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High Frequency GaN Characterization and Design Considerations
XiuchengHuang

ABSTRACT
The future power conversion system not only must meet the characteristicslddman

by the load, but also have to achieve high power density with high efficiency, high ambient
temperature, and high reliability. Density and efficiency are two key drivers and metrics

for the advancement of power conversion technologies.

Generally speaki, a high performance active device is the first force to push power
density to meet the requirement of modern systems. Silicon has been a dominant material
in power management since the late 1950s. However, due to continuous device
optimizations and immvements in the production process, the material properties of
silicon have increasingly become the limiting factor. Workarounds like the super junction

stretch the limits but usilly at substantial cost.

The use of gallium nitride devices is gathgrmonmentum, with a number of cent
market introductions for a wide range of applications such as-pbload (POL)
converters, offine switching power supplies, battery chargers and motor drives. GaN
devices have a much lower gate charge and lower outp#citance than silicon
MOSFETs and, therefore, are capabfeoperating at a switching fgeency 10 times
greater. This can significantly impact the power density of power converters, their form
factor, and even currenésgign and manufacturing pra@gTo realize the benefits of GaN
devices resulting from significantly higher operating frequencies, a number of issues have
to be addressed, such as converter topokegfgswitching techniquehigh frequency gate

driver, high frequencynagnetics, packagingontrol and thermal management.



This work studies thensight switching characteristics of higloltage GaN devices
including some specific issues related to the casc®dN.The package impact on the
switching performancand device reliabilitywill be illustrated in detailsA stackdie
package is proposed for cascode GaN devices to minimize the impact of package parasitic
inductance on switchingransition. Comparison ofhardswitching and sofswitching
operation is carried based davicemodel and experimentsvhich shows the necessity of

soft-switching for GaN devices at high freeng.

This work also addressegh dv/dt and di/dtelated gate drive issues associated with
the higher switching speed of GaN devidearticularly, the conveiainal driving solution
could fail on the high side switch in a halfidge configuration due to relative large
commonmode noise current. Two simple and effective driving methods are proposed to

improve noise immunity and maintain high driving speed.

Findly, thiswork illustrates the utilization of GaN ian emerging applicatigmigh
density AGDC adapterMany design considerations are presented in dethd. GaN
based adapter is capable of operatinratMHz frequeng with an inproved efficiency
upto 94%. Several design examples at different power levels, avitbwer densityn the
range 0f20~35\/in®, which is a thredold improvement over the staté-the-art product,

aresuccessfully demonstrated.

In conclusion, this works focus on thecharacterizationand evaluation of GaN
devicesPackaging, high frequency driving and s&ititching technique are addressed to
fully explore the potential of GaN devicé$igh density adapteire demonstrated sthow

the advance of GaN deviead its inpact on systerdesign
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This work is focus on the characterization, evaluation and application of new wide
bandgap semiconductor devicds GaN devices. Due to superior physics property
compared to existing semiconductor material, GaN device is able to switch at much higher
frequencyand this brings significant impact on the field of power electrofies.potential
impact of GaN goes beyond the simple measures of efficiency and power density. It is
feasible to design a system with a more integtaapproach at higher frequen@and
therefore, it is easier for automated manufacturing. This will bring significant cost
reductions in power electronics equipment and unearth numerous new applications which

have been previously precluded due to high cost.

To realize the benefits of GaN dewceesulting from significantly higher operating
frequencies, a number of issues have to be addressed, stevices packaging, power
converter topologythermal management, high frequemagigneticsand system control.
This dissertation discusses the mostical issues related to GaN devices with proper
solutions. A practical design exampié AC-DC adapteris demonstrated with much

improved eficiency, density and manufacturability.
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Chapter 1. Introduction

This chapter presents the motivatipobjectivesand overviewof this dissertation
The advantageand challengeof gallium nitride GaN) devices are described and the
potentialapplicaions are investigated\ review in this field is provided, followed by the

dissertation outline and the scope of research.

1.1Background and Motivation

IT industry is growing rapidly in the last thrdecades. The microprocessasbich
is also known as the central processing unit or GiP&Jthe kexxomponent in most of the
applications such as computer systems and portable devices. To achieve better performance,

more transistors are being integratetbithe microprocessor.
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Figurel.1 shows the CPU integrated transistor counts against the dates of introduction.
The yellow line is the exponential growth with transistor counts doubling every two years,
which is known as théfoor e6s | aw. Since the introductdi
Pentium series CPU in the middle of 90sel is still able to followMo or e6s | aw up
date. It is even exciting that Tilera cqranotherCPU manufactureannounced that they
are developing200 cores processor in one chip. The advance of the processor has
significantimpact on the electronics equipment. It is noticeable ttiatprogress of all
forms of mobile devices are progressing at an amazing rate with ever increasing
performances and shking in size and weighwhile their power supplycounterparts are
bulky with meager power densitifor example, théatestMacBook Air laptopis more
than 10 times faster than the first generation and its weaghtes t@.4lbnow, while the
accompawing 45W adapteremains the sanmferm factorand itweighs 0.4b. Moreover,

the manufacturing and the assembly process for adapter remaingitabsive.

High performance active semiconductor devices have always been the first force to
improve efficieng and power densitpf modern power conversion systefince its
introduction in the midl970s, the silicon(Si) MOSFET, with its greater switching
behavior, has replaced the bipolar transistor. To date, the Si MOSFET has been optimized
up to its theoretial limit, even beyond the limite.g.super junctiordevices and IGBTs
[A.1], [A.2]. The deviceoptimization innovations may continue for quite some time and
certainly will be able to leverage the lmwst structure of the power MOSFET and know
how of a welleducated base of designers who have learned to squeeze every founce o

performance out of their pavconversion circuits and syste#s3].

The Si MOSFETdevices switching loss (majorly tuon loss) can be further reduced
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with softswitching technique. However, the gate drive loss,-tffrswitching loss and
circulating condutton loss for sofiswitching are still excessive, which limit the switching

frequency to few hundreds of kilohertz (kHz) in most applications.

The GaN power devicesfirst appeared irmabout 2004and aredesigned for radio
frequency (RF) amplifiefA.4]. Even though GaNevices arestill in the early stagethe
figure of merit (FOM) improves significantly with 10 years development taeyl arefar
better thanthe stée-of-the-art Si MOSFE®. GaN devices are capable to operate at a
switching frequency 10 times higher than Si MOSFET, and therefore, this can significantly
impact the power density of power converters, their form factor, and even current design

and manufattiring practices.

To realize the benefits of GaN devices resulting from significantly higher operating
frequencies, a number of issues have to be addressed, stmhvasger topologysoft
switching techniquegate driver, high frequencynagnetics, packagg, contro] and
thermal managemenBome of thekey issues are recognized by the author and are

addressed in this work.

1.2 Overview of GaN Power Devices

1.21 Why GaN

The advance of GaN devices stems from the basic physical properties of GaN material
compared with other semiconductor material, such as Si and SiC. Table 1.1 identifies the
key electrical properties of the three materials which have been consideredasctss
candidate in power electronics figld.3], [A.5]. It is worthwhile to point out that 4F6iC

is dominant polytype among all SiC polytypes due to identical mobilities in the two planes
3
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of the semiconductdA.6].

Tablel.1 Material properties of GaN, SiC, and Si

Properties GaN 4H-SiC Si

Bandgap, E(eV) 3.39 3.6 1.12
Breakdown field, & (MV/cm) 3.3 2.2 0.23
Saturated drift velocity, VEL0’cm/s) 2.5 2.0 1.0
Electronmo b i |,{ctPAv/s) ¢ 2000* 650 1500
Ther mal conducti 13 15 3.8

GaN and SiC have much higher bandgap energy which means capability of higher

temperature operatio@aN has highest electrical breakdown field which results in power

devices with higher breakdown voltage. Consequently, the die of power devices could be

smaller with given breakdown voltage. The drift velocity of GaN is more than twice the

drift velocity of Si, therefore, it is expected that GaN devices could be switched at higher

frequencies than their Si counterparts.

More vivid way of translating these basic crystal parameters into a comparison of

device performance is to calculate the best theorgterébrmance that could be achieved

in each of these candidateBhe theoretical omesistance of each candidate can be

calculated afA.5]

(1.1)
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where \&r is desired breakdown voltage, is the dielectric constantcicis the electric

breakdown field andl is the electron mobilityThis equation can be plotted as shown in

Figurel.2. The theoretical limit of GaN is at least three order of magnitude lower than that

of Si.
1000
Si Limit
A A
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A // N
O A,,, ~ //,
10 / |GaN Limit
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Figurel.2 Specific onresistance vs breakdown \aute for Si, SiC, GaN

Due to continuous device optimization and improvement in the production process,
the Si devices are very close to the theoretical liiirkarounds like the super juiian
stretch the limits but usilly at substantial cosEiC device are booming sindate 1990s
and they are majorly targetirag high-voltage and higliemperature applications due to
high critical field and thermal conductivifpA.7], [A.8]. The commercial SiC device are

typically rated higher than 1.2 kV with maximum 20Qunction temperatureAnother
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concern about Si@evicess the cost which prevents wide adoption of SiCTimndustry

and consumer electronics.

The first generation of GaN HEMTwvhich target at the field of power electronics,
have proved that the GaN HEMiRs a superior relationshiptbeen the on resistance and
breakdown voltage than tifei MOSFET due to aigher electrical field strength and
enhanced mobility oélectrons in the two dimensional electron gas (2DEX)]. This
translates into a GaN HEMT with a smalllie size for a given & onand breakdown
voltage which directly increases power dengimong all the voltage rating GaN devices,
600V parts are deemed to be most attractive to device manufactuneshreflectsa huge
market of AGDC and DGDC powersupplies for a wide range applications. The research
in thiswork is also focus on 600V GaN devices and the applications for high efficiency

and high density power conversion.

1.22 Enhancement Mode and Depletion Mode GaN Devices

Figure1.3 shows the typicalbaN device structure incluty the 2DEG at the junction
of the AIGaNGaN boundary in which the electrons have extremely high mobility that
produces the low oresistancdA.3]. Accordng to differentgate structure, GaN devices
can be divided into two categories, depletioade(d-mode)and enhancememode(e-

mode)GaN cevice.
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VN
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Twoi dimensional
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Figure 1.3 Basic structure of GaN device

The dmode GaN is more nature based on the GaN device crystal stjdctj.elhe
device is normally omvithout applied gate voltagas shown irFigure1.4 (a). A negative
voltage is necessary to turn off thentbde GaN device, which makes it inconvenient for
circuit design especially at the power converter startup period. To solve thisaideue,
voltage Si MOSFET is used in series to drive the Gd&licewhich is well known a

cascode structure, and is showrFigure1.5 [A.10].

d-mode d-mode

Gat Gat
S EEEEEEEEE D S = D
000000000000000 ele elelelelelale)
GaN GaN

(a) (b)

Figurel.4 Basic structure of-tnode GaN device, (a) on state, (b) off state
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depletion GaN

D

|_
~||<_ FAN G High voltage
G

I_

Low voltage
enhancement Si

Figurel.5 Cascode GaN: amhode GaN in series with a low voltage Si MOSFET

On the other hand,eseral techniques have been developed to provide aimuilt
modification of the 2DEGtthe gateslectrode. There arree popular gate structures that
have been used to createnede GaN device: recessed gétd 1], implanted gatgA.12],
and pGaN gat¢A.13][A.14]. Different from the dmode GaN device, thermode GaN
device is in off state if no externabdapplied, whilat is turned on witha positive \¢s, as
shown inFigurel.6. One of the desirableommonfeatures foe-modeGaNdevices is gate
overdrive protection. Thdriving safety margin of commercial availabler®de GaN is

quite small, which requires a dedicated gate drive d¢aidn], [A.16], [A.17].

e-mode e-mode

S Gate D S Gate D
ClICICICICICISISICICICICICICIC! SIS ClCICICISICIS!
GaN GaN

(@) (b)

Figure 1.6 Basic structure of enhancement mode GaN device, (a) on state, (b) off state
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1.23 Steady-state Characteristics of 600V GaN Devices

Table 1.2 listcommercial availabl&aN devices and stateof-the-art St MOSFET
with similar on resistanceThe devices parameters clearly show that GaN devices have
much smaller @(4~10 times reductiorgand Gss(2~6 times reductionwhich indicates
higher frequencyperation capabilitylt is interesting to notice that commercial available

e-mode GaN device has better parameters thawode GaN in cascode configuration. To

t he

As listed in table 1.2,-enodeGaN has lower threshold voltage compared to cascode
GaN which actually is a Si MOSFET gate. The required gate drive voltagmofie GaN

to fully turn on the device is very close to the maximum allowed gate voltage, while

best of

t

he

aut hor 6 sdifferanbormahutactogyerocess.t

cascale GaN has a larger driving safety margin due to Si MOSFET gate.

Ras on( MQ
Coss_t(pF)
Qy(nC)
Ves_max(V)
Vi (V)
Required

Vas (V)
| DSS (SA)

Cascode GaN

E-Mode GaN
Panasonic | GaN Systems Infineon / IR
PGA26E19 GS66504P = XIRGAN60S002
154 110 135
34 72 84
4 3.3 8.8
-10~4.5 +10 +20
1.2 1.6 5
3 7 10
35 200 115

Table1.2 Device parameter comparison

Transphorm
TPH3206

150

105

6.2

+18

2.1

Si MOSFET
Infineon
IPX60R165CP

150

220

39

+20

10

10

S

po
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Anothercritical parameter is leakage curréhiss), which is a significant source of
power lossat light load or standby conditiohe GaN device from Transphorm has a
smaller leakage current even compared with Si MOSFET. The GaN devices from other
manuacturers have larger leakage current. The data is a sign of the relative immaturity of
GaN technology. It is believed that GaN devices will mature to the point where thgdeak

current is well controlled.
1.24 Reverse Conduction of GaN Devices

GaN devies have the hiirectional current flow capability in nature due to physical
structure. While the reverse conduction principle-afede and cascode GaN devices are

different.

E-mode GaN can conduct in the reverse direction when the drain voltage isHawer
the gate by at leastr\, as shown irFigure 1.7 (a). Thevoltage drop ¥pis determined by
the reverseumrent kp, transconductionsg threshold voltag&/tx, and applied gatsource
voltage \&s, as given by (2). It is obvious that ¥b increase withdp and the first term is
considerable even at low current due to the-lnggarity of gn. It should be pointed out

thatVsp increases significantly V csof) has initialnegative bias inff state

YFGD‘ 't 1 Lo
= <]
sl

(@) (b)

Figurel.7 Reverse conduction ofmode GaN devicesaje-mode GaN, (btascode GaN

10
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W — W W (1.2)

The cascode GaN has a different mechanism of reverse conduction. The body diode
of Si MOSFET is conductinghe reverse curnet and the GaN gatgource voltagas
clamped by the diode forward voltage drdjme dmode GaN is fully turned on and the
GaN on resistance is added to the total voltage drop of reverse conduction, which is given

in (1.3).

w w 009y (13

The voltage drop of cascode GaN is slightly lower thamoele GaN due to different
mechanism. Howevetheyare both higher than Si MOSFET and they may lead a higher
conduction loss in certapower conversion circuits. This issue can be partially solved by

optimizing deaetime [A.18], [A.19].
1.3 Challengesof GaN devices

The GaN devices parameters are so superb and it may lead an illusion to circuit
designer that the circuit performance can be significantly improved by simplgipt
and replacing Si MOSFEHowever,researcherfound out that the circuit performance
may be worse or even not work with GaN devices without deeply understanding the
technical challenges raised by GEN20]. These challenges includes dynamic switching

behavior, packaging impact and high frequency gate driver, etc.

11
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1.3.1 Switching Characteristics

The switching speed of GaN devices are extremely fast that create significant parasitic
ringingin hardswitching condition, as shown kigure1.8. High frequency riging causes
significant power loss as well as severe EMI noise.-Seitching should be investigated

both from loss and noise perspective.

" Vesuoviy

fWIDS(lOA/div)
| VANNAL A o

Figurel1.8 Hard-switching turron transient of GaN device

The cascode GaN devices have special switching characteristics due-dstnete
diesin one packageThe interaction between thentbde GaN and the low voltage Si
MOSFET may induces undesired featumssh as Si MOSFET reaches avalanche during
turn-off transition andd-modeGaN device losegeravoltageturn-on condition internally
during softswitching turnon process in every switching cycléhe worst occasion is that
the cascode GaN may be subject to divergent oscillation underchigdnt turroff
condition. These phenomenon should be carefully studied to improve switching

performance and avoid device failure.

12
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1.3.2 Package Impact on Switching Behavior and Gate Reliability

The impact of device packaging has been studied in depth on Si MOSFET, &iC, an
low voltage eGaN FETA.20], [A.22], [A.23]. Package becomes very important to GaN
devices with high switching speed. The package parasitic may hinder the switching
transition and even generates severe ringing which can destroy the[Ae€24¢eHowever,
some of the GaN devices manufacturers, who seek for simple replacement of Si devices,

are still fabricating devices with lofigad througkhole package.

The common sage inductancewhich is defineds the inductor shared by the power
loop and driving loop has a significantpact on the switching loss. The power loop
inductance plays an impaurtt role on the voltagend current rinmg after the switching
transition. The high voltagemode GaN isisilar to Si MOSFET or SiC devices in terms
of packagingstructure but with much higher switching speed. The cascode GaN has two
dies in one package whidhtroduces more package related parasitic inductdngs.
essential to investigate the packag&aNfor both emode GaN and cascode GaN devices

to achieve minimum switching loss and less parasitic ringing.

1.33 High dv/dt and di/dt

GaN devices have a much lower gate charge and lower output capacitance than Si
MOSFETSs and, therefore, dv/dt and diddiring switching transitioms 3-5 timeshigher

than that of Si MOSFETSs

Di/dt may induce an opposing voltage drop on the common source inductance which
prevents either turon or turnoff from the gate drive circuitlt is strongly related to

devices pekaging and PCB layouDv/dt can couple through any parasitic capacitance

13
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from switching node to groundt imay interferenceinput PWM signal and cause false
on/off issue. These issues have to be addressed to avoid becoming a limiting factor on

circuit design.

1.4 Impact of GaN Devices on System Level Design

The potential impact of GaN goes beyond the simple measures of efficiency and power
density. It is feasible to design a system with a more integrated approach at higher
frequencies, and therefore, & easier for automated manufacturing. This will bring
significant cost reductions in power electronics equipment and unearth numerous new

applications which have been previously precluded due to high cost.
1.4.1 High Frequency Magnetics

The traditionalmagnetic designs in handmade fashion which is intensive labor
involved manufacturing process. The cost is a concern and the parameter variation is
another circuit design issue. PCB winding based transformer is only feasible when the
switching frequencys over several hundreds of kidaeto less turns number and smaller
core size. The leakage inductance and parasitic capacitance of transformer can be well

controlled by PCB manufacture.

Generally speaking, GaN offers an opportunity to design the highdney magnetics
in a different way. Some key factors requires to be taken into considerations, such as high

frequency core material, winding structure and fringing efi®@@4], [A.25], [A.26].

14
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1.4.2 High Frequency EMI

GaN devices are doubbrged sword fronEMI perspective. High switching speed
creates high dv/dt which increases the commmadle noise and corresponding filter size.
High switching frequency, however, increases the corner frequency of the EMI filter,
which reduces the EMI filter sizelhe concerns generally true with the system that is
constructed with traditional magnetic design. However, the common mode noise can be
significantly reduced by CPES developed balance techig@é], [A.28] and shielding
techniquefA.29]. The implementation aidvanced EMI reduction technique and related
system impact should be carefully investigated in different applications. In addition, the
EMI filter structure and core materiate crucial to achievoptimal performance, which

should be carefully studied.

1.4.3 High Frequency control

To realize MHz frequency operation, the high frequency control is one of the most
important factors, especially in seaftvitching operation. It is crucial to detect soft
switching condition with minimal delay and generates precise PWM signal accordingly.
There is no commercial control chip for freemid applicatiorthat can operates above
1MHz. It is meaningful to implement the high frequency control concept witkctmst
micro-controllers, which can be integrated to analog or mixed ardafptal control dip

later on.

15
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1.5 GaN Based Applications

GaN devices are already making inroads which stem directly from the improvements
in figure of merits (FOM) over Si MOSFEThe applications includes point-load
converters[A.18], [A.19], [A.20], [A.30], [A.31], classD audio amplification[A.32],
power factor correctiofA.33][A.34][A.35][A.36], bus convertefA.37], motor drive
[A.38], and PV inverter§A.39]. Additionally, GaN devices enable new applications that
are not pssible with Si MOSFET, such as envelope tracifglO], high frequency

wireless power transf¢A.41] and LIDARIA.3].

One of the biggest market of power supplies, in both volume and revenue, isithe ac
adapter/charger for consumer electronics. The market is projected to surpass $8 billion in
2015 and redt$9 billion by 2018; with much of this growth being driven by smart phones,
tablets and a number of emerging applications. The adapter is strongly driven by efficiency
and power density for all forms of portable electronMest adapters only operate at
relatively low frequencies (<100 kHz), with statkthe-art efficiency up to 91.5%.
However, lowfrequency operation limits the adapter power density-€0\§/in®. The
emerging GaN device is deemed a garhanging device in this particular application,
with improved efficiency and significant size reductiSystematic design of adapters with
different output power will be illustrated in this work to show the advance of GaN devices

and the impact on system level.

1.6 Dissertation Outline

Takinginto accouhthe challengeassociated with GaN devicas well as the impact

16
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on system level design practjceveral issues have been addressed in this dissertation.

Chapter 1Research &ckground motivation, and literature review.

Chapter2: Switching characterization of GaN devices, including packaging impact
and special isssen cascode GaN deviceBhe switching loss mechanism of betmode
andcascode GaNleviceswill first be explained and compared; then the package impact
on switching performarecof GaN device will be illustrated in detailBhe special issues
in cascade GaN devices caused by capacitance mismatch are analyzed in detail and

corresponding solutions are validated with numerous experiments.

Chapter3: Design considerations of GaN dess. A thorough comparison of hard
switching and sofswitching is made which indicates that GaN devices still need soft
switching to fully explore potentiaHigh frequency gate drive design for GaN devites

achieve high switching speed and handle loighlt and di/dis presented

Chapter4: Application d GaN devices in ADC adaptersit will focus on the
topology, high frequency transformer desjgaMI characterizatiorand high frequency

control (majorly for ZVS achievement)

Chapters: Conclusionand future work.

17
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Chapter 2. Switching Characterization of GaN

Devices

Understand the switching characteristics of GaN switches, is essential to use GaN
devices in circuit design correctly and efficiently. thns chapter the switching loss
mechanism of botle-mode andtascode GaN will first be explained and compared; then
the package impact on switching performance of GaN device will be illustrated in details;
finally, the special issues of cascode GaN devices are destasd proposed solution is

validated by experiments.
2.1 Switching Loss Mechanism Analysis of GaN Devices

2.1.1 GaN device loss model

The fast switching ability of GaN devices will certainly reduce switching related loss
compared to Si MOSFET. However, the switching voltage and current have more ringing
due to high dv/dt and di/dt across the parasishewn inFigure1.8, which may generate
additional loss. More importantlyhé switching lossanalysisis highly desirable for

predicting maximundevice junction temperatussnd overall power converter efficignc

Device manufacturer usually provides a Pspice based simulation model for simple
circuit level simulation. However, this kind of model is lack of accuracy in terms of
neglecting packaging and PCB layout related parasitic inductancegkakascode GaN
device from Transphorm as an examplee package introduces six pieces of parasitic

inductance as shown iRigure 2.1. Moreover, as the currentgith fast transitios are

18
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confined in such a small area, the coupleffects between different conductors are
significant. Thecoupling coefficients of Lwith the other inductances dedeled inFigure
2.1(b). The methodology of parasitic inductance extraction of the cascode GaN device is

summarized irB.1].

o
i

S

(b) Equivalent circuit of cascode GaN considering all parasitic inductance

Figure2.1 Packaging parasitics of a cascode GaN device
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The comparison of switching waveforrhased on manufacturer original model and
modified model are shown Figure2.2. It clearly shows that the voltage and current ringing
amplitude and slew rate are completely misalignedndicates the inaccuracy of the
system parasiticavhich include the device parasitics. With parasitic extraction of the
device and PCB layout, the model presenteeigare2.2(b) can effectively reproduce the

expermental waveforms.

20
15
Ves (V) 10
5
0
-5
25
20
Ins(4) |
5
0
-5
500
400
300
Vs (V) 200
100
] 1‘:) 0 10ns/div
— Experiment — Simulation — Experiment =— Simulation
(a) Manufacturer original model (b) Modified model

Figure2.2 Comparison of switching waveforms w/ original model and modifiedeh

The author haalsodeveloped a mathematical based analytical mi@i2l], which is
based on device physical parameters listed in datasheet. It is independent of Pspice

simulation model and can be applied to deyices. Moreover,malytical model separate
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transition into several subtages, which helps engineers to better utaedsthe physical

meaning of device operation.

In order to show the derivation process of analytical model, the first stage of turn on
transition of a cascode GaN in a buck converter is showigime2.3. More detailsabout
GaN device analytical loss model are illustratedppendix|. When the gate voltagecV
is applied, the resultant gate current charges thesgaitee equivalent capacitance. In fact,
Cas_siis much larger than any of the other capacitors in the cascode GaN transistor, thus
the majority of the gate current chargessGi As the GaN and silicon MOSFET are open
circuit, almost no drain current flows into this circuit. During this period, the paage s
does not change and current sourckeleps flowing through P Based on the equivalent

circuit, the following equations are obtained:

Dy,

4

X
N

Figure2.3 Equivalent circuit duringhe first stage ofurn on transition
W b 0 — YJ3Q 0 (2.1)
Q 6 @ — (2.2)
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The Laplace and inverse Laplace transforms are applied to solve therdiéker
equations. The silicon MOSFET gateurce voltage g¢ s(t) is shownbelow. This stage

ends when & sireaches the threshold voltage of silidd@®@SFET Vr_si.

‘ C A
VI O —— (2.3)

L 0 wOp (2.4)

where [ - , i

In order to verify the analytical model, two sets of experiments are carried out: a
doublepulse test to compare the waveforms, and a buck converter to validate the switching
loss. Common sense would dictate that the common source inductance, vaatihad
as the inductor shared by the power loop and driving loop, has a significant impact on the
switching loss. In addition, the power loop inductance plays an important role in the
switching performance. Therefore, the PCB is designed to eliminatotheon source
inductance (excluding package inductance) and to minimize the power loop inductance.
The package and layout inductance are extracted from Ansoft Q3DsiAtAation and
the value is summarized in Takkel The PCB layout parasitic inductanselumped
together as two parts: one is the driving loop inductance, and the other is power loop
inductance. The double pulse test circuit has larger power loop inductance since the current
shunt introduces extra inductance and the PCB layout adds mduetance to

accommodate the current shunt.
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Table2.1 Parasitic inductance of package and PCB layout

LDri_Loop LPower_Loop
Doublepulse test |  3.3nH 7.7nH
Buck Converter 3.3nH 3.7nH

Figure2.4 shows the doublpulseted circuit diagram and prototyp&he main switch
is a600V cascode GaN transistor, and terminal voltag@nd currentds are recorded to
compare with the calcuian results. The freewheeling diode i$@0V GaN Schottky
diode with no reverse recovery charge. Both of these GaN devices are from Transphorm
Inc. The current waveform is measured by a coaxial shunt resister with high bandwidth and

minimized parasitic iductance.

Figure 25 shows waveform comparisons between the depblsetest and the
calculated results of the proposed analytical model during the transition. pevetigure
clearly shows that the analytical model can match with the experiments on the voltage and
current slope, as well as the magnitude and main transition time. The oscillation frequency
and damping effect have some differences due to inaccumglieft@iquency parasitic
inductance and AC resistance. As the value of the parasitic inductance and AC resistance
is influenced by several factors, including conductor position, current direction and

oscillation frequency, which are difficult to be predicted
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Figure2.4 Model validation with doubkpulsetest circuit: (a) diagram, (b) prototype
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Figure2.5 Turn on/off waveforms comparisons (Blue line: experiment, red line: analytical model)

(&) Turn on @10A, (b) Turn off@10A

The second method used to validate the accuracy of the proposed analytical model is

to observe the converter efficiency over a wide load range. A 500 kHz 380V/200V

continues current mode (CCM) buck converter is built using a cascode GaN transistor as
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the bp and bottom switch. In the calculation terms, the inductor loss is measured by Mu's
method[B.3]. The conduction loss is calculated based on the steady start@mnd on
resistance, which takes the temperature coefficient into consideration. The driving loss can

be approximately calculated as:

w0 (25)

Cc
o-
Cn

Figure2.6 shows the converter efficiency comparison between the experimental results
and the calculation results based on the proposed model. The calculated efficiency matches

well with the experirantal results over a wide load range. The difference is within 0.1%.

0.985 ® EXpEl"iIﬂeﬂt sodpen Analytical
Model
0.982
z
g 0979
L
E
EE 0.976
0.973
0.970 : : - - ' '

Output Current (A)

Figure2.6 Efficiency comparison between experimental and calculation results based on

proposed model

As theaccuracy of the model is vahted by numerous experimental results, then the

model can be applied to analyze the switching loss mechanism of GaN devices.

2.1.2 Turn-on transition

It is noticed that the switching behavior efmode GaN switches is quite similar with
25
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Si MOSFET except for themuch higherswitching speedlhe detailed analysis can refer

to literature[B.4]. On the other hand, the study on the switching behavicascode GaN

is less comprehensiv@o better illustrate the switching loss mechanism of the cascode
GaN switch, typicaturn-on switching waveforms of the control switch in a Hatfdge
configuration based circynvhich are derived from the deviceodd, are shown irfrigure

2.7.

vgs_S‘i(V)

VgsiGaN ( V) -

[ [}
T, T,T, T,

Figure2.7 Hard-switching turnon waveforms

Vgs_siis the gatesource voltage of the low voltage silicon MOSFET in the cascode
structure. The other three waveforms are the-gaitece voltage, draisource voltage and
drain-source current of the GaN HEMT in the cascode structure. The switching loss of the
low voltage silicon MOSFET is negligible, which is true in this condition. Aintant,
the gate voltage is applied to the silicon MOSFET. TWessiis charged up and the
channel becomes conductive. The gzdarce voltage of the GaN HEMWhich is in

reverse parallel with the drasource voltage of the silicon MOSFET, is charged towards
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the threshold voltage. AtzTinstant, the GaN HEMT is conductive and éanstarts to
increase. At Tinstant, the GaN HEMT current reaches the inductor currenthemdthe

GaN HEMT current supports both inductor current sskrse recovery charge current of
free-wheelingswitchduring Ts to T4. During this period, the current overshoot is huge and

it may saturates the channel as the GaN HEMT is not yet fully tuwnad normal cases.
Therefore Vas_canincreases instead of decreases in the first half of this stage. In fact, this
phenomenon can also be observed with standalone switch under high voltage test condition
[B.5], [B.6]. Eventually the voltage acrof®ewheelingswitchis charged up with the
overshoot current of theontrolswitch, and this allows théds_canto be decreasido zero.

The integral of voltag and current during the tuom transition generatesvitchingloss,

which is in the magnitude of tens of ubhis becomesignificant at MHz frequency
operation. It is worthwhile to point that the cascode GaN switch has some reverse recovery
charge duea the series low voltage silicon MOSFET. However, the value of this charge
is at least two orders of magnitude less than the comparable high voltage silicon MOSFET

that has a similar eresistance.

The turron switching loss of different GaN devices, whark listed in table 1.2, are
shown inFigure2.8. The loss curves delivers two messages. First, theomirswitching
loss of cascode GaN is higher thamede GaN de tolow voltage Si MOSFETbody
diode @ effect. Secondly, the turon switching loss is in a range of few tens of uJ, which
is few tens of watts if the switching frequency is 1MHke huge turron switching loss

is definitely an enemy tturtherpush fequency.
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Figure2.8 Turn-on switching loss of different GaN devices

2.1.3 Turn -off transition

The key waveforms for control switch tuaff transition is shown ifFigure2.9. At T1
instant, the gate driving signal is removed, and then the silicon MOSFET gradually enters
the saturation region. The drasource voltage of silicon MOSFET increases which also
means ¥s_candecreases. Atzlinstant, the GaN HEMT enters the saturation region and the
channel current starts to decrease ¥agdcanstarts to increase. Because of the internal
current source turn off mechanism, which is unique to cascode strié¢gsresnshortly
drops below the pinch off value at [B.2]. Then the rest of the terminal current charges
the Gssand consequentlyds_canrises to the steady state valtée inductor current
transfers from theontrol switch to thefreeewheelingswitch. It clearly shows that the
voltage and current transition time is short and the energy dissipation is about 0.2uJ. This
value is extremely small compared to the same BMRBIOSFET which is typically larger

than 5uJ. During the turn off transition, the low voltage silicon MOSFET dissipates about
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0.2uJ energy.

-

Figure2.9 Hard-switching turroff waveforms

Even though enode GaN can achieve fast tuoff as well and the terminal
waveforms look very similar, the insight tuoff mechanisms are different from each other.
Figure2.10comparsthe basigrinciple of turroff transitions for two types of GaN devices.
For emode GaN devices, the gate discharging current is limited by gate driver circuit. In
addition, the current charging miller capacitancg)&lso flows into driving circuitywhich
further decrease the gate discharging current. This phenomenon is well knowleras

effect [B.7].

For cascode GaN devices, the GaN gate dischacgimgnt is provided by power loop,
which is relatively larger than external gate drive curiéctn be considered as a constant
current source to discharge gate voltage, which usually helps to reduce the switching loss

[B.8], [B.9]. Moreover, the current charging miller capacitangedectly flows to source
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terminal which bypassesds These unique features of cascode GaN make theftiloss

extremely small and not sensitive to the tafhcurrent.

€Y (b)

Figure2.10 Turn-off mechanism of different types of GaN devices: (@)ade, (b) cascode

The turnoff switching loss of different GaN devices are showrigure2.11. At lower
turn-off current condition, all GaN devices can achieve very smaltdtfrfoss. As the
current increases, the tuaff loss of emode GaN devies increases due to strongaler
effect. However, the turoff loss of cascode GaN is almost constant over wide current

range.
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Figure2.11 Turn-off switching loss of different GaN devices

It is interesting to find out that the tuom switching loss is dominant and it may
generates above 10W at 500kHz operation. On the other hand, tiodf tsmntching loss
is negligible compared to twon loss, which indicates that zevoltageswitching(ZVS)
is desired to fully exploit the potential of the GaN switches. More detailed analysis will be

presented in chapter 3.

It is worthwhile to point out that the twoff switching loss of GaN devices is much
smaller than statef-the-art Si MOSFETFigure2.12 compares the turoff switching loss
of GaN switch and Si MOSFET based on doytlése test circuit. The part number of
GaN switch is TPH3206 kch is cascode GaN. The part number of Si MOSKET
FCP13NFO from Fairchild. It is obvious that the tarfifiloss of Si MOSFET significantly

increases with current due to miller effect and it is much higher than GaN devices.
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Figure2.12 Comparison of turoff switching loss: GaN vs. Si

2.2 Packaging Impact onSwitching Loss

The switching speed of GaN devices is much faster than comparable Si MOSFET
which makes the packaging even more critical to achieverlmss and less ringing during
switching transitionUnfortunately, not every GaN devices manufacturer has realized the
importance of packaging. Up to date, there is variety of packages for 600V GaN switches.
TO220 and DFN packages are used 6060V Pangonic emode GaN devicefB.10],

[B.11]. Figure2.13 shows the packagelated parasitic inductance and the value is listed

in Table 2.2 which are extracted by FEA simulation in Ansoft Q3D. With Kelvin
connection, the DFN package is able toalgde the power loop and driving loop, and
therefore it can minimize the common source inductance. Moreover, the inductance of
DFN package is much smaller than TO220 paclageto shorter wire bonding length,
which also helps to reduce the loss and riggssuelt should be noticed that GaN Systems,

which is another -enode GaN manufacturer, employs the ebiale embedded package
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and the parasitic inductance is even smaller than Panasonic DFN package. The benefit of
improved package is similar to the DFENer through hole package, which will not be

repeated here.

TO220
TO220 DFN 8x8 D
Lp
D Le
&
==
GKSS Ls
GDS s
) (b)

Figure2.13 Package and related inductance of 60@viczle GaN devices: (a) Packages for 600V

e-mode GaN, (b) Package related inductance

Table2.2 Packageelated parasitic inductance values

Lo Lo Ls Lk

TO-220 | 3.6nH | 2.3nH | 3.9nH N/A

PQFN 24nH | 1.3nH | 0.9nH | 1.3nH

The key experimental waveforms with two different packages are showigune
2.14 andFigure2.15. For the turron transition, the voltage and current slew rate of DFN
package is much larger than that of TO220 package due to smaller common source
inductance and loop inductance. As a rgghe turron energy of DFN package is much
smaller than TO220 package as showRigure2.16. For the turroff transition, a severe

ringing occurredn TO220 package. The false tewn is observed at high currentreoff
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condition as shown ifigure2.15, and therefore, the twoff energy of TO2R package

increases dramatically with twoff current.
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Figure2.14 Turn-on transition of different packages
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Figure2.15 Turn-off transition of different packages
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Figure2.16 Switching energy of different package

Different from emode GaN, cascode GaN devices has relative complicated parasitic
inductance distribution due tevo dies packagé:igure2.17 shows two different packages
for cascode GaN devices and the corresponding parasitic inductance is mdflgdean
2.18. One is TO220 package provide by Transphorm, the other one isds¢éapkckage
which is proposed and fabricated in CPEBe dmode GaN die and Si MOSFET die are
mounted side by side in TO220 package and -“owanectioncreatesadditional three
parasitic inductance. In the stack die package, the Si MOSFET is mounted on top of the
GaN die which eliminates two internal inductance. The connection between GaN gate and
Si source still usewire bonding which is less importadtie to smaller current and di/dt.
In addition, stack die package provides a kelvin connection to decouple the power loop and
driving loop, which can significantly reduce the switching loss. fline-on waveforms
under 400V/5A conditiom a doublepulsetest circuitare shown irfFigure2.19. The dv/dt
increassfrom 90V/ns to 130V/ndue to reduced parasitic inductance. The main transition

period reduces to 4n$he measured switching energy comparison of these two packages
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is shown inFigure2.20which shows that staettie package reduces tudom switching loss

by half.

(b)

Figure2.17 Two different packages for cascode GaN devices: (a) To 220 Package, (b) Stack die

package
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Figure2.18 Two packages related parasitic inductance: (a) TO220 package, (b)dftack
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Figure2.19 Turn-on waveform comparison between (a)-220 package, and (b) Stadle

package
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Figure2.20 Switching energy comparison of different packages

2.3 Special Issues in Cascode GaN Devices

The cascode struatel is usually applied to d-mode GaN device and makes it a
normally-off device. However, the interaoti between the higtoltage dmodeGaN and
the lowvoltage Si MOSFET may induce undesired features. Thedotanection related
parasitic inductancandjunction capacitor ratio th&een the MOSFET and tleemode
GaN switch should be designed properly to avoid reliability issues and improve switching

performance.

To analyze thenteractionof a cascodé&aN device, a boost converter is used as an

example. The bottom switch is the cascode GaN device shawgure2.21.

.................

Cascode:
. [ﬂ

o+ Deviceé L
v | cLv®
g

Figure2.21 Boost converter with cascode GaN device
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2.3.1Si MOSFET Avalanche
The voltage distribution between the GaN switch and the Si MOSFET during the turn
off transition is largely determined by the junction capacitor chaitygere are two possible
turn-off transitions in the cascode GaN device, which are showfigare 2.22. The

waveforms are derived from simulation modafiswo different cascode GaN devices.

Vas \\ Vas \
v Va valanche L Avalanche
Vbs_si Vs si ‘
(-Vas uvo) Vri_vo (-Vesuvo) Vi nvp
- Vo-V i -
T 0= V] - VQ VA
Vs nvp i : Vs 1vp
th 4 n t; t t ty
@ (b)

Figure2.22 Two possible turroff transition of cascode GaN devices

Vsis the gate signal applied on the gateirce terminal of the cascode GaN device.
Vs siand \bs can are the drairsource voltage of the Si MOSFET and GaN switch,
accordingly. It is apparent thdte gatesource voltage of the GaN switch is the same as
the drainsource voltage of the Si MOSFET with reverse polarity. The difference in
waveforms between these two cascode devices is determined by whether the Si MOSFET
is driven to avalanche. The dation of a weltlmatched cascode GaN device is that the
charge stored irps_canis lower than the charge stored ims€ siand Gs cay Where
Coss siis the sum of 6s_siand Gsp_si. Similarly, a mismatched cascode GaN device means
the charge of 6s_canis larger than the charge 06€3_siand Gs_can To better illustrate

the voltage distribution process, the equivalent circuits dutiigare shown irFigure
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2.23. The stage lll equivalent circuit only exists in the mismatched cascode GaN device.

The inductor current is treated as a current source during theffuransition period.

(a) Stage l:itty

‘ CDS GaN

S D
11—+ |
Tcm Cos (T
v.

(b) Stage II: 4+-t3

¢ CDS GaN

" 1L

(:(;n)i j— D ——

G - = -
. A | (‘I)Nhi (‘c;\ GaN CGDiGaN
Ces siT S

A 4

(c) Stage lll: 3ty

Figure2.23 Si MOSFET reaches avalanche during taffitransition

The turnoff signal is applied to the gate terminal of the Si MOSFE,ard the

MOSFET channel is turned off at tThen Gss_siand Gss_canare charged in parallel
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through the channel of the GaN switch until the sogate voltage of the GaN switch

rises to its threshold voltager¥ canat . Then the GaN switch is turned off, anosGsan

is charged in series withdss_siand Gs_can The charging path throughe€ canhas no

impact on the voltage distribution between the GaN switch and the Si MOSFET. For a
well-matched cascode device, the terminal current charges these capacitors until the
voltage reaches steady states\éireaches V, which is lower than avalanche value.,V

and \bs_canrises to \b-V1i. The turnoff transition is completed ad.t

For a mismatched cascode GaN devices ¥ is driven to avalanche ag, twhile
Vbs_canonly rises to \_can Which is quite a bit lowethan the steady state value. During
Stage I, the total amount of charge stored éi3<sCGsiand Gs_canis ddined as Q. There
is the same amount of charge storednB_Ean Since they are in series on the current path.
During Stage lll, the Si MOSFET &sts in the avalanche regiono<€can is charged
independently through the avalanche path as shotgume2.23(c), and the Ys_canrises
from V1_canto the steady state value. The total amount of charge stored isaKduring
Stage Il is defined as iQ The same charge flows through the avalanche pdtith
causes additional loss in every switching cycle. This part of the loss is definedaad P

can be quantified a2 @), where §is the switching frequency.
0 ® O 0 (2.6)
Pavis proportional to the switching frequenayhich is undesired at high frequency.

2.3.2 GaN Internal Switching Loss
Similar to the turroff transition, there are two possible ZVS tamn transitions in a

cascode GaN device, which are showRigure2.24. The negative inductor current is used
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to discharge the junction capacitors to achieve ZVS. The waveform difference between
these two cascode devices is whether the 84n drops to zero when Bé sidrops to
V1H_can The equivalent circuits are showrFigure2.25. The mismatched device has one

more stage than the watlatched case.
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Figure2.24 Two possible ZVS turon transition of cascode GaN devices
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Figure2.25GaN internal switching loss dmg ZVS turron transition
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At to, the negative inductor current begins to discharge the junction capacit®rsnC
is discharged in series witho€s_siand Gs GaNfrom the initial condition. For the well
matched cascode deviceyd/sidecreases from initial valuer¥b VtH_canat ti. Meanwhile,
Vbs_candrops from initial value ¥-V1to zero due to the charge balance. This stage is the
reverse process of voltage distribution during the-affriransition. The total amount of
charge stred in Gbs_canas well as Gss_siand Gs_canis completely recycled to the input
source. After Ws_sireaches Wu_can, GaN switch is turned on and the remaining charge
stored in @ss_siand Gs_canis continuously discharged by the inductor current ag/sho

in Figure2.25(c).

For a mismatched cascode device, since the charge stored in the GaN switch is much
larger than the charge stored in theVB)SFET, \bs canonly decreases to2\Mcanwhen
Vps_sidecreases toM_canat ti. The total charge being discharged during Stage liis Q

which is exactly the charge stored during the-wififin Stage II.

After Vps_sidecreases to M _can, the channel of the GaN switch begins to conduct
during Stage II, as shown iigure2.25b). The remaining charge ob€ canwhich is Qu,
is disspated through the channel directly, and this induces additionabtuloss that is
proportional to the switching frequency. During Stage Il, the voltage decrease slopes of
Cbs canand Gsp_can are consistent. The majority of the inductor current flowsugh

Cep_can and the circuit satisfies the following equations:

o 00
o — 0 @7
5 —— 2 b

where g canis the transconductance of GaN switch
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A small decrease inpé_siresults in a large increase of the GaN switch displace current,
which leads to a fast voltage decrease slope. Therefpgesistays almost constant during
this stage to maintain a consistent voltage slope, which is shofigure 2.24(b). The
waveform of \bs_canmakes the terminal waveform of the cascode GaN device appear to
have ZVS turron. However, part of the energy stored ips@anis actually dissipated
internally due to a mismatch in charge. This phenomenon always occurs, no matter what
kind of ZVS techniques are applied. The internal switching loss is related to the mismatch
charge, andrigure2.26 shows the relationship, which is derived from simulation. For the
cascode GaN device used in experiments shownexih sectionthe GaN device rating is

600V/12A and the Si MOSFE'Rting is 30V/11A. The mismatch charge is around 10.5nC.

0 5 10 15 20
Mismatch charge (nC)

Figure2.26 The relationship of internal turon switching loss and mismatch charge

Overall, the junction capacitance mismatch of the Si MOSFET and the GaN switch in
a cascode structure will cause the Si MOSFET to reach avalanche and lose ZVS of the GaN
switch even when a ZVS technique is applied. The avalanche loss and internal GaN switc
turn-on loss are proportional to the switching frequency and related to mismatched charge.

These prevent the cascode GaN device from being applicable to MHz frequency
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applications, and the additional power loss may impact the thermal condition of ke dev

Therefore, this issue must be solved for reasons of both efficiency and reliability

2.3.3 Failure I. Internal GaN Gate Ringing
Even softswitching can eliminate the twan switching loss, the device failure is still
observed with clean external wdwem. The GaN gate breakdown is illustratedrigure
2.27. For example, if the draisource breakdown voltage of a St MOSFET is 30V, and the
gatesouce breakdown voltage of a GaN-85V, then the avalanche of the Si MOSFET,
which clamps the bs_siat 30V, acts like a last defense to protect against gate breakdown

of the GaN.

Vg

(@) (b)

Figure2.27 GaN gate breakdown due to parasitic ringing during-affrransition: (a)di/dt loop

during turnoff transition, (b) Key waveforms during tuoff transition
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The insurance offered by the Si MOSFET fails due to high di/dt and packiaded
parasitic inductance. During the tuoff transition, voltage spike on GaN gate is observed

due to @rasitic ringing, and the amplitude is determined b%)(2.

W W W 0 W (2.8)

Vi1 and M3 contribute most to the parasitic ringing since the power loop current flows
through the inductance. Everpd/siis clamped to 30V, ¥s_canreaches the maximum
breakdown voltageasily. The parasitic ringing amplitude increases with current and the

GaN gaé confronts the ringing in every switching cycle.

2.3.4 Failure II: Divergent Oscillation at High Current Turn -off Condition
The capacitance mismatch may cause the cascode GaN to have divergent oscillation
issue under higleurrent turmroff condition. Thevoltage ringing formed by the loop
inductance and junction capacitors may excee
turnron mechanismas illustrated in section 2.3.2and therefore leads to divergent

oscillation.

The turnoff procesof a capacitace mismatched cascade GaN switcthe same as
that shown irFigure2.22 (b). Vbs_sireaches avalanche, whiled/canonly increases to
V1 can Then the Si MOSFET stays in the avalanche region, asdsMis charged up to

the peak value Makthrough the avalanehpath.

After Vbps_canreaches Yeak the turnoff transition period is over, and the junction
capacitance of the cascode GaN device oscillates with loop inductandéd. initial
voltages of Wbs_canand \bs_siare \pheakand \ay, respectively. The initiadscillation current

of Lrpis OA. The ideal oscillation waveforms ob¥ canand iLp without considering the
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damping effect are the dashed curves shoviAilgare2.28. The ideal oscillation amplitude

is Vpeak The detailed operation can be described as follows:

GaN is internally turned on

Vv
Vs si m

(-Ves_ gan)

Vs can 400V-V,,

Iy p

ty, t t, t3 ty ts tg t, tg
Figure2.28 lllustration ofdivergentoscillation

[to-t1]: Lp resonates with two capacitance branches. Branchdsss&uin series with
Coss_siand Gs_can Equivalent capacitance value of this branetuiS shown in equation
(2.5. Branch Il is @Gp_can The equivalent circuit of this period is showrFigure2.29(a).
Cbs_canis discharged in series witho€s siand Gss_canby part of the loop inductance
current ip during this stage, and very similar to the stage | of ZVSaurprocess shown
in Figure2.25(a). State equations of this period is shown in equati@), (8 which Vbsis
the drainsource terminal voltage of bottom switch, andif the total loop resistance

including onresistance of top switch and current shunt. With large enough ringing
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amplitude, atitinstant, \bs_sireachesVtH can While Vbs canonl 'y dr ops @V,
smaller than the ideal resonant pgadak amplitude. The chge removed in capacitance
branch I during this stage isi@hich is the same charge stored during stage Il ofdtfrn

process mentioned above.

Top switch i,

© —

Bottom switch __ Cus e 1
—_—

i
CGD s J- D \LF

o 1 SRR
==L Ds si -

Cgs .s.T N s caN|Cep caN

|—|Il

(a) t-t1 equivalentcircuit

Top switch it

(t) i ]

Bottom switch Co:_(;,,N

I
| «
Cep si— =

D
G = J
ke CossiT T
Ces SiT ': -‘V T(:(-h caNfCap_GaN
m

!

(b) t1-t2 equivalenteircuit

Figure2.29 Equivalent circuits during oscillation period
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8 — 9 ( 9.
v O 0] ) o— Q
0 O>— QIY (29

[ti-t2]: After t1, GaN is internally turned on andb&canis bypassed by the GaN
channel directly. Therefore, the loop induata Le only resonates with & _can and the
equivalent circuit is shown iRigure 2.29(b). State equations of this period is shown in
equation 2.7). The resonant period is reduced due to the smaller capagitande
characteristic impedance becomes larger. With the same current and voltage initial
conditions at i larger characteristic impedance means larger resonant amplitude of
capacitance voltageso, the voltage drop of bé increases compared with ideal case.
Ves_canremains almost constant during this stage with the same reason descsdxtthm
2.3.2 Although G>s_candoes not participate in oscillation during this stages_¥anand
Vep_canstill satisfy the KVL law which is shown in equation (2.8)herefore, the voltage
drop of \bs_canis also larger than the ideal case.Atip reaches 0A, anddé_canreaches

the valley point.

(21}

o h o o o (27
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[to-t3]: After t2, the next oscillation period starts. The values 88 ¥, Vbs_canand Lp
at b become the initial conditions of the next oscillation cycle. It should be noted that the
initial condition of \bs_canis lower than the ideal casepd/sireaches avalanche atand
the charge stored inb€cand ur i ng t hi s p e rhe cane asshe ch@ge whi c h

removed duringotto t1.

[ts-t4]: VDs_sistays in the avalanche region anss\éancontinues to increase until it
reaches the peak valugeskz Vpeakeshould be larger thanp¥akdue to the initial conditions.

Similarly, the resonardurrent is also greater than in the ideal case.

[ta-ts]: This stage is similar to stage-fi]. Vps_siand \bs_candecrease simultaneously,
and \bs_sireachesVHcanzwh en @Q i s r emovedsGaMisintersalynant cu
turned on earlier tham stage [i-t1] since \peak2is higher than Yeak This allows more
resonant current to dischargedCsanin the next stage, and thereforesVcandrops to an
even lower value. As a result, in the following oscillation periods, the GaN is internally
turnad on in every cycle and each tewn instant is earlier than in the previous cycle. The
ringing amplitudes of Ws can and ip increase with each cycle, and the oscillation

eventually becomes divergent.

Divergent oscillation is fatal to cascode GaN deviaed it limits the high current

capability of cascode GaN devices.

2.3.5 Proposed Solution: Better Package and Charge Balance

The two key factors to théour issuesmentionedabove are package parasitic
inductance and the capacitance mismatch between M@SIFET and GaN in the cascode

configuration. The stack die package is proposed to minimize thecmteection
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parasitics and avoid the gate breakdoVire experimental waveforms are showkigure
2.30. The stack ek package is referred Fagure2.17(b). The waveform clearly shows that
Ves_canis clamped te30V, which is the avalanche voltage of Si MOSFEprotects the

GaN gatevhosebreakdown voltage is35V.

Tek __hun Sample 77 Wy 13 205505 |
amp! = : ]

I:% A A A A A A T

] S A A —— A A ——
\

VGS_GaN(ZOV/gié)v\

N e
e N Voltage clamped -
' /?\/around -30V

Py S P

los(10a/div).

Vbs(200v/div) /LA

B et i o e

(10ns/div)

Ch1 10.0v M 10.0ns 25GSs 1T 20.0psht
A Ch1 ~ 50V
Math3 20.0Y 10.0ns B Ch1 ~ 5.0V

Figure2.30 GaN gate voltage spike eliminatianith stackdie package

The most staightforward method to prevent the Si MOSFET from reaching avalanche
is to select an appropriate Si MOSFET with a larger junction capacitance according to the
junction capacitance of the GaN switch. However, the total gate charge of the Si MOSFET
will also increase, which will increase the driving loss significantly at high frequency.
Moreover, the increase ofcG si will elongate the Si MOSFET tu+aff transition and
increase switching loss due to a strong miller effect. Theredbe)gingSi MOSFET is

not the most effective solution.

Based oraforementionednalysis, the total mismatch charge in the cascode device is

Qui. Therefore, an additional capacitance i€ added in parallel with the dragource
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terminals of the Si MOSFET to compsate the charge mismatch, as showrigure2.31.
The required minimum value ofxGhould guarantee thab& canachieves its steaestate
voltage fefore the Si MOSFET reaches &rmche. Therefore, the expression ofi€ as

follows:

6 @— (2.13)

J_ D
C i D
GD S G |— CX
G | = = . ‘ o
— Cbs si Ces can|Cep caxn
CGb). S

Figure2.31 Adding anextra capacitor in cascode GaN devices

Paralleling G betweerthe drainsource terminals of the Si MOSFET will not increase
its driving loss, and the turn off loss is still very small due to the merit of the cascode
structure, asnentioned in section 23..The impact of an extra capacitor on the {afin
loss is shown irFigure2.32 which is derived from simulation. The cascode GaN used in
the simulation is same with the one used in the experiment datewion The GaN device
rating is 600V/12A and the Si MOSFET ratiisg0V/11A. The mismatch charge is around
10.5nC. The turn off current is 10A and turn off steathte voltage is 380V in the

simulation. The data indicates a little increase in turn off loss due to this extra capacitor.
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Figure2.32 Impact of arextracapacitor on turoff switching loss

The proposed solution is a simple and effective way to compensate the mismatch
charge of the Si MOSFET and the GaN switch, and it is convenient for mass production.
It is noticed that the aforementioned issues may not occur at low voltage condition, such
as below 200V application. The proposed solution may slow down the device switching

speed, but with very limited increase of turn off switching loss.

To easily integrate an extra capacitor into the cascode device -aretiifp package
is fabricated, as shown figure2.33. The 600V normallyon GaNchip is provided by
Transphorm Inc. The threshold voltage is aroub8V and the maximum sourgmte
voltage is aroune35V. Therefore a 30V Si MOSFET is selected to control the on/off state
of the GaN as well as to protect the GaN gate by clamping threesgate voltage of the
GaN to the avalanche value of the Si MOSFET, which is 30V. Another criterion for
choosing the Si MOSFET is to minimize the driving loss at high frequency. Therefore the
junction capacitance of this 30V Si MOSFET is usually small, the charge of the GaN
and the Si MOSFET are mismatched. The estimated mismatch charge is about 10nC, and
therefore, an 800pF capacitor is added according. 8 [The comparisons of the behavior

of cascode GaN devida a CRM boost convertenith and wthout an extra capacitor
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during the turron and turroff transition are shown iRigure2.34 andFigure2.35.

Chip-on-chip package

Figure2.33 Chip-on-chip packagéor cascode GaN device with an extra capacitor
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Chepter2

(b) Detailed turroff transition
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Figure2.35 Experimentalvaveformwith external capacitor

(c) Detailed ZVS tam transition

Figure 2.34 shows the experimental waveform without adding the extra capacitor.

Figure 2.34(b) andFigure 2.34(c) show the detailed turn off and ZVS turn on transition,

respectively. ¥w is the terminal voltage across the cascode GaN device. During the turn

off transition, \bs_Si reaches avalanchetgtwhile the terminal voltage 3w only rises to

170V. After 8, Cos_canis continuously charged through the avalanched path usdil V

reaches ¥ at time &. The mismatch charge is about 10.5nC in this cascode GaN device.
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According to R.2), the avalanchéss Rvis 0.315W at 1MHz. This part of the loss is

considerable at high frequency.

During the ZVS turron transition, ¥s_sidecreases toW_canat t, while the terminal
voltage only drops to around 280V. The remaining energy storedsizdnis dissipated
through the GaN channel. The internal WS loss is estimated to be about 1.2W at
1MHZ. Therefore, the total power loss caused by junction capacitor mismatch in this

cascode GaN device is about 1.5W at 1MHz.

Figure2.35shows the experimental waveform with the extra capaéitgure2.35(b)
and Figure 2.35(c) show the detailed twoff and ZVS turron transition, respectively.
Figure 2.35(b) shows that Ws_sirises to 26V when the terminal voltage reaches steady
state condition. Therefore, adding this capacitor can effectively avoid Si MOSFET
reaching avalanché&igure 2.35(c) shows that the terminal voltage drops to nearly zero
when \bs_sidrops to \f1_can Therefore, real ZVS can be achieved for the cascode GaN

device by dding this capacitor.

It is worthwhile to point out that the extra capacitor does not impact the driving loss
based on the loss measured from the driving circuit. Moreover, the total loss reduction of
the prototype with the extra capacitor is about 1.3\WNHz, which can match with the
estimated loss induced by avalanche and internalZiM#issues. The loss reduction also

indicates that the increase in turn off loss due to the extra capacitor is negligible.

One way to avoid the divergent oscillationagptrallel RC snubber circuit to suppress
the voltage spike and damp the parasitic ringing which is a common practice for devices

switching at high currentHowever, he power dissipation on the RC snubber circuit is

57



Xiucheng Huang Chapter 2

around over few uJ which isnot acceptable for the switching frequenapove few

hundreds of kHz.

A fundamental solution to compensate the capacitance misstaiahd beadding an
additional capacitor £ Ideally, Vsc_canis equal to \éx as well as s _siafter capacitance
compensationHowever, integrating £in the cascode package always creates parasitic
inductance which induces parasitic ringing internally. The parasitic inductance and the
position of G are critical to achieve optimal performanEegure2.36 shows two possible

packaging diagram which integrating the capacitar C

= B e
) r\\ ///// - Kelvin ’o‘g Sigrce ’

GaN Source L v
X1
C . . i CX# CX Source
X N

Gate

GaN Gate

AIN DBC
HITTINIE
. . Drain AIN DBC . . Drain

(a) Packaging A (b) Packaging B

Figure2.36 Two possiblepackagingapproach with &

The Si MOSFET is on top of GaN switch source pad in order to reducearteect
parasitic inductance. Thex@ on side of GaN switch in packaging A and on top of GaN
switch source pad in packaging B, respectively. As shown in the diagram of packaging A,
one terminal of the external capacitot 8§ connected to GaN source pad througkiL
The other terminal is conoted to one of the GaN switch gate pad through wire bonding,

and then connected to the source pad of Si MOSFET through the other gate pad of GaN
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switch for easy wire bonding consideratiomxt.is consisted of two parts; one is the wire
between & and gatead, and the other is the two gate connection inside the GaN switch.
Actually the packaging A is used to demonstrate the benefits ofdlpeged solution in
literature In packaging B, one terminal ofx@s connected directly to the source pad of
GaN switch, and the other terminal is connected to the source pad of Si MOSFET through
Lexe. The equivalent circuit considering the parasitic inductance is shokigure2.37.

The parasitic inductance of these two packaging approaches are listed i2 Jatiech

are derived based on Ansoft Q3D FEA simulation. It shows that packaging B has smaller

parasitic indutance.

(a) Packaging A (b) Packaging B

Figure2.37 Equivalent circuit of twdalifferentpackaging approaches

Table2.3 Parasitic inductance of different packaging

Packaging A Packaging B
Lint 1.0nH 1.0nH
Lexa 1.0nH N/A
Lexe 2.1nH 1.0nH

It is noticedthat Vsc_canis the sum of W¥s_siand M.int Which is the voltage acrossi.

Therefore, the parasitic ringing onsd/ cancan be significantly reduced by minimizing
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Viint. Theamplitude of Vint is determined by the current flowing through.LThe two
packages put £in different positions and therefore result in different current flowing
through the L. In packaging A, & is on the right side ofik. During turnoff transition,
ioff_1and bfr_2 flow through Lint which is shown irFigure2.38(a). b _1is the turroff current
flowing through Gp_canand Gss_can ioff_2 IS the current chargingxC ioft_3 is the current
flowing through Si MOSFET branch. The alifydes of three current are determined by
impedance. €value is typically much larger than any other junction capacitance, therefore,
ioff_2iS much higher thanq_s. It is worthwhile to point out thatds_canis typically much
larger than Gp_can at high voltage range due to the nonlinear characteristic of GaN
junction capacitances. As a result, 1 is also much larger thasii. In packaging B, &€

is on the left side of k. Only bff 1 flows through lint during turroff period, while b 2
directly flow to the source of Si MOSFET. Equivalent circuit is showRigure2.38(b).

It is obvious that packaging B reduces the current flowing througtviich induces less

voltage drop Vint.

- . o] al
loff_3 L lotf_3 _Dsn‘l L
) H " N— D
lotf_2
L L = z
G —m - G — - l%fxﬂ = = Cop_can
¢ S
L L L;
Ls Ls Viint ioff_1
S S
(a) Packaging A (b) Packaing B

Figure2.38 Current distibution indifferentpackages

Moreover, smaller parasitic inductance also helps to reduce the current flowing

through Lint. As mentioned above, the current distributionsofi,i ioff 2 and bt 3 are
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determined by impedance. In packaging B approach, minimizingrd Lcx2 branch
impedance increasesiiz and reducesot 1. As a result, Vint is further reduced by

inductance reaction.

Overall, packaging B bypasses the ondly of turn-off current by good position and
small parasitic inductance. Smalletin/results in smaller resonant amplitude in the GaN
gate loop, and as a resultgd/canis far from turmron threshold valugvhich is the trigger
of divergent oscillationPackaging B approach is preferred for cascode GaN operating at

high current turroff condition.

To validate the analysis of divergent oscillation and the proposed solution for cascode
GaN device, two cascode GaN devices are fabricated with the two pagldiggram
mentioned above, as shownRigure2.39. The 600V normallyon GaN switch with 35A
continuous current capability is provided by Transphona The threshold voltage is
around-20V and the maximum sourgmte voltage is aroundQV. Therefore a 30V Si

MOSFET is selected to control the on/off state of the GaN.

(a)Packaging A (b)Packaging B

Figure2.39 Prototypes of twalifferentpackaging approaches
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The evaluation of high current tuoff condition is carried odoublepulsetest circuit.
Input voltage is 400V Figure 2.40 shows the experimental waveforms of different
packaging approachdsgure2.40(a) shows that the packaging A and B withoxibCcurs
divergent oscillation at 30A turaff condition. The packaging A withxCcan switch ¢
slightly higher turroff current, but it still occurs divergent oscillation at 33A tofh
condition as shown iRigure2.40(b). The major reason the position of & as mentioned
in section Ill. The prototype using packaging B approach can successfully switch under

40A turn-off condition without oscillation as shown kigure2.40(c).
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Figure2.40 Experimental results wittifferentpackaging approaches (a) Paclag A and B

without G (b) Packaging A with ¢(c) Packaging B with €

It is noticed that the voltage spike is close to 600V due to relatively large power loop
inductance in order to accommodate the shunt resistance (38DIN&M Research
Products Inc.) on the PCB board. The tofhcurrent can go up to 48A by removing the
shunt resistance as shown kigure 2.41. The red curve is the inductor current. The
parasitic ringing period reduces from 12ns to 8.5ns basdelgune 2.40(c) andFigure
2.41. It indicates bout 50% reduction in the power loop inductance by removing the shunt

resistance. The voltage spike is about 570V.
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Figure2.41 Experiment withpackagingB, without shunt resistance
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In order to further reduce the power loop inductance, dinel§e module is fabricated,
as shown irrigure2.42. The loop inductance reduces abowWda@mpared to the one with
two discrete devices. The devices are capable to switch at 54Affuoarrent, as shown
in Figure 2.43. The proposed solon of adding G at right position can significantly

extend the high turoff current capability.

Figure2.42 Half bridgemoduleof cascode GaN devices with packaging B approach
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40 ! N W“ 400
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0 D v 0

-10 ! ! -100
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Figure2.43 Experimentwith half bridge module of cascode GaN devices with packaging B

approach

64



Xiucheng Huang Chapter 2

2.4 Conclusion

This chapter presents the switching characteristics of 600V GaN devices. The
switching loss mechanism of cascode GaN aralyzed in detailPackaging becomes
critical due to high switching speed of GaN devices. Some issues related to cascode GaN
devices are discussed in detail, including Si avalanche, GaN internal switchi@aNss
gate breakdownand divergent oscillationThe fundamental reason for the issues are
packaging parasitic and mismatched capacitance. The proposed package integrating the
external capacitor can solve all the problems and therefore improves the cascode GaN

device significantly.
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Chapter 3. Design Considerations for GaN Devices

The GaN devices parameters are so superb and it may lead an illusion to circuit
designer that the circuit performance can be significantly improved by simply plugging
and replacing Si MOSFET! is has been reported that small gain can be achieved with
simple replacemen{C.1]-[C.6]. However, researchersfound out that the circuit
performance may be worse or even not work with GaN devices without deeply
understanding the technical challenges raised by [GaN. This chaptewill discuss the
design consideration for GaN devigesluding the comparison of hagwitching and soft

switching, high frequency gate drive with high di/dt and dv/dt immunity.
3.1 Soft-switching or hard -switching

It is no doubtthat the switching performance of GaN devices are much betteSthan
MOSFET and GaN devices enable Halidge based topology operating under hard
switching conditionsuch as toterpole PFJC.8] - [C.10]. It is noticed that referend€.8]
and[C.9] are provided by GaN device manufacturersd the system operation frequency
is below 100kHz However, it is questionable that hasditching is preferred for GaN
devices from loss and noise perspectiigure3.1 shows the hardwitching waveforms
of a 600V GaN device withsurface mount packagehich is considered with minimal
parasitic inductancd& he drairsource voltage and current contains severe high frequency
(>100MHz) ringing and overlaps with each other for a long period (>10ns ) which
generates hugess. The high frequency ringing is also observed at the device gate which

majorly couples through the gadeain capacitance. In order to avoid false trigger issue,
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the deviceswitching speed has to be slowed down significantly, usually by enlarging the

gate resistanc@s shown ifrigure3.2.
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Figure3.1 Hard-switching turron transientof GaN devicewith severe parasitic ringing
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Figure3.2 Hard-switching turnon transientof GaN device withessparasitic ringingoy slowing

down switching speed
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It clearly shows that the slew rate of draimurce voltage is much reduced and only
current has a single overshooedo junction capacitor charge of finee-wheelingswitch.
The gate voltage rises to steagtgte value gradually withodlisturbanceHowever, the
transition time increases from 10ns to 30ns and the switching energy loss increases more
thantwice of theone shown irFigure3.1. The relationship between the tewn switching
loss and switching spegalhich is actually controlletly gate resistance, is showrHigure
3.3. No matter what is the value of gate resistance, theamrswitching energy is way

above 20uJ, which is0WV switching loss at 500kHz operation.

150
—— R~0Q —d— R=20Q
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Figure3.3 Hard-switching turron energy vs. R

It is obvious thahardswitching turron cannot achieve both lower loss and less noise
simultaneously. On the otherridy softswitching turron an gain both with minor penalty
of increasedonduction loss. For PWM converter, critical current mode (CRM) operation
is the most simple and effective way to achieve x@itageswitching (ZVS) turron and

is widely used in m&ium-low power applications.
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Figure3.4 CRM operation principle

As shown inFigure 3.4, the CRM could achieve ZVS twon for the control switch
and zerecurrentswitching (ZCS) turroff for the freewheeling switch. The disadvantage
of the CRM operation is that the peak inaduaturrent is more than twice of the load current,
this may increase the tuoff switching loss and the conduction loss of devices and
inductor. However, the turoff switching lossof GaN devices are extremely small, as
demonstrated ifrigure2.11, typically lower than few uJ. Moreover, theotmeansquare
(rmg) valueof a triangular wavefornesurrentis only 15% higher than a pure DQrrent
with sameDC value based on mathematical results. That means the maximum increase of
conduction loss with CRM operation is 33%. Therefore, CRM operation can be easily
justified in the applications that the saved switching loss is much higher than the increased

conduction loss plus turoff switching loss.

Figure3.5 shows the comparison of the efficiency of havdtching and CRM soft
switching400V/200V GaN based buck converter. The switching frequency at 6A output
is designed to bBOO kHz It clearly shows that CRM sofswitchingachieves 1% higher
efficiency over all load range. The loss breakdown at 6A output is shotigune 3.6.

The highest Iss bar is completely eliminated by seftitching. The conduction loss and

69



Xiucheng Huang

Chapter3

the turnoff switching loss only increases a little bit as predicted abbve.experimental

results indicates thabft-switching benefits GaN devices significantly.
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Figure3.5 Hard-switching vs. CRM sofswitching
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Figure3.6 Loss breakdown at 6A

A fully functional GaN-based6kW bidirectional buck/boost converter operating at

CRM modewith 1IMHz and above switching frequencwgre built for energy storage

systemsThe simplified system structure is showrFigure3.7.
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Figure3.7 4-phase bidirectional buck/boost converter for energy storage system

As a point of efficiency and density comparison, a Si IGBT based prototype, which
operates at 20kHz switching frequency is showfCiri1]. Both prototypes can achieve
99% efficiency, while GaMbased prototype can achieve much higher power demigy.
power density i4 70W/in, which isat lea$4 times higher thatheSi IGBT based solution.
Most of the space is occupied by electrical fan and signal sensor, such as bulky voltage hall

sensor, which can not be shrunk by pushing frequency.
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(a) Si IGBT-basedprototype (b) GaNbased prototype
Figure3.8 Comparison of GaMNbased prototype and Si IGHJFased prototype

The softswitching characteristic of the bidirectionaiick/boost converter can be
further enhancedby coupling the inductors in an inverse manf@rl2]. The inverse
coupled inductor extends the ZVS region and redaceslating energy, which is highly
preferred at high frequency operation. The gain of efficiency at 1MHz condition is around
0.3%. Moreover, e coupled inductor saves 50% footprint and 25% volume compared
with two norrcoupled inductor§he details of thempact of inverse coupled inductor on

the high frequency converter are illustrated in the Appendix II.

In order to further improve the power density tbé bidirectional converter, the
switching frequency is the key catalyst. The conventional throughpaakaged GaN
device generates significant loss at higher frequency due to package related parasitics. The
stackdie packaged cascode GaN deviseemployed and is able to operate at 5SMHz
switching frequencyas shown irFigure 3.9. The drainsource voltage decreases to zero
due to the natural resonance formed by the inductor and junction capacitor. The converter
can achieve 98% efficiency and 1000 Wfiower density at 600W output conditioiiie

loss breakdown at 600W output condition is shownRigare3.10. The largest share of the
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loss part is the inductor winaty loss, which occurs due to the skin effect and fringe effect,

and can be measured us[Ca3)y Muds met hod descri

(a) Prototype of 5 MHz converter wititackdie packaged cascode GaN switch
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(b) Experiment waveforms

Figure3.9 5 MHz converterwith the cascode GaN switch
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Figure3.10 Loss breakdown of 5 MHz CRM boost converter with cascode GaN device

3.2 High Frequency Gate Drive

One of the advantagef GaN devices over Si MOSFET is lowrn-off switching
lossas shown irFigure2.12 and itis achieved by higher switching spespability. With
better device parameter and packaging, the external gate drive circuit is crucial to achieve
high switching speed. Since ZVS tuon is preferred for all GaN devices to eliminate huge

turn-on lossthe gate drive circuit desigghould be moréocusedon turn-off transition

The gate resistance plays an important role in the GaN dduroeoff switching loss
especially for enodeGaN devicesThe gate resistance limits the gate discharging current
and therefore slow down the drasource voltage and current transition as shovigure
311 Asaresult,theturof f ener gy reduces significantly w

in Figure3.12.
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Figure3.11 Turn-off transition withdifferentgate resistance

Figure3.12 Turn-off energywith different gate resistance

It should be mentioned that the external gate resistor is less effective in a cascode GaN
since the GaN actually is controlled by internal Si MOSFETesistor can be integrated

into the package, which is connected betwienGaN gate and Si source, to control the
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switching speed of a cascode GaN device.
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In general, small R/s preferred to reduce the tuoff switching lossSome undershoot
on the gate is allowed by most of GaN devices. However, special care shealkeinéo
avoid the subsequent positive gate voltage ringing beyond de gate threshold of the device.

Therefore, the gate driving loop inductance should be designed as low as possible.

By using a GaN device in MHz applications, especially when critical @diotumode
(CRM) is used to achieve sefwvitching, highcurrent turroff can induce high dv/dt and
di/dt issues. As illustrated irigure3.13, the dv/dt and di/dt of GaN based converter is 3~6
times higher than Si based converter. It is obvious that higher di/dt and dv/dt bring new

challenge to the gate drive design.
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Figure3.13 High dv/dt and di/dt induced by GaN devices: (a) Si MOSFET, (b) GaN switch

3.21 The di/dt Issue and Solutions
When the GaN switch is turned off, the falling di/dt slope induces negative voltage on
the CSI This negative voltage will induce an opposing voltage across thegatee of

the GaN, which isntended to turn on the devidegure3.14 shows an example of a buck
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converter with cascode GaN swithin TO220 packageThe total common source
inductance k consists of the commesource inluctance in the device package and the
parasitic inductance of the PCB trace. When the high side sisitcinned off, the high
di/dt will induce inverse voltage orsLA 5V spike appears on the terminal of the top switch
gate signal, as shown fiigure3.15. This spikemay spur a false turan of the device if the

internal gate signal reaches its threshold voltage and causes shoot through.

Ls=1.5nH (Package+Layout)

il ]
AN A

Figure3.14 di/dt impact on gate drive loop
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Figure3.15High di/dt induces voltagen the gate

The best way to improve the di/dt immunity is to miniméeenmonrsource inductance

by improving packaging and the PCB layout. Separating the gate and power loops with a
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Kelvin connecton is helpful to reducéhe inductanceThe internal source inductance of
the GaN device also should be minimizEgure3.16 shows the experimental waveforms
of thesame device but with stacke package, shown Figure2.17(b). The voltage spike

is significantly suppresseshich is lowerthanl1V.
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Figure3.16 Smaller voltage spike with less CSI

3.2.2The dv/dt Issue (Common mode Noise Current) and Solutions
The dv/dt related driving issue is more complicated and difficult than the di/dt problem.

It usually h@pens to the high side device in a Haitdge configured converter during high
positive or negative switehode dv/dt.Parasitic capacitance tie high side driveis a
high-frequency noise path for the commmode current generated by the switahde
dv/dt. For a positive dv/dt event, the higbltage slew rate across capacitas Generates
the commormode current which flows in the loops, as showRigare3.17. This common
mode current causes ground bounce on the PWM input side and can cause changes in the
logic state. For a negative dv/dt event, the comimoxe current flows clockwise and can
deteiorate the PWM signal, as shownHRigure3.18. With GaN transistors, the slew rates

are likely to be above hundreds of volts per nanosecond. This issue requireiatame
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addressed to avoid becoming a limiting factor on the circuit performance. It is common to

all GaN devices applications that have a high side floating device.

High Side Driver

Level Shift
or
Isolation;

Figure3.17 High dv/dt causes commenodecurrent across parasitic capacitance of level shifter

or isolator (cascode GaN is used as an example)

Fault trigger
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Figure3.18 High dv/dt deteriorates the PWM signal
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In most cases, a level shifter or iselhdriverare used for the high side driyarich
are summarized in table 3.Bootstrap IC has been widely used in Si MOSFET based
converter for decades. The dv/dt immunity is high but the propagation delay is too long
due to the internal high voltage transistors not suitable for GaN based converter which
operates at very high frequency and requires small propagation delay. The commercial
driving transformer and optocoupler are easily susceptible to dv/dt noise due to large

parasitic capacitance.

Table3.1 Commercial high side gate driver

Part # dv/dt immunity (V/ns) | propagation delay (ns
Bootstrap IC NCP5181[C.14] 100 110
Driving transformer TLA-3T106[C.15] <30 <20
Optocoupler ACPL-38JT[C.16] 30 150
Inductive digital isolator | Adum1100[C.17] >100 15
Capacitive digital isolator]  1SO721[C.18] >100 17

There are two types dfigital isolatorbased on the primary to secondary coupling
mechanism, namely inductive coupling and capacitive coupling. Both of them have very
low parasitic capacitance and the dv/dt immunity is higher than 100V/ns. Moreover, the

propagation delay is less than 20ns whitdike it suitable for GaN application.

The power for the high side digital isolator usually comes from an isolated power
supply module. However, the isolated power supply is bulky and more importantly
susceptible tooise due to relative large capacitarkaa. instance, the parasitic capacitance

of JHM0624S15rom XP powelfC.19]which is considered as the statethe-art product,
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is 20pF. In order to reduce the parasitic capacitance and simplify the power supply for the
high side driver, &igh voltagebootstrap diode can be used, as showFigare3.19. The
junction capacitance is usually lower than 5pF at high voltage, but it is still the major noise
current path. In order to lock the noise current in a small loop, it is necesgatyhe Vcc
decoupling capacitor as close ttee bootstrap diode and dv/dt noise sougreund as
possble. To further improve the dv/dt immunity RC filter and anegative bias circuit can

be used at the input PWM terminal.

Dg
_:rz Viv
I SpF VCC} T
yec Digital Isolator
Decoupling — Tl oo e, : L} |
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Figure3.19 Proposedigh side gate drive circuit

The PCB layout also plays an important role in improving the dv/dt immunity for the
high side driverAs shown inFigure 3.20, if the switching node panel is overlapped with
GND panel, a parasitic capacitance @ill be induced and paralleled between primary
and secondary side of the digital isolator. Noise wilebsily coupled through this path,
and the dv/dt immunity of high side driver will be largely decrea&ediding PCB layout
overlap between the ground and the high side can effectively reduce the parasitic

capacitance. The experimental waveforms resuftmm the improved driving circuit and
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PCB layout are shown Figure3.21. The voltage ringing on the PWM signal is minimized,

and the dv/dt immunitys over 120V/ns.
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Figure3.21 Experimental wasform of improved dv/dt immunity for highide driver
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It has been mentioned above that the commercial driving transformer cannot be
applied to GaN devices due to low dv/dt immunity. The major cause is the parasitic
capacitance between the signal side and switzlte as shown ifrigure3.22. The value is
around few tens of pF for most of the commercial driving transformer, and this is indeed a

low impedance path for the high dv/dt notserent

Vin
Low impedance path ;k
PWM_T D—II . i el —HE T
Signalg3 ) G
G e Viw

PWM_B_[j Low Side Driver D—:IH?

Figure3.22 Conventional drivingransformeiis susceptible to noise due to large parasitic

capacitance

In order to bypass the noise current, a novel shielding technique is integrated in the
driving transformer, as shown kigure3.23. The shielding layer is insertedtheen the
primary and secondary winding and one terminal is connected to the power ground, which
is also the noise source grouithe shielding layer and secondary winding induces-inter
winding capacitor and the noise current can easily go through theitezpa and travel to
the shielding layer. Since the shielding layer is connected to the noise source ground, it is
a low impedance path for the noise current. The majority of noise current will flow through

in the loop, marked irFigure 3.23. The shielding layer also induces capacitor with the
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primary winding, however, the impedance of the capacitance is much higher than the other
path which is direct copper connectidNegligible noise current can flow through the
capacitor boundary. This is true when the main frequency of the noise current is lower than

few GHz, which is practical for GaN devices.
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Figure3.23 Novel driving transformer with shielding

To verify the proposed high side driving method, a driving transformer with shielding
is designed for a 500kHz buck converter. The core size is small due to high frequency
operationa planar ER11/5 is chosen. PCB winding is implemented to simplify the winding
design. Only three layers of PCB is necessary to fulfill the function of the proposed method,

as shown irFigure3.24.
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Figure3.24 Proposed drivingransformemvith shielding

The core loss the driving transformer is less than 10mW at 500kHz. The maximum
magnetizing current is 80mA and corresding winding loss is negligible. The
experimental waveform comparison is showrFigure 3.25. The glitch came out at the
PWM signalwhen the dv/dt only rises to 355 in the case without shielding. On the other
hand, the noise at the PWM signal is less than 100mV with shielding when the dv/dt is
100V/ns. The dv/dt immunity of the driving transformer is significantly improved by novel
shielding technique. Moreovenudliary power supply, either form external or bootstrap
diode, is not needed for the higlde device with driving transformer approach, which can

further simplify the system design.
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Figure3.25 Comparison of drivingransformer (a) w/o shielding, (b) w/ shielding
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3.4 Conclusion

This chapter presents the design considerationsGaN devices, including the
comparison of hardwitching and sofswitching, anchigh frequency gate drive for GaN
devices.Numerous experimental data validates that-seftching significanty benefits
GaN devices from both efficiency and noise perspeciikefastswitching speed of GaN
devicesraises di/dt and dv/dt related gate drive challeiipe best way to solve the di/dt
related issue is to minimize Wiee package and PCB layout patiasinductance, while
olution for dv/dt requires minimal parasitic capacitance between high side and signal
ground as well as minimize input impedanbeo different methods are proposed and both
of them can operate properly under very high dv/dt condition. Choice can be made
according to different system application.
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Chapter 4. SystemDesignof GaN Based AGDC

Adapters

This chapterpresentdigh frequency, high efficiency and high power density design
of AC-DC adapterGaN devices are deemed as a game changing device in this particular
application with improved efficiency and significant size reductiDetailed design
consideations, such as magnetics, EMI, etc., will be illustrated. Few prototypes designs at
25W, 45W, 65W, 150W will be shown to demonstrate the strength of GaN devices and the

impact of the system design.

4.1 State-of-the-art Practice

One of the biggest market power supplies, in both volume and revenue, is thacac
adapter/charger for consumer electronics, including laptop, tablet, smart phone, mobile
devices, game console, printer, and stereo sbansl et as shown irFigure4.1. The
markethassurpased $8 billion in 2015 ands projected taeach $9 billion by 2018; with
much of this growth being driven by smart phones, tablets and emerging appliftigns

as shown irFigure4.2.
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Figure4.1 Applications of AGDC adapter
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Figure4.2 Adapter market informatioRigure4.2 [D.1]

Adapters are costriven and customized for every generation of mobile deyeach
with very short product cycle. Disposal of these-ofutlate adapters becomes an
environmental conceriWhile the progress of all forms of mobile devices are progressing
at an amazing rate with everdneasing performances and shrinking in size aeight,

their adapter counterparts are bulky with meager power den&ity2a4v/in®.
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Figure 4.3 lists the stat®f-the-art AC-DC adapters which are in mass production.
Today, most of the adapters aperating at relatively low fopencies (<100 kHz) and
with efficiency below 92%. For example, the MacBook Air laptop now weighs less than
2.41bs, while the accompanying 45W adapter still weighs Ob$land the manufaaring
and the assembly process for adapter remains-latarsive.The internal image from a
teardown Apple adapter is shown HFigure 4.4. It clearly shows that the most of the
components have to be inserted on the PCB manually. In particular, the power transformer
(with yellow mask) is in a hanthade fashionThe parasitics are hard to controdathe
paraméers varies from piece by piece, which make it the most challenging part for the

system designer.

-~ ’ L

E10 -

z -

g U Wind 12 Wind 12 Wiin®

§ ~ Innergie 65W Innergie 90W Razer 150W

=

1

s S—

£ s 5 7 Wiin® 8 W/in®

Apple 45W Dell 240W
5 W/in®
Samsung 25W
-~
”
20 45 60 90 150 250

Power (W)

Figure4.3 Stateof-the-art AC-DC adapters
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Figure4.4 Inside the Apple adapter

It is important to note that the power density for adapters is ultimately thermally
limited. The maximum allowed adapter surface temperature for safety is/@b a plastic
case and A with a metalcase[D.2]. Furthermore, most of the products are further
derated for surface temperatures & flus to avoid excess surface heat. Based o a 95
surface tempaiture, the theoretical relationship between power density and efficiency can
be calibrated based on thermal simulation and the resultshemen inFigure 4.5. The
adapter is assumed to be composed by two boxes and the form factor is similar to Apple
adapter. The dark grey color box is the power converter and it is surrounded by light grey
box which is the plastic case. Theat isassumed to be uniformly distributedcside the
box. It is natural cooling condition and the surface convection coefficient is arothd 6
W/m?-3 . The simulated curve indicatéisat the power densitynprovement has to be
accomplished with efficiency improvement simultaneously. The sthtee-art products
are also plotted on the curve and the stars implyctira¢nt products are all far below their

theoretical limits
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Figure4.5 Theoretical limit of power densitys. efficiency (max 95 with plastic case)

High efficiency and high frequency are the catalysts for size reduction. The emerging
GaN device, with much improved figures of merit, opens the door for an operating
frequency well into the MHz rang&he research goal is to achieve a power density up to
30~40W/ir* by increasing frequency up to 10 times of current practice, along with

significant efficiency improvements.

4.2 MHz Active Clamp Flyback Converter for Adapters Po < 75W

Flyback converters are dominant topology for low power offline application due to its
simplicity and low cost. Several literatures have demonstrated flyback converter with GaN
devices operating over 1MHz in order to reduce passive compaomdmise[D.3]~ [D.6].
However, traditional flyback converter has to bgroved to achieve high efficiency at
high frequency, including the sedtvitching technique, high frequency transformer design

and the EMI characterization and filter design.

4.2.1 Soft-switching with Active Clamping Circuit
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Figure4.6 shows the circuit configuration of tikenventional flyback andctive clamp
flyback converterThe basic operation principle of these two converter arekmelvn to
power electronicsesearchers/engineers, which will not be discussed in this work. The
conventional flyback converter usually operates in CRM mode to minimizeoturn
switching loss, and this approach works fine at low frequency (200kHz). However, the

topology should be revaluated at high frequency, namely 1MHz.

Figure4.6 Conventional flyback vs. Active clamp flyback

The key switching waveforms of these two topology operating at 1MHz are shown in
Figure4.7. The conventional flyback uses RCD clamp circuit to dissipate the leakage energy
and suppress the voltage spike when the main switch isl@fiever, the leakage energy
loss is proportional to the switching frequency and it is quite considerable at MHz
frequency range. Moreover, the voltage ringing causes high voltage slew rate which has
significant impact on EMI noise, especially at 10~30MHz raftggearly shows that the
parsasitic ringing during the switch off period is huge at 1MHz. Furthermore, CRM mode
operation can only achieve valley switching
high line input condition, which we have illustrated the importance of ZVS on Gabkdev
at high frequency. On the other hand, active clélgigack can clamphe voltage without

any ringingas shown irFigure4.7(b) and recycle the @ansformer leakage energghich
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can be used to realize ZVS for the main switgliferent from low frequency operation,

leakage inductance energy is not sufficient to realize ZVS for the main switdhHzt.

The magnetizing current need to reverse direc¢bodmelp achieve ZVS.
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Figure4.7 Key waveforms of two flyback topology operating at 1MHz

In addition to the common knowledge on the active clamp flyback converter, it is
interesting to find out that the active clamp circuit modifies the transformer belryioe.
4.8 shows the ideal transformer winding current comparison of the traditional flyback and
active clamp flyback converter. It is wddhown that the conventional flyback transformer
is actually an inductor with two windings conducting curremwlifferent time period. There
is no flux cancellation and therefore the winding loss is typically large. However, there is

flux cancellation effect in active clamp flyback transformer marked as the shaded zone in
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Figure 4.8(b). When the primary current goes negative, the magnetic field strength is
reduced and the current can be more evenly distributed in the windingmBx@omain
winding lossof thesetwo flyback topologies is shown iRigure 4.9 based on FEA

simulation and the losseduction is about 20%ith active clamp flyback

isec lsec
(a) Conventional flyback operates in CRM Adt)ve clamp flyback

Figure4.8 Comparison of ideal transformer winding current
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Figure4.9 Time-domain winding loss of two flyback topologié®d solid line: conventional

flyback; blue dash line: active clamp flyback)
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All of these features mentioned above results in higher efficiency and lower noise
which makes active clamp flyback topology very suitable for high density adapter
application.

The clamping capacitance impacts the resonant frequency as well as the initial
condition of the resonant tank. As a result, it determines the current waveforms of the
resonant tank and the secondary skigure4.10 shows the simulated current waveforms
considering all the parasitics at 90Vac inpotl 65W output poweondition. With smaller
Cclamp, half of the resonant period formed bydnd Giampis close to the main switch Sw
off period. ik is close toim when clamping switch is turn off, which means the turn off
current of clamping switch is small. On the other hand, the current ripplei®farge due
to the complete resonant. The secondaty surrentdris the difference betweemiand
iLk, and thereforeskalso has large ripple. On the contrast, the turn off current of clamping
switch increases with largeriénp While the current ripple of both primary and secondary
side reduces sigficantly. Figure 4.11 summarizes the impact ofcénp On the related
converter power loss. It shows that increasingre in the range of below 100nF
significantlyreduces the conduction loss and slightly increases the turn off switching loss.
Therefore, the total &amprelated loss reduces with larger capacitance. Further increasing
Cclamp has diminish return in terms of power loss reduction, but the penaltygées lsize
and relatively slow dynamic performand@verall 100nF ispreferredin the converter

design from lower loss, smaller size and faster dynamic perspective.

95



Xiucheng Huang Chapter4

C

clamp

=35nF, 70nF, 200nF

Camy=350F, 70nF, 200nF

clamp

Figure4.10 Impact of clamping capacitor on primary and secondary current waveforms
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Figure4.11 Impact of clamping capacitan converter loss

4.2.2 MHz Flyback Transformer

The traditional low frequency flyback transformer is typically in a hanadie fashion
with solid wire. The parasitics are hard to control and the parameters varies from piece by
piece. It is also difficult to implement shielding layer in order to reducenoarrmode
noise.PCB winding based transformer is practical when the switching frequency is close

to MHz. It is easier to control the parasitics and also more standardized for automation
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manufactureShielding layer can be easily attusing some of the Bdayer[D.9]. On

the other handransformer loss is the major part of flyback converter total loss. The design
target is to minimize the loss within 3% of totalapter outpupower. Some key design
points arediscussed irthis section. The optimization process shown beiaikes a 65W

adapter as an example angibased on 90)inputwhich is considered as the worst case.

A. High frequencycore materialand coe shape

It is critical to select a proper core material for MHz operatiable 4.1 lists the
candidate core materials for MHz operatiorhe core loss datdtom datasheetsre
measured under sinusoid excitation without DC bias. However, the voltageowavef
across the active clamp flyback transformer is rectangular shape which will impact the core
loss data significantlyFigure4.12 shows the measured core loss under 1MHz rectangular
voltagee x ci t at i on u sD.10|g[D.MU b dearlgnshows thdt the core loss
data is different from the data listed in Tablé. The measured data indicates that ML90S

has minimal loss at 1MHz witBm lower than 100mT.

Table4.1 High frequency Cor&aterial Comparison

3F45 N49 P61 | ML90S
Initial Permeability 900 1500 | 900 900
Core Loss (kW/r) 300 400 150 200
1MHz, 50mT

Core Loss (kw/n) 1600 2300 | 3000 4000
1MHz, 100mT
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Figure4.12 Comparison of core loss density of different core material

It is expected that 1MHz frequency operatioan reduce the transformer size
significantly. In factthe core size and wind turns are determined by the vedtagend as

well as optimized flux densityt can be expressed as:

v 2
v D Q 3 5 (4.1)

For conventional flyback which operating at 65kHz, the reasonable peak flux density
is around 150mT. While for LMHz active clamp flyback, the flux density should be reduced
to 60mT in order to make the core loss denisitthe range of few kW/f Therefore, the
term N:-Ae at 1MHz which reflects the size of transformegn only reduce té times

smaller than that of 65kHZhe size reduction is still significant though it is not proportion

to the frequency.

A good core shape for a planar transferns shown irFigure4.13. The cross section
area should large enough to reduce the winding turns number as well as the flux density.
The winding window should be tge enough to reduce the resistance. The core should

cover the winding as much as possible to minimize the stray field and EMI, improves heat
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