connettienparameters of this PCB
substratare listedn Table 3.3.

Power Loop

6 Layers PCB
Active Layer

Shield Layer
(Ground Plane)

LTCC Inductor
Fig. 3.12 Single phase odule with PCB Substrate
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Table 3.3: Parameter of single phase PCB sailest

Layers 6
Copper Thickness loz
Total Thickness 0.56 mm
Material BT Epoxy

In this design, the distance between the active layer and shield layer is onlytterefore

the flux cancelation is effective, and the loop inductameceducedo 0.18 nH.

Besides the high frequency power loop inductance needs to be minimized, the driving loops
are also need to be considered and well designed to minimize the parasitic indlttprgé3
shows the PCB layoutsr drive loops and the drive IC. As@hlin in Fig.3.13(a), the drive loop
traces should be placed side by side to minimize the loop Bneadecoupling capacitor and

bootstrap capacitor for the drive IC should be placed closely beside the corresponding pins.

= iy __ 4.
/ \ Decoupling _ ) [
] i Cap !1 Drive IC | 11. =
5 i —
! VSw ! ap N
\

N -

Drive LO@S

D2 : VSW

(a) PCB layout for drive lgus (b) PCB layout for drive IC
Fig. 3.13: Reducing the drive loop parasitics
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The powedoopand drive | oop parasitics OsioglesideR6s dc

design are extracted by Ansoft Q3D and listed in Table B.4an be found that afte

i mpl ementing the shield | ayer, t he rédocedpto i nduc

be comparable with R6s d o u b | &he efficekrey sinelationgdata also shows that the

efficiency of CPES PCB sshbrate module iseryc | o s e todule an&irsuchrbetter than

the previous attempt without shield layer as shown in Fig. 3.14. In this way, the easy inductor

assembling can be achieved without sacrificing too much efficiency.

Table3.4: Parasiticcomparison for IR and CPES active la/eesign.

. Bottom Drive
Power Loo Top Drive Loo
Fs = 2 MHz P P P Loop
L (nH) R (mq) L (nH) R (mq) L (nH) R (mq)
0.093 0.332 0.406 4,768 0.261 3.743
0.183 0.651 0.546 4.448 0.479 3.458
0.94
IR Double Side
Structure
0.92

e
o
.

=}
S

Single Side
Structure

Efficiency (%)

0.86

0.84

12 Vip, 1.2 Vouy
@ 2MHz L= 90 nH

0

Outpﬁt Curregt (A)

10

Fig. 3.14: Efficiency simulation data for different substrates design
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Fig. 3. 15 shows the final fabricated active layer for the single phasele with the PCB
substrate. The dimensions of this PCB substrate are 7.37 mm X 11.68 mm wittf 8Gotpmint.

It also includes 3 X 4.@F input capacitors and 4 X 2# output capacitors.

Input
Caps

GaN

Driver

Fig. 3.15: Active layer ofsingle phase module with PCB stifzde

3.4. DBC Substrate Design

3.4.1. Direct Bonded Copper (DBC) Technique

Direct bonded copper (DBC) substram® commonly useth power modules, because of
their good thermal conductivity. Thegre composedf a ceramic tile with a sheet of copper
bonded to one or both sides by a higinperature oxidation procegk], as shown in Fig. 3.16.

The copper layer thickness is usually 5 to 10 Oz. Enaraic materials used in DBC include:

1. Alumina (Al,O3), whichis widely usedecause of its low costlowever it hasrelative
low thermal conductivity (228 W/mK).
2. Aluminum nitride (AIN) is more expensivéhan Alumina butit has far better thermal

conductivity (> 150 W/mK).
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3. Beryllium oxide (BeO), which has good thermal perforsgnbutis often avoided

because of its toxicity when the powdeingestedr inhaled.

Ceramic

Ref: Wikipedia Pdwer electronic substrabe

Fig. 3.16: Structure of DBC substrate

Thepropertiesof the DBC substrate afé43]:

1 Very godal thermal conductivity

1 Superb thermal cycling stability

1 Good heat spreading

1 Good mechanical strength, mechanically stable shape

1 Excellent electrical insulation

1 Good adhesion and corrosion resistant

1 Environmentally clean

All the properties bring the advages to the user for high current loading capability, high

power density in module design. Howeverh e | R6s GaN transi stor
pinch for small packagearasitics and requires 8 miVias on the pads to reduce the layout

parasitics Futhermore, thin ceramic layer is desirable to place the shield layer more close to the
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active layer to reduce the loop inductance. The common DBC technique cannot meet these
requirementsThe new emerging DBC technique called Direct Plated Copper (I[4T)or

Plated Copper on Thick films (PCTH5] can solve this issu@his new technique is created for
better electrical performance abdtterflexibility becauseof its fine line capability and solid
copper via fill. As shown in Fig. 3.17the coppelis platedto the ceramic substrate instead of
being bondedtherefore, the copper layer thickness can be flexible from 1 to 10h@lholes

can be drilled by laser and filled by mental on the ceramic sbdbtefore the copper plating
process therefore, it is easy to make the viaghe comparison between common DBC

technology and new DPC technolagyistedin Table 3.946].

Gold Thick Film Plated Copper
.001"to .010"
Printed Resistor Solid
Plugged
Via
I == -
Ceramic -

Plated Thru Hole /

Thick Film
Silver

Nickel and Gold
finish optional

Ref: Remteg Cdre Technology: Plated Copper on Thidms (PCTF ®) Technology

Fig. 3.17: Structure of DPC substrate

Table 3.5 Compaison between common DBC and new DPC technology.

Common DBC
Technology DPC Technology
Copper Thickness (0Oz) 5~10 1~7
Trace Clearance (Mil) 20 3
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Ceramic Thickness (Mil) 20~ 40 10 ~ 40

Minimum Via Diameter (Mil) 40 3

Via Feasibility Very Difficult Can be made and filled easy

3.4.2. DBC Substrate for Single Phase Module

In the previous practice afesigrng the high power density POL module, the DBC substrate
has @monstrated its better thermal performance compared with the common PCB sulistrate.
maximum temperature can be reducaddthe hot spat can be eliminated47]. The thermal
conductivity for FR4 epoxy, which is the common miitefor PCB board is 0.27 WiK. The
thermal conductivity for Alumina ceramic substrate of DBC is 24 ~ 28 KyAvhich is 90 times
better than FR4The AIN substrate has a much higher thermal conductivity of over 150 W/mK.
In this thesis work, mAlumina DBC substrate is also designed for the GaN module to achieve

better thermal performance.

Fig. 3.18 shows the PCB and DBC substsater the single phase GaN modulehese two
substrates have the same footprint, same top layer and bottontréengstayout. However, the
DBC substrate only has two layers of copper; the PCB substrate has 6 layers of copper. The

parameters of DBC substratee listedn Table 3.6.

(a) PCB substrate (b) DBC substrate
Fig. 3.18: PCB & DBC substrate for single phase module
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