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Abstract

The development of wide bandgap power semiconductor devices has enabled the minia-
turization of power conversion circuits. In particular, the implementation of GaN power
semiconductor devices has made it possible to significantly increase the operating fre-
quency of power conversion circuits. GaN HEMTs are switching devices that use two-
dimensional electron gas to achieve high electron mobility and to enable fast switching.
However, GaN SBDs with good characteristics are difficult to obtain. GasO3 SBDs are
expected as alternative to GaN as a fast switching diodes. By applying gallium com-
pound power semiconductors, GaN and Ga,Os3, it is possible to realize power conversion
circuits that are smaller and higher efficiency than conventional ones.

The objective of this study is to develop miniaturization technology for power con-
version circuits using gallium compound power semiconductors. Power conversion cir-
cuits using gallium compound power semiconductors can operate at frequencies above
10 MHz. This thesis discusses the factors required for power conversion circuits above
10 MHz with gallium compound power semiconductors. Since magnetic components
have a significant impact on the operation of high-frequency power conversion circuits,
this thesis develops a method to evaluate the characteristics of magnetic components.
In addition, the thermal conductivity of gallium compound power semiconductors is
lower than that of Si, and the parasitic capacitance of semiconductor devices differs
from that of Si. This thesis evaluates the thermal characteristics and models the volt-
age dependency of parasitic capacitance in gallium compound power semiconductor
devices. The equivalent circuit model of magnetic components and the voltage depen-
dency of capacitance model are validated using actual circuits of class-E amplifiers.

This thesis consists of the following six chapters. Chapter 1 is the introduction.

Chapter 1 introduces the background and objectives of this study. This chapter de-
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scribes the problems preventing the miniaturization of power conversion circuit using
gallium compound power semiconductors.

Chapter 2 describes the physical properties of gallium compound power semiconduc-
tors, including the structure and properties of GaN HEMTs. Chapter 2 also describes
the physical properties and SBD structures of GasOs.

Chapter 3 evaluates magnetic components applied to a class-E amplifiers using
GaN HEMTs. A method for evaluating magnetic characteristics using a 2-port circuit
model and a vector network analyzer is developed. An equivalent circuit model of an
inductor is proposed based on the 2-port model. The model is verified through circuit
simulations and experiments of class-E amplifiers.

Chapter 4 evaluates transient thermal characteristics of Ga;O3 SBDs. The forward
current characteristics of diodes are used to evaluate the thermal characteristics of
power semiconductor devices. However, the ideality of GasO3 devices is not certified.
In this thesis, the quality of Ga;O3 Schottky junctions is evaluated based on measured
static characteristics. Transient thermal characteristics of Ga,O3 SBDs are also eval-
uated. In addition, a method to reduce transient thermal resistance by grinding the
substrate layer of SBDs is discussed.

Chapter 5 models the voltage dependency of the parasitic capacitance for GaN
HEMTSs using a sigmoid function. Using the sigmoid function model, a circuit analysis
of a class-E amplifier is performed to derive the soft-switching conditions. The derived
soft-switching condition is verified by circuit simulation and experiment for actual
circuits.

Chapter 6 concludes this thesis. This chapter also discusses the industrial impact

and future prospects of this study.
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Chapter 1

Introduction

1.1 Background

Power electronics is the key to solve social problems|[1]. There is vigorous controversy
on improving the sustainability of human society. Reducing consumption of fossil fuels
is one of the urgent problems|2][3]. Fossil fuels lead to global warming and economic
disparity between oil-producing and non-oil-producing countries. To reduce fossil fuel
consumption, electrification of internal combustion engines and the use of renewable
energy sources are necessary|[4].

The development of power electronics is essential for these electrification and utiliza-
tion of renewable energy. Semiconductor power conversion technology has been used
in power converters and motor drive circuits, which results in significant improvements
in efficiency and controllability. These semiconductor power conversion circuits have
mainly used silicon (Si) semiconductors. Low-voltage circuits adopt Si metal oxide
semiconductor field effect transistors (MOSFETS) as switches and Si Schottky burrier
diodes (SBDs) as rectifiers. High-voltage circuits adopt Si insulated gate bipolar tran-
sistors (IGBTs) and Si gate turn-off thyristors (GTOs) as switches. PN diodes and
PiN diodes are used as rectifiers[5][6].

Semiconductor power conversion circuits are required to achieve both high power
density and high efficiency. Power density is the ratio between volume of the converter
to converted power. The small converters which handles large amount of power is

required. Increase in operating frequency is effective to reduce the size of power con-
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1.1 Background

version circuits. By increasing the operating frequency, the inductance and capacitance
required for circuit operation can be reduced[7]. This is because the higher operating
frequency reduces the amount of energy handled by passive components per cycle.

However, There are some drawback to the higher operating frequency. Power dis-
sipations in power devices can be divided into conduction loss and switching loss.
Conduction loss is the product of the current flowing through the power device and
the voltage applied during the conduction state. Conduction loss is determined by the
characteristics of the power device and amount of flowing current.

Semiconductor power devices require time for the transition between the on-state
and off-state. The transient time causes the power device’s simultaneous current and
voltage application. The losses in the transient time of power devices are called switch-
ing loss. Since the switching transition time is a parameter independent of the switch-
ing frequency, the switching loss increases proportionally as the operating frequency
increases. From the above, the higher power and higher operating frequency increases
the losses consumed in the switches.

In order to reduce losses in switches as well as to achieve both miniaturization and
high efficiency, faster switching and low on-resistance of power semiconductor devices
are needed. Unipolar devices have an advantage for fast switching because they use only
majority carrier for conduction. However, unipolar devices have a trade-off between
breakdown voltage and on-resistance. Si power semiconductor devices are reaching
their performance limit for improving this trade-off[1][8].

Studies on wide bandgap semiconductors such as SiC and GaN are undergoing as
semiconductor materials that exceed the performance limits of Si power semiconductor
devices. SiC and GaN have wider bandgap than Si, which enables semiconductor device
operation at high temperature. Also, the critical electric field strength of wide bandgap
semiconductors is higher than that of Si, which can achieve both higher breakdown
voltage and lower on-resistance [9][10].

Table 1.1 shows the physical properties of semiconductor materials. Wide bandgap
semiconductors have wider bandgap and higher critical electric field strength compared
to Si. This feature enables unipolar devices to have high Baliga’s Figure-Of-Merits
(BFOM), which indicates the trade-off performance between breakdown voltage and
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Table 1.1 Physical properties of semiconductor materials[11]-[26]

Si | 4H-SiC | GaN | a-Gay03 | [-GagsO3
Bandgap E, (eV) 1.1 3.3 3.4 5.3 4.5-4.9
Critical electric field | E.; (MV/cm) || 0.23 2.2 3.3 9.5 8.0
Electron mobility pte (cm?/V-s) || 1450 | 1000 | 900 | 200(est.) 150
Relative permittivity € 11.9 | 12.8 | 10.4 | 10(est.) 10.2
0.09[010] | 0.13 [010]
Thermal conductivity | A (W/cm-K) 1.5 2.8 1.5
0.12 [100] | 0.21 [100]
BFOM By’ 1 200 900 3844 3444

on-resistance[27].

SiC power semiconductor devices enable high-speed switching by replacing Si IG-
BTs with SiC MOSFETs and Si PiN diodes with SiC SBDs in high-voltage, high-
current applications. The SiC manufacturing technologies have already reached the
commercial level. SiC applications have been implemented in society, for example, in
the motor drive system of the Shinkansen high-speed train[28][29].

GaN semiconductor has bandgap almost same as that of SiC. However, GaN is
difficult to fabricate as a single crystal. GaN crystals are grown on other materials
such as Si, SiC, and sapphire. Currently used commercially available GaN devices are
lateral structure power semiconductor devices. Compared to vertical structure devices,
lateral devices have lower current capability. On the other hand, the piezoelectric po-
larization and the spontaneous polarization caused by the boundary of an Al-GaN
layer and a GaN layer generates two-dimensional electron gas (2DEG) in lateral struc-
ture GaN devices. Two-dimensional electron gas has high mobility and enables power
semiconductor device to switch at fast. This feature makes GaN power devices suit-
able for low-power and compact power conversion circuits[10][11][12][30] and RF power
converters[31]-[33].

There are many preceding research on power conversion circuits using GaN power
devices. For example, 1 MHz driven power converters have achieved efficiencies of up
to 98% or more at around 1kW output power[34][35]. In the MHz band, there are many
reports of converters of 100 W or less, with efficiencies of around 90% at best[36][37]. In



1.2 Problems in miniaturization of power converters using gallium compound power
semiconductor devices

addition, converters from tens to 100 MHz have been reported[38][39][40]. These have
output powers from a few Watt to several tens-of-Watt. Some use soft-switching and
have efficiencies in excess of 90%][41][42]. However, the driving frequency of commercial
converters, such as VIPerGaN (STmicro) and EPC9171 (EPC), is 1 MHz or less. This
is due to limitations imposed by the magnetic components and thermal characteristics.
Gallium oxide (Gay03) semiconductors have wider bandgap than SiC and GaN|[43]-
[46]. GayO3 also has multiple polymorphs. Among them, o and 5 GayO3 is expected as
materials for power semiconductor devices[13]-[18]. Especially, 8-GayO3 can be grown
from its melt under atmospheric pressure, which is suitable for mass-production[47]-
[49]. For this reason, 8-GayO3 is expected to be used as inexpensive, high-voltage, low
on-resistance power devices. Because fabrication of GaN SBD is difficult, the combi-
nation of GaN semiconductor switching device and SiC or Ga;O3 SBDs is expected to
realize power conversion circuits that can operate at fast and high frequency|[50].
B-GayO3 power devices are currently in the research and development stage. (-
GayO3 power devices with various structures have been proposed. Generally, it is
difficult to dope p-type impurities into GagO3[51]. Then, n-type SBDs are mainly
developed[15][18]. As switching devices, lateral FETs have been developed first[26].
In recent years, vertical FETSs, which are suitable for high current, have also been

reported[44][52].

1.2 Problems in miniaturization of power convert-
ers using gallium compound power semiconduc-
tor devices

Although gallium compound power semiconductor devices such as GaN and GasO3
power semiconductor devices are actively developed, there are many challenges in
miniaturization of power conversion circuits using gallium compound power semicon-
ductor devices. This section discusses the problems in miniaturization of power con-

verters using gallium compound power semiconductor devices.



1.2 Problems in miniaturization of power converters using gallium compound power
semiconductor devices

1.2.1 Problems in magnetic components for high frequency

power conversion

GaN power semiconductor devices are capable of high-speed switching and high-frequency
operation. Despite of high performance of GaN power devices, magnetic components
such as inductors are the bottleneck of miniaturization of whole circuits. Magnetic
components with air cores do not cause magnetic saturation and do not generate iron
loss[53][54]. They can be used in high-frequency converters. On the contrary, air-core
inductors tend to be large in volume. In addition, EMI effects are serious due to high
leakage magnetic flux[55]. Magnetic components with magnetic cores are desirable for
power conversion circuits[37][56][57].

Losses in magnetic components are divided into iron loss and copper loss, which
increase as the operating frequency increases. And, iron loss is divided into hysteresis
loss and eddy current loss. To reduce these losses, it is effective to reduce area of
the magnetic domain and the loop of eddy currents. Magnetic components for high-
frequency power conversion are realized by miniaturized magnetic domains and eddy
current paths with solidified finely processed magnetic materials[58]-[61].

Those low-loss magnetic components have low permeability due to microscopic gaps
in the magnetic path. While such magnetic components can reduce losses, low per-
meability increases the size of magnetic components to realize enough inductance for
circuit operation. Design of magnetic components is important to achieve both low
loss at high switching frequency and miniaturization. Evaluation of magnetic material
properties is essential for the design of high-frequency magnetic components[62].

However, it is difficult to evaluate the characteristics of low-permeability magnetic
components because of inability in accurate measurement of current and phase differ-
ence between voltage and current. There is a need to evaluate the characteristics of

inductors used in high-frequency power conversion circuits.
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semiconductor devices

1.2.2 Problems in heat dissipation of gallium compound power

semiconductor devices

In addition to magnetic components, power semiconductor devices also have problems
for miniaturization of power conversion circuits. High-frequency operation of power
conversion circuits increases switching losses. However, it is difficult to dissipate heat
sufficiently in circuits with a small volume. In addition, the thermal conductivity of
GaN is almost the same as that of Si[12]. The thermal conductivity of GasO3 is much
lower than that of Si[19]-[21].

Improving heat dissipation performance is particularly important for the practical
application of GaysO3 power semiconductor devices. However, there are few studies
in evaluation of thermal characteristics of Ga;O3 power semiconductor devices. It is
necessary to develop device structures for reducing the thermal resistance of GasO3

power semiconductor devices[63].

1.2.3 Problems in consideration of output capacitance for soft-
switching

Soft-switching technique is used to reduce switching losses. Soft-switching uses reso-
nance to prevent switching losses at switching transition. In soft-switching circuits,
capacitors are connected in parallel with the switching devices to form a resonant
circuit[64]-[72].

FETs have parasitic capacitance between drain and source, which is called output
capacitance. Output capacitance in FETs has voltage dependency. Voltage dependency
of output capacitance makes the resonant circuit nonlinear and time-variant. Circuit
design must consider the voltage dependency of output capacitance to achieve soft-
switching[73]-[79].

GaN high electron mobility transistors (HEMTs) used as switching devices are
lateral structure. The parasitic capacitance characteristics of the lateral structure
devices differ from those of vertical structure devices. For this reason, the parasitic
capacitance of GaN HEMTs cannot be represented by the vertical type Si MOSFET
model[80]-[83]. The dedicated model of voltage dependency in GaN output capacitance

6



1.3 Purpose and outline of this thesis

is needed for soft-switching analysis.

1.3 Purpose and outline of this thesis

This thesis investigates the technologies to miniaturize power conversion circuits us-
ing gallium compound power semiconductor devices. This thesis focuses on magnetic
components and semiconductor devices in power conversion circuits operating at fre-
quencies above MHz. In addition, this thesis fabricates power conversion circuit that
operates at operating frequencies 10 MHz or higher and verifies the validity of the
proposed consideration.

Chapter 2 describes device structures of gallium compound semiconductor devices,
GaN and GayO3. Based on the characteristics of GaN and GayOs semiconductor
devices, issues for miniaturization of power conversion circuits are also discussed.

Chapter 3 models magnetic components made of iron-based metal composite mate-
rials and carbonyl iron materials. Those materials are developed as magnetic compo-
nents for high-frequency power conversion circuits. This chapter evaluates the losses of
the two materials and proposes an equivalent circuit model that can be used for circuit
analysis and simulation. The identification of parameters in the proposed equivalent
circuit model is described. The identified parameters are validated by circuit simula-
tions and experiments on class-E amplifiers.

Chapter 4 describes a method for evaluating device electrical and transient ther-
mal characteristics of $-GasO3 power Schottky barrier diodes. The temperature de-
pendency of the diode’s forward current characteristics is used to estimate transient
thermal resistance. 5-GayQgj is still in the development stage and its crystal has many
defects. In this chapter, the possibility of measuring transient thermal resistance is
discussed based on the evaluation of the ideal factor of diodes and other properties of
B-GayO3 SBDs. In addition, a method of thinning the substrate layer in the diode is
discussed to reduce the thermal resistance of 5-GayO3 SBDs to conquer low thermal
conductivity.

Chapter 5 proposes to model the voltage dependency of the output capacitance in

GaN power devices using sigmoid function for the circuit analysis of a class-E amplifier.



1.3 Purpose and outline of this thesis

This chapter derives the conditions for class-E switching with sigmoid function modeled
output capacitance of GaN power devices. The results obtained by circuit analysis
are verified by simulations and circuit experiments operated above 10 MHz operating
frequencies.

Chapter 6 summarizes this thesis and discusses the industrial impact and future

prospects of this work.



Chapter 2

Gallium compound semiconductor

devices

2.1 Introduction

Wide bandgap power semiconductors are being studied as an alternative to Si semi-
conductors. This thesis focuses on gallium compound power semiconductor devices.
Gallium compound power semiconductor devices have wider bandgap and higher crit-
ical electric field strength than Si. However, Gallium compound semiconductors have
some problems such as difficulty in fabricating single crystals. To overcome the physi-
cal problems and take advantage of the excellent physical properties for semiconductor
materials, various device structures are being investigated.

In this chapter, the physical properties of gallium compound semiconductor devices
are explained based on semiconductor physics. Then, device structures specified to
gallium compound power semiconductors are described. In this thesis, GaN and (-

Gay03 are treated as gallium compound power semiconductor devices. This chapter

explains the structures of GaN HEMTs and -GasO3 SBDs in detail.

2.2 Physical properties of semiconductor devices

Semiconductors are materials with properties intermediate between those of conductors

and insulators. The energy band structures of conductor, semiconductor, and insulator

9



2.2 Physical properties of semiconductor devices

crystals are shown in Fig.2.1. e is bandgap and ey is Fermi level[11][27][84][85].

Energy level

r 3

Conduction

— ) = -
_

Filled
Band

Metal Semiconductor Insulator

Figure 2.1 Energy bands of conductor, semiconductor, and insulator.

In crystals, the energy of electrons is discrete value. This value is called the energy
level. In the case of crystals, there are many electrons with discrete energy levels. The
energy level differences among electrons becomes very small, so that each level forms
a continuous band. This continuous level is called an energy band. The energy level is
divided into an allowed band, in which electrons are allowed to exist, and a forbidden
band, in which they are not allowed to exist. In a crystal, electrons are trapped in
order from the lowest energy level to the highest. The allowed band in which electrons
are completely occupied is called the filled band. The highest energy level in the filled
band is called the valence band.

When an electric field is applied to a crystal, electrons receive energy from the
electric field and transit to higher energy level. However, all the levels in the filled
band are occupied by electrons. Then, the electrons in the filled band cannot transit
to another level due to the energy from the electric field. Therefore, electrons in the
filled band cannot contribute to electrical conduction.

An empty or partially occupied allowed band is called conduction band. The con-
duction band is an allowed band just above the valence band. Because the conduction
band is vacant, electrons in the conduction band can receive energy from the electric
field and transit to another level. The transited electrons contribute to electrical con-

10



2.2 Physical properties of semiconductor devices

duction. Such electrons are called free electrons. In the case of metals, electrons are
occupied up to the middle of the conduction band. The free electrons in the conductor
contribute to electrical conduction, which results in very high conductivity. In the
case of insulators, electrons are occupied up to the valence band. There are almost no
electrons in the conduction band, thus the conductivity is very low.

In semiconductors, electrons occupy the valence band. However, because the for-
bidden bandgap £, which is the energy difference between the valence band and the
conduction band, is relatively low. The transition of electrons from the valence band to
the conduction band is possible. Thus, there are a few free electrons in conduction band
of semiconductors. In the valence band of semiconductors, an empty level is left after
the transition of electrons. This level can be regarded as a positive charge. Electrons
can easily transit to this empty level. The left energy level becomes an empty level
again. As this process continues, the empty level can be regarded as conductor. This
empty level is called hole. In semiconductors, both free electrons and holes contribute
to electrical conduction. Electrons and holes are called carriers.

The electron energy ¢, is expressed as Eq.2.1, where m,, €., i, and k are effective
mass of electron, bottom energy of conduction band, Planck constant, and wavenumber

of wave function, respectively.
nk?

2me

€e =Ec+ (2.1)

The electron energy ¢, is expressed as Eq. 2.2, where my, and ¢, are effective mass of

hole and bottom energy of valence band, respectively.

hk?
=g, — 2.2
h=E 2my, (22)
Bandgap e is expressed as Eq. 2.3 using . and ¢,
EG = € — &y (2.3)

The bandgap depends on the semiconductor materials. The electrical properties of
semiconductors depend on the value of the bandgap.

Electron density of states g, (¢)de between valence band and conduction band is a
function of ¢, as shown in Eq.2.4. Hole density of states €. between valence band and

conduction band is a function of ¢, as shown in Eq. 2.5.
(2m,)?/?

gn(€e)de. = W\/se — e.de, (2.4)
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2.2 Physical properties of semiconductor devices

(th)3/2

gp(en)den = 5 Vew — endey (2.5)

2m2h3
From Fermi-Dirac statistics, probability of electron occupation f,(¢.) and proba-
bility of hole occupation f,(e,) are expressed as Eq. 2.6 and Eq. 2.7, respectively, where

kg is Boltzmann constant and 7" is absolute temperature.

1
e(sefsp)kBT +1

fp(gh) =1- fn(ge) (27)

fn(ee) =

(2.6)

Density of electron n and density of hole p is expressed as Eq.2.8 and Eq.2.9 using
Eq.2.6 and Eq.2.7.

n= [ meone = (2me)" I (e —c0) 28)

2m2h? 1 + elee—er)/kBT
Ev (2mh)3/2 v (Ev _ 5h)1/2

In intrinsic semiconductors, the Fermi level e is in the middle of forbidden band,
and f,(e.) < 1, fy(en) < 1. Thus, Eq.2.8 and Eq.2.9 can be approximated by
the Boltzmann distribution. Using Boltzmann distribution, Eq.2.8 and Eq.2.9 are
expressed as Eq.2.10 and Eq. 2.11.

n = N.exp (—Eck;;F) ~ N.fn(ee) (2.10)
EFp — &y
p = N,exp (— T ) ~ N,fy(e) (2.11)

N, in Eq.2.10 is called conduction band effective density of states and expressed as
Eq.2.12. N, in Eq. 2.11 is called valence band effective density of states and expressed
as Eq.2.13.

2rmekpT >
N, =2 (W;L—QB) (2.12)

2rmpkpT\ >
N, =2 <%) (2.13)

The product of Eq.2.10 and Eq.2.11 is Eq. 2.14.
Ec— &y el

= N.N, — = N_.N, e 2.14
np exp ( T ) exp ( i T) ( )
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2.2 Physical properties of semiconductor devices

In intrinsic semiconductor, the number of free electrons and that of holes are equal.
Then, the electroneutrality condition n = p = n,; is satisfied. Electron density n; is

expressed as Eq.2.15.

. NN [Yel _9 27T]€BT 3/2 3/4 [SYe 215

Fermi level e is expressed as Eq. 2.16.

Eect &y k'BT Nv Eec T &y 3]€BT mp
— log (22 ) = 1 2.1
cF 5 T g o8 (N) 5 T4 Og( ) (2.16)

In Eq.2.16, the first term in the right hand side is sufficiently large compared to the
second term. Hence, the Fermi level in a intrinsic semiconductor is approximately at
the center of the forbidden band.

From Eq. 2.14, the product of electron density and hole density is a function of tem-
perature T, providing that m., m;, and ¢ are given. As temperature increases, the
product of electron density and hole density increases exponentially, which indicates
that the electrical conductivity increases. This makes it difficult for power semiconduc-
tor devices to operate as designed in high temperature. Therefore, the upper limit of
the operating temperature for power semiconductor devices depends on the bandgap.

Notably, unipolar devices use the impurity doped layer called the drift layer to
ensure breakdown voltage Vg. The on-resistance of ideal drift region R,, is expressed
as Eq. 2.17, where e is electron elementary charge and . is electron mobility. Wp and
Np are depletion width and doping concentration, respectively.

Wp
on — 2.1
Ron = o5 (2.17)

Wp in Eq. 2.17 is expressed as Eq. 2.18 using Vp and critical electric field strength FE..
_ 2Vp

Whp E (2.18)
The doping concentration Np is expressed as Eq. 2.19, where €, is permittivity.
e B?
Np = —= 2.19
b 26VB ( )

Combing Eq.2.17 to Eq.2.19, R,, is expressed as Eq.2.20, where €, ., and E. are

material specific values.
N
espte 03

13

Ron =

(2.20)



2.3 GaN power semiconductor devices

However, there are little differences in €, between materials as shown in Table 1.1. E.
has a greater impact than p. because cubic of F, is in denominator of Eq.2.20. The
wider F,. gives the better trade-off between on-resistance and breakdown voltage. FE.
correlates with bandgap width.

As described above, wide bandgap allows for high temperature operation and im-
proves the trade-off between on-resistance and blocking voltage in unipolar device.
Gallium compound power semiconductor devices have wide bandgap and high critical

electric field strength, which is expected to improve performance.

2.3 GalN power semiconductor devices

GaN has superior properties due to its wide bandgap and high critical electric field
strength as shown in Table 1.1. The majority of GaN power devices currently be-
ing investigated are high electron mobility transistor (HEMT) structures using two-
dimensional electron gas (2DEG). Figure 2.2 shows the structure of typical normally-on

GaN HEMT.

Source Gate Drain

Si substrate

Figure 2.2  Structure of normally-on GaN HEMT.

GaN HEMTSs have heterojunctions of GaN and AlGaN in their internal structure.
Spontaneous polarization occurs at the interface due to the different lattice constant

of GaN and AlGaN. Besides, AlGaN has strain in the layer, which causes piezoelectric
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2.3 GaN power semiconductor devices

polarization. The sum of those polarization generates 2DEG at the heterojunction

boundary, which has very high saturation mobility, resulting in fast switching, and low

on-resistance. Heterojunction polarization occurs even when the gate voltage is zero.

Therefore, the GaN HEMT in the figure has normally-on characteristics[86].

Drain

(@)
", GaN HEMT
Source Gate Drain R -
Gate —
O—I a
—
Si MOSFET
Si substrate
O Source
(a) Recess Gate. (b) Cascade configuration.
Gate
Nitride Nitride

Source passivation passivation  Drain

AlGaN barrier

GaN

Si substrate

(c) p-type gate.

Figure 2.3 Structure and configuration of normally-off GaN HEMT.

Normally-on

In the normally-on characteristic, a failure of the peripheral circuit causes short

circuit between the drain and source of the power device, which results in high current
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2.3 GaN power semiconductor devices

flow. Several structures have been proposed to make GaN power semiconductor devices
with normally-off characteristics. Figure 2.3 shows several examples of GaN structures
with normally-off characteristics[87][88].

Figure 2.3(a) is called recess gate structure. Recess gates can achieve normally-off
without increasing on-resistance. On the other hand, the fabrication process requires
the plasma-etching. It is difficult to control the depth of gate recess with plasma
etching. The ion bombardment of etching plasma causes damage of power device.

Figure 2.3(b) is called cascade connection. Figure 2.3(b) is series connection of
normally-on GaN HEMT shown in Fig. 2.2 and low voltage normally-off Si MOSFET.
The gate of GaN HEMT is connected to source of Si MOSFET. In this structure, the
Si MOSFET provide normally-off and isolated gate, and the GaN HEMT provide high
breakdown voltage. However, in the cascade connection, the on-resistance is the sum
of that in Si MOSFET and that in GaN HEMT. Therefore, it is difficult to achieve low
on-resistance compared to other structures.

Figure 2.3(c) is called p-gate structure. The 2DEG is depleted by processing a
p-type layer below the gate metal. p-type doping and nitride passivation are required
for the fabrication. The GaN HEMTSs treated in this thesis are basically p-type gate
structure. The actual cross-sectional structure of GaN HEMTSs depends on structure
designs determined by the parameters as blocking voltage and forward current.

Figure 2.4 shows the band diagram of normally-off GaN HEMT. In normally-off
GaN HEMTs, the equilibrium state is the off state and there is no 2DEG under the
gate metal. When the gate voltage exceeds the threshold voltage, 2DEG is generated
and current can flow between drain and source. ® 5 is work function of metal. Ae, is

difference of conduction band edge ¢..
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2.3 GaN power semiconductor devices
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Figure 2.4 Band diagram of normally-off GaN HEMT.

The potential variation within the depleted region W, is expressed in Eq. 2.21, where

€5 1s permittivity of GaN and yq is the thickness of AlGaN layer.

€NDZJ§

By using W, threshold voltage Vy;, is expressed as Eq.2.22.

AE.
‘/;h%(bB—\ij—f—

(2.22)

With the condition that gate voltage is higher than the threshold voltage, the charge
in the channel @), is expressed as Eq. 2.23.

Qn - CO(VG - V;h) (223)

In Eq.2.23, C, is expressed as Eq. 2.24, where Ay is the channel thickness of the 2DEG.

€s

_ s 2.24
Yo + Ay (2:24)

o

Assuming constant carrier mobility, the drain current Ip is expressed as Eq. 2.25, where

Z, L, and Vp is channel width, channel length, and drain-source voltage.

Zu.C, V2
Iy = “L (Ve — Vi) Vp — TD (2.25)
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2.3 GaN power semiconductor devices

In the linear region, where Vp < (Vo — Vip), Eq.2.25 is expressed as Eq.2.26, where

Ipiin is drain current in linear region.

Zp.Co(Vg — Vi)V,
Tpuin = 25 (cz )V (2.26)

At high Vp, pinch-off occurs in the channel. The saturated drain voltage Vpgu is
expressed as Eq.2.27.
VDsat - VG - V;fh (227)

The saturation drain current Ip., is expressed as Eq.2.28.

ZpeCy

o7 (Vo= Vi) (2.28)

Dsat —

From Eq. 2.28, transconductance g, is expressed as Eq. 2.29.

d[Dsat _ Z,UeCO (VG - V:‘,h)
dVg L

Gm = (2.29)

The on-resistance of GaN HEMT is expressed as Eq.2.20. Generally, lateral devices
have smaller channel cross-sectional area than vertical devices and are not suitable for
high current flow. On the contrary, GaN HEMTSs can provide lower on-resistance and
higher breakdown voltage than Si MOSFETs due to GaN properties.

GaN HEMTs have not only superior characteristics but also drawbacks. Verti-
cal type power MOSFETSs have parasitic pn junctions that allow reverse conduction
between drain and source, which is called body diode. In order to achieve reverse con-
duction in GaN HEMTs, the drain and source are made asymmetrically with respect to
the gate electrode. This causes charge accumulation on the gate when reverse voltage
is applied between the source and drain. This charge forms the channel of the 2DEG,
achieving reverse conduction. At this time, the voltage drop of V;;, in the gate and that
drop due to the channel resistance are generated between the source and drain. The
sum of these voltage drops is generally higher than the forward voltage of the body
diode of Si power MOSFETSs. Therefore, the power loss due to reverse current is higher
than that of Si power MOSFETsSs.

Low loss reverse conduction can be achieved by such methods as connecting SBDs in
parallel. However, commercially available GaN power semiconductor devices currently
utilize GaN on Si substrates, which make the vertical GaN devices difficult. There
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2.4  Gay0O3 power semiconductor devices

are few commercially available GaN SBDs. Additionally, lateral structure is difficult
to use 2DEG in SBDs. Thus, it is difficult to achieve low resistance, high breakdown
voltage, and fast switching as vertical structure. Diodes are essential as components of
power conversion circuits. Therefore, wide bandgap semiconductors such as 5-GayOs,
for which single crystals can be fabricated, are expected to be used for diodes.

The parasitic capacitance in the lateral GaN power semiconductor device differs
from that of vertical power MOSFETSs. The gate-drain and drain-source capacitances of
GaN HEMTs are lower than those of vertical devices. Therefore, the amount of charge
during switching operation is small, which enables high-speed switching. Soft-switching
technology is often used in high-frequency power conversion circuits to reduce switching
losses. Soft-switching is based on resonance circuits, where the parasitic capacitance
of power semiconductor devices can be used as a component of resonance. In circuits
using Si power MOSFETSs, parasitic capacitance of power semiconductor devices has
been modeled to analyze the conditions of soft-switching[73]-[79]. Nevertheless, the
model of power MOSFETSs is not applicable for lateral GaN HEMTs. Therefore, it is

necessary to consider a parasitic capacitance model suitable for GaN HEMTs.

2.4 GayO3 power semiconductor devices

GayO3 has multiple polymorphs types. « type and 8 type are the most expected to
be used for power semiconductor devices. « type has wider bandgap than (§ type.
However, a type single crystal is grown using heteroepitaxy on sapphire substrates.
This makes it difficult to fabricate devices with vertical structures. In addition, the
cost of wafers is high due to the sapphire substrates.

B-Gay O3 is capable of growing single crystals from solution under atmospheric pres-
sure. Therefore, it is expected that wafers can be manufactured at low cost. There are
already many reports on SBD of $-GayO3[15][16][18]. In addition, lateral and vertical
structure transistors using 4-GayO3 have already been reported[51]-[52]. Nonetheless,
GayO3 transistors are still in the research and development stage. This thesis uses
[-Gay O3 SBDs as GayO3 power semiconductor devices.

Figure 2.5 shows structure of typical -GayO3 SBD. The SBD in Fig. 2.5 consists
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2.4  Gay0O3 power semiconductor devices

of n type S-GayO3 and a Schottky metal[89][90].

Anode

T

n"Ga,O; drift layer

Cathode

Figure 2.5 Structure of 8-GayO3 SBD.

Figure 2.6 shows the band diagram of (-Gay;Oz SBD. The barrier hight g is
expressed as Eq. 2.30, where ®,, is work function of metal and y is electron affinity of
p-Gag O3, respectively[91].

ebp =e (P, — ) (2.30)

From Eq. 2.30, The Schottky barrier height is determined by the physical properties of
the Schottky metal and semiconductor.
When forward voltage is applied to the anode-cathode as shown in Fig.2.6(b), the

forward current density J is expressed as Eq. 2.31.

drem*k*\ o e®p eV
P = ) e () o ()

= A*T?exp (—%) [exp (%) — 1] (2.31)
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2.4  Gay0O3 power semiconductor devices

A* is called effective Richardson constant. A* is expressed as Eq. 2.32.

drem*k?
A" = % (2.32)

EFm

(a) Equilibrium state. (b) Forward conduction.

(¢) Reverse blocking.
Figure 2.6 Band diagram of 5-Ga,0O3 SBD.

Assuming the cross-sectional area of the Schottky junction is S, the relationship

between forward current and voltage is expressed as Eq. 2.33 from Eq.2.31.

AT exp [ 2B VL
I; = A'ST exp( k:T) {exp (nk’T) 1}
eV

In Eq. 2.33, I, is called saturation current and expressed as Eq. 2.34.

o
I, = A*ST? exp (-%) (2.34)
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2.4  Gay0O3 power semiconductor devices

n in Eq. 2.33 is called ideal factor. In ideal SBD, n = 1 and Eq. 2.31 coincide to Eq. 2.33.
If the characteristics of the SBD are not ideal, n deviates from 1. The ideal factor is
an indicator of the ideality of the SBD[92]-[95].

When reverse voltage is applied to the anode-cathode as shown in Fig. 2.6(c), the
depletion width W is expressed as Eq. 2.35.

2e kT
Wp = > (v, — - — 2.

As the reverse voltage is increased, avalanche breakdown occurs when the critical elec-

tric field strength is exceeded. This avalanche voltage is the limit breakdown voltage
of the SBD. However, in actual SBDs, leakage current flows at the Schottky junction
when reverse voltage is applied. Since the critical electric field strength of Ga,Os5 is
higher than that of other semiconductors, the blocking voltage is often limited by the

leakage current. To reduce leakage current when reverse voltage is applied, trench type

structure as shown in Fig. 2.7 has been proposed[96]-[98].

Anode

Metal oxide trench

n"Ga, 0, drift layer

Cathode

Figure 2.7 Structure of trench type 5-Gay;O3 SBD.

Trench type SBD has metal oxide grooves into the Schottky junction. This metal
oxide groove is located on the cathode side of the Schottky junction. Therefore, strong
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electric field is applied to the Schottky metal and the drift layer across the metal oxide.
Since the critical electric field strength of GasOj3 is high, the formation of the trench
does not cause breakdown voltage reduction. The presence of the trench mitigates
the electric field in the Schottky junction when reverse voltage is applied. Therefore,
leakage current can be reduced to low level.

Gay 03 is currently difficult to achieve p-type doping. Consequently, trench SBD is
an effective method to achieve high blocking voltage. This thesis also evaluates both
conventional (planar type) and trench type SBDs.

GayO3 is expected to be a useful semiconductor material owing to its trench type
structure and other innovations. However, it has a serious drawback. GasOg3 has
lower thermal conductivity than other semiconductor materials. In vertical SBDs,
heat is dissipated from the active area through the die-bonding of the cathode. The
heat dissipation performance from this active area to die-bonding is determined by
the thermal conducting characteristics of the semiconductor device. Flip mounting
has been attempted as a method to reduce the thermal resistance of Ga,Os power
semiconductor devices[63]. However, while flip mounting is effective for diodes, it
cannot be applied to vertical structure transistors due to wiring problems. Therefore,
it is important to develop methods for thermal resistance reduction, such as increasing

the area of the dies and making it thinner.

2.5 Summary

In this chapter, the physical properties and structure of gallium compound power
semiconductor devices were described. The wide bandgap semiconductor properties
improve the characteristics of power semiconductor devices. GaN HEMTs and Gay0O3
SBDs considered in this paper were described. GaN HEMTSs are capable of high-speed
operation with 2DEG. However, they have drawbacks attributable to lateral device
structure.

B-Gay O3 is expected as future material for power devices due to its wide bandgap,
high critical electric field strength, and ease of single crystal fabrication. Trench struc-

ture has been proposed for SBD to reduce leakage current. However, it is essential to
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investigate methodologies to reduce thermal resistance for practical use.
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Chapter 3

Characterization and modeling of

magnetic components for class-E

amplifier using GaN HEMT

3.1 Introduction

Compact, lightweight, and highly efficient power conversion circuits are indispensable
for the recent trend. Passive components such as inductors and transformers occupy
a large volume in power conversion circuits. Higher operating frequency is effective to
reduce their size. The application of switching devices using wide bandgap semicon-
ductors such as GaN and Ga;Oj3 is expected to realize high-frequency switching power
conversion circuits.

On the other hand, high-frequency operation by hard-switching of power convert-
ers leads to increment in switching losses. In order to suppress switching losses, soft-
switching is effective. Soft-switching is the technique that the current or voltage be-
comes zero at the transition of switching.

However, especially in circuit operation above 10 MHz, the loss of magnetic com-
ponents cannot be ignored. Air-core inductors that do not use magnetic materials
are used for high frequency power converters. While air-core inductors do not have
iron loss or magnetic saturation caused by magnetic materials, they require a large

volume to achieve the inductance necessary for operation. That makes it difficult for
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3.1 Introduction

power converters to realize compact and high-density. In addition, the suppression of
electromagnetic noise radiated into the space is also an issue. Therefore, there are grow-
ing demands for the development of magnetic materials applicable to high-frequency
switching power supply circuits.

This section focuses on class-E amplifiers, which can operate with low loss at high
frequency by soft-switching. Class-E amplifiers are expected to be a power conversion
circuit applicable to wireless power transmission in [oT devices. It is analytically pos-
sible to calculate the operation of a class-E amplifier composed of ideal elements. How-
ever, actual components do not exhibit ideal characteristics. In particular, magnetic
components deviate from ideal electrical characteristics due to the magnetic proper-
ties of magnetic cores and parasitic components that depend on the structure of the
windings. Magnetic materials with low permeability and low loss that can be used in
power supply circuits operating at high frequencies above 10 MHz show particularly
large deviations from ideal electrical characteristics. Therefore, in order to design an
actual circuits that achieves soft-switching operation, it is necessary to analyze by cir-
cuit simulation[99]. Simulation requires the components models that take into account
the non-ideal characteristics of magnetic components.

Circuit simulation for the design of 10 MHz band class-E amplifiers requires a
circuit element model that can simulate the harmonic characteristics above 10 MHz
band. In this section, magnetic characteristics are evaluated by 2-port measurement
using a network analyzer for the purpose of evaluation up to high frequency range.
Equivalent circuit modeling is performed based on the measurement results. The model
parameters are extracted by using the equivalent transformation of the 2-port circuit.
In a previous study, an attempt has been made to extract the magnetic properties of
magnetic materials such as magnetic thin films from the S-parameters obtained using
a network analyzer[22]. There are no examples of magnetic component models used in
high-frequency switching power conversion circuits.

In this section, modeling is performed based on S-parameters obtained from 2-port
measurements of toroidal cores for inductors used in class-E amplifiers. 2-winding
method is a commonly used measurement method for magnetic characteristics such as

B-H analyzers. There are no general-purpose measurement equipments for frequency
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3.2 Class-E amplifier

bands above 10 MHz. For this reason, this section utilizes a 2-port measurement us-
ing a network analyzer that measures the reflectance of power, which is different from
voltage and current measurements, as a measurement equivalent to the 2-wire method.
This method evaluates the magnetic characteristics of inductors and transformers in
the frequency band above 10 MHz. This method aims to separately extract equivalent
circuit model parameters such as coupling capacitance of windings and leakage induc-
tance, which are problems in the high frequency band. In this section, the validity of
the proposed 2-port measurement is verified by comparing with a 1-port measurement.
Furthermore, the validity of the circuit simulation using the obtained equivalent circuit

model is verified based on the circuit experiment of class-E amplifiers.

3.2 Class-E amplifier

This chapter describes the operation of the class-E amplifier under study and issues

related to magnetic components used in class-E amplifiers.

3.2.1 The operation of a class-E amplifier

Class-E amplifiers can significantly reduce switching losses by soft-switching. Soft-
switching used in class-E amplifier is zero voltage switching (ZVS). In ZVS, the voltage
applied to the switching device is zero during turn-on and turn-off. In addition, class-E
switching utilize zero derivative voltage switching (ZDVS) which sets the rate of voltage
change at turn-on and turn-off zero.

Figure 3.1 shows the circuit diagram of the class-E amplifier discussed in this sec-
tion. It consists of a class-E amplifier with output impedance R’ and an L-type match-
ing circuit consisting of L,, and C,, to match the load impedance R.

In order to achieve the class-E soft-switching conditions of ZVS and ZDVS, the
switching device Tr is driven with a constant operating frequency f and a constant
duty ratio of 50%. Soft-switching utilizes the resonance phenomenon of Cy,, C;, and
L;. L. is a choke inductor. When the L. is high enough, ripple in power supply
current [;, is small enough and I;, can be regarded as direct current. The circuit

parameters that realizes class-E soft-switching with Vys = 0 and dVys/dt = 0 at turn-
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Figure 3.1 Circuit diagram of class-E amplifier with L type matching circuit.

on of switching device Tr, are given by Eq. 3.1 to Eq. 3.4. This section assumes R’ < R
and Qr = (2nfL;)/R > 1.7879, where the @, is quality factor of L; and R'. w is

expressed as w = 27 f.

1 0.9142  1.0318 0.6
Cop = 0.9987 + — 3.1
T WR (2 41) T ( o Q7 ) w?Le 31)
1 1 1.0147 0.2
C, = 1.0012 — 3.2
T WR <QL — 0.1048) * ( 0= 1.7879) w?L, (3:2)
R |R
Ly,=—{/—=-1 3.3
w V R (3:3)
1 R
'm=——1/ = —1 3.4
RwV R (34)
The drain-source voltage applied to switching device Tr is expressed in Eq. 3.5.
0 O<w<m

Vi (wt —3F — Zcoswt —sinwt) 7 <w <27
2 7 2

The drain current conducting in switching device is expressed in Eq. 3.6, where ¢ =

2.575 rad.

L, (1 — —V’Bmlsin(wt—i—gzﬁ)) O<w<m
I = (3.6)

0 T<w<2m

28



3.3 Evaluation and modeling of magnetic properties for power inductors

Equation 3.5 indicates that the maximum value of Vi, is 3.562 times Vj,,. Equation 3.6
indicates that the maximum value of I; is 2.575 times [;,,. Circuit topologies such as

class-E/F and class-®5 have been proposed to suppress the maximum value.

3.2.2 Issues in the design of class-E amplifiers

Equations 3.1 to 3.3 give the soft-switching conditions for a class-E amplifier. They are
for ideal elements and not for actual elements and circuits with parasitic components.
In the design of a class-E amplifier, it is necessary not only to design circuit components
but also to analyze the behavior in actual circuits with parasitic components. For this
purpose, circuit simulation is used, which requires a detailed model to simulate the
characteristics of components.

In the circuit of Fig. 3.1, the output impedance R’ of the class-E amplifier is not
directly implemented in the circuit, but it is connected to the load R via a matching
circuit. Therefore, the characteristics of the inductor affect not only the soft-switching
operation, but also the impedance matching between the output and the load.

In the high-frequency switching operation at 10 MHz in this study, the inductor
deviates significantly from ideal characteristics due to losses and parasitic components
in the cores and windings. It cannot be considered as an ideal components like other
passive devices.

Losses in magnetic components are mainly caused by iron and copper losses. The
model used in circuit simulation must be able to account for these losses in detail.
Section 3.3 describes how to evaluate the magnetic properties of an inductor used in a
class-E soft-switching circuit and how to extract the model parameters for the electrical

characteristics.

3.3 Evaluation and modeling of magnetic proper-
ties for power inductors

This section discusses a method for evaluating the magnetic characteristics of inductors

used in class-E amplifiers for switching operation at 10 MHz and a model for circuit
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simulation.

3.3.1 Magnetic materials considered in this chapter

This chapter considers iron-based metal composite material and carbonyl iron compos-
ite material as low-loss magnetic materials for use in class-E amplifiers with switching
operation at 10 MHz. The iron-based metal composite material is a composite of iron-
based amorphous alloy with an average grain size of 2.56 pum, which is solidified with
epoxy resin. The ratio of magnetic material is 91.5 wt.%. The core is molded into
a toroidal shape and annealed at 300 °C for 3 hours. The iron-based metal compos-
ite material is Sample 1. The carbonyl iron powder material is toroidal core T106-2
(Micrometals), which is Sample 2. The magnetic path of a toroidal core is isotropic
with respect to the windings. This makes it a suitable for the evaluation of magnetic
properties. However, toroidal cores have the problem of increasing volume compared
to other types of cores.

Table 3.1 shows the core specifications. Relative permeability (Typ) is the datasheet
value of the specific magnetic permeability of each core. Both sample 1 and sample 2

have saturation flux densities of 1.2 T or higher[100].

Table 3.1 Specifications of magnetic cores.

Sample 1 | Sample 2

Outer diameter (mm) 30.0 26.9
Inner diameter (mm) 10.0 14.5
Height (mm) 8.87 11.1

Mass (g) 27.1 21.0

Magnetic pass length (mm) 62.8 64.9
Magnetic cross section (mm?) 88.7 65.9

Volume (mm?) 5570 4280
Relative Permeability (Typ.) 9.6 10
Saturation magnetization (T) 1.26 1.48

Figure 3.2 shows the magnetic properties at 10 MHz measured with a B-H analyzer
(SY-8218, Iwatsu). Both the excitation and detection windings are 6 turns of 0.8 mm
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3.3 Evaluation and modeling of magnetic properties for power inductors

diameter single copper enameled wire. They are the same as the inductors for class-E
amplifier designed in Sect.3.4. A power amplifier (HSA 4101-IW, NF Corporation)
is used for excitation. Magnetic saturation is not observed at the maximum possible

magnetic flux density of 0.6 mT. Hysteresis loss is very low and difficult to measure.
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Figure 3.2 Magnetization characteristics measured with B-H analyzer.

Figure 3.3 shows the permeability measured by the B-H analyzer (solid line). Dash-
dot lines are the THD of the current at the time of measurement. The permeabili-
ties measured by the network analyzer are shown in Fig. 3.3, which are described in

Sect. 3.3.2. The excitation current is set to 600 mA during the measurement.
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Figure 3.3 Permeability measured with B-H analyzer and vector network analyzer.

In the measurement with the B-H analyzer, the total harmonic distortion (THD) is
—30 dB or higher at 5 MHz and above. The accuracy of the measurement is degraded,
and magnetic characteristics can not be measured precisely. Therefore, this section

attempts to measure the magnetic characteristics using other methods.

3.3.2 Evaluation of magnetic components using 2-port equiv-

alent circuit model

This study considers a configuration equivalent to the 2-winding method of the B-H
analyzer. In B-H analyzer measurements, excitation and detection are performed in in-
dividual windings. This thesis attempts to evaluate magnetic characteristics by 2-port
S-parameter measurement using a network analyzer. Although the measurement signal
from the network analyzer is small, the saturation flux density of the target magnetic
material is 1.2 T or higher. The flux density applied to the magnetic components in the
circuit considered in this thesis is 5 mT or lower. Under the conditions in this thesis, it
is considered possible to evaluate magnetic properties even with measurements using
a network analyzer.

Figure 3.4 shows the winding and connector of the toroidal core used for the 2-port
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measurement of the network analyzer. The windings are 6:6 turns bifilar windings of
0.8 mm diameter single copper enameled wire. The terminals are SMA connectors,

which are the reference plane connected to a network analyzer.

(a) Sample 1. (b) Sample 2.

Figure 3.4 Overview of magnetic components under evaluation.

In this thesis, the magnetic properties are evaluated based on the 2-port S-parameter
measurement using a network analyzer (E5061B, Agilent Technologies). The magnetic
components are modeled with 2-port equivalent circuit. Figure 3.5 shows the 2-port

equivalent circuit model considered in this thesis.
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Figure 3.5 2-port equivalent circuit model of magnetic component.

In Fig. 3.5, Cyq and Cyyo are the parasitic capacitances of each winding. Ry and

Ry are the resistances of each winding. Ly, and Ly are the leakage inductances.
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3.3 Evaluation and modeling of magnetic properties for power inductors

R; is the iron loss resistance. L. is the excitation inductance. C, is the coupling

capacitance. The equivalent circuit model of a transformer in the low-frequency range

consists only of inductance and resistance[101]. However, in the high-frequency range,

the capacitance of the windings cannot be ignored[102]. Therefore, this thesis uses

a model including capacitance as Fig.3.5. The relationship between the impedance

and S-parameters of a 2-port circuit is expressed by Eq. 3.7, where Zj is the reference

impedance connected to each port.

Vi (14811)(1—=522)+S12521 2512

(1—511)(1—S22)— 812521 ©0  (1=511)(1—522)—S12521 ZO
V- 2521 (1-S11)(1+S22)+S12521
2 0

| (1—S511)(1—S22)—S12521

le Zl2 [1
Z21 Z22 ]2

(1—S511)(1—S22)—S12521

I
Iy

(3.7)

The relationships between the component parameters in Fig. 3.5 and the Z parameters

are expressed by the following equations.

28(Za + 25)
Zo+ Z5+ 2,

g ( Zs )(Wﬁzﬁ))
Zs+ Zo ) \Za+ 25+ 2,

Top = ( Zy )(Zﬁ(Za“‘Zv))
Zy+ Zo ) \Zo+ Zs + Z,

Zy(Zo + Zp)

Zo+ 23+ Z,

le =

ZZQ

Za, Zg, and Z, are expressed by the following equations.

Zf(Zch + Z .+ ZdZe)

%::44+4@+44+@4
7 Zo(ZeZig+ ZeZe + ZgZ)
B ZaZa+ ZoZog+ ZoZo + ZoZ,
g _ Gl ZZat 20+ Za2)

K Zch + Zch + ZeZc + ZdZe

(3.8)
(3.9)
(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

Zay Ly Zey Zg, Ze, and Zy in Eq.3.12 to Eq.3.14 are expressed by the following
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3.3 Evaluation and modeling of magnetic properties for power inductors

equations.
2 = —j— (3.15)
a T ]wCWl :

1
Zy = —j 3.16
b JwC'Wg ( )
Z. = Rwi+jw Ly (3.17)
Zd = RWQ + jw LW2 (318)

jWRiLe

Ly = ———— 3.19
Ri + jWLe ( )

1
Ly = —j 3.20
f Uom (3.20)

The (Measure) in Fig. 3.6 and Fig. 3.7 show the frequency responses of the impedance
in the 2-port circuit calculated from the measurement results. The frequency responses
of Z15 and Zy; are almost identical for both Sample 1 and Sample 2. This indicates that
duality is established, and the 2-port circuit can be treated as a linear time-invariant

circuit.
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3.3 Evaluation and modeling of magnetic properties for power inductors
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Figure 3.6 Measured and circuit modeled time response of Z-parameter for Sample 1.
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3.3 Evaluation and modeling of magnetic properties for power inductors
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Figure 3.7 Measured and circuit modeled time response of Z-parameter for Sample 2.

The (Circuit model) in Fig. 3.6 and Fig. 3.7 show the frequency characteristics of
the Z-parameters obtained using the equivalent circuit model shown in Fig.3.5. The
circuit parameters are obtained by the extraction method described below.

The 2-port circuit is represented by the m-type circuit in Fig. 3.8(a). Each element
is expressed using the Z parameter as Eq. 3.21 to Eq. 3.23.
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3.3 Evaluation and modeling of magnetic properties for power inductors

(a) m-type circuit of 2-port model.

C

cp
]l
11
(o) Z O
Cwl — Zy’ ZZ’ :1: CWZ
o —0

(b) m-type circuit with capacitance and residual

impedance.
o— 7Z Zy o
Z,
o O

(¢) T-type circuit without capacitance.

Figure 3.8 Equivalent circuits of 2-port circuit model.
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3.3 Evaluation and modeling of magnetic properties for power inductors

ZHZ22 - 2122

Ly = ————== 3.21
7 (3.21)
ZnZyy — 73y
4, = ——= 3.22
Y Zoy — Zia ( )
21 Ly — 2122
g, = ———== 3.23
Zy — Zi2 ( )

Figure 3.9(a) and Figure 3.10(a) show the frequency response of Z,, Z,, and Z, for
Sample 1 and 2. The inductance and resistance that constitute the T-type circuit in
Fig. 3.5 are converted to the m-type circuit. As shown in Fig.3.8(b), Z, is a parallel
circuit of Z; and Cy,. Z, is a parallel circuit of Z) and Cyy. Z, is a parallel circuit of
7! and Chys.

As shown in Fig.3.9(a) and Fig.3.10(a), the frequency characteristics of Z,, Z,,
and Z, vary by 20 dB/dec in the low frequency range respectively. The frequency
characteristics of Z,, Z,, and Z, vary by —20 dB/dec in the region above the self-
resonant frequency. Therefore, it can be regarded as an LC parallel circuit. The
capacitive elements are low and the impedance can be considered inductive below 10
MHz. The inductive elements of Z, Z/, and, Z are obtained by the least-squares
approximation of the double logarithmic function for the frequency characteristics of
each Z-f characteristics.

In the Z-f characteristics shown in Fig. 3.9(a) and Fig. 3.10(a), the capacitances C,,,
Cw1, and Cyo are obtained from the self-resonance frequency f =1/ 21/ LC at which
the value of |Z| is maximum. The self-resonant frequencies of Sample 1 and 2 are
shown in Table 3.2.

Table 3.2 Self-resonant frequencies of Z,, Z,, and Z..

Ly 269 MHz
Sample 1 || Z, 97.7 MHz
Z, 97.7 MHz
Ly 398 MHz
Sample 2 || Z, 112 MHz
Z, 112 MHz
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Figure 3.9 Z-f characteristics of 2-port circuit model elements for Sample 1.
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Figure 3.10 Z-f characteristics of 2-port circuit model elements for Sample 2.
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3.3 Evaluation and modeling of magnetic properties for power inductors

Figure 3.9(b) and Figure 3.10(b) show the frequency characteristics of Z;, Z,, and
Z. By using A —Y transformation, 7 type circuit composed with Z, Z, and Z]
is transformed into T type circuit shown in Fig.3.8(c). Z., Z;, Z. are expressed as

Eq. 3.24 to Eq. 3.26.

T Zy
Z, = i’ 3.24
Zo + Zy + 2t (3.24)
T 7o
Z, = ro 3.25
q A (3.25)
T 7o
Z, v 3.26
Zor + Zy + Zo (3.26)

Figure 3.9(c) and Figure 3.10(c) show the frequency response of Z., Z,;, and Z, for
Sample 1 and 2. Ly, Lyo, and L. are obtained from the least-squares approximation
of Z., Zy, and Z, below 10 MHz. The winding resistances are Ry < wLyq and
Ryo < wlys in the range of measured frequencies, which make parameter extraction
difficult. Thus, Ry and Ry» are regarded as the DC resistances measured using a
micro-resistance meter (6221&2182A, Keithley).

Cwi, Cwa, Cep, Lw1, Lwa, Le, Rw1, Rwe, and the self-resonant frequency are
substituted into Eq. 3.8 to obtain the iron loss resistance R;. R; is the resistance that
the value of |Z11| at the self-resonant frequency is consistent with Eq.3.8. Table 3.3
shows the extracted parameters.

The 7Z parameters obtained using the 2-port circuit parameters in Table 3.3 are
shown for the dashed line (Circuit model) in Fig.3.6 and Fig.3.7. The frequency
responses for impedance of the 2-port equivalent circuit model almost coincide with
the measured values in the frequency below 200 MHz. The proposed methodology
and extracted parameters are considered applicable as a model for 10 MHz switching
circuits. The inconsistency in the frequency above 200 MHz is due to the influence
of parasitic components that cannot be represented by the equivalent circuit shown in
Fig.3.5.

From the core specifications shown in Table 3.1 and the equivalent circuit param-
eters shown in Table 3.3, the Al value is given as Eq.3.27. The complex relative
permeability ' and p” is given by Eq. 3.28, where [ is the magnetic path length and S
is the magnetic path cross-sectional area.
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3.3 Evaluation and modeling of magnetic properties for power inductors

Table 3.3 Extracted com

ponent parameters of 2-port circuit.

Sample 1 | Sample 2
Ry (mQ2) 10.4 8.8
Ryo (mQ) 10.4 8.8
Ly (nH) 98.3 85.0
Lys (nH) 99.1 80.3
Cw1 (pF) 1.70 1.68
Cwa (pF) 1.85 1.86
R; (Q) 7600 4570
L. (nH) 700 530
Cep (PF) 1.68 0.895
a ok
Wt = jwffzéuo

The frequency characteristics of 1/,

Sample 1 and 2 obtained from Eq. 3.28 are shown in Fig.3.11. Table 3.4 shows the Al

value, i/, 1", and tan d of each core at 10 MHz.
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Figure 3.11 Magnetic characteristics of Sample 1 and 2.
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3.3 Evaluation and modeling of magnetic properties for power inductors

Table 3.4 Relative permeability and dissipation factor of Sample 1 and 2.

Sample 1 | Sample 2
Al value (nH/N?) 19.44 14.72
w 10.95 11.54

i 0.0634 0.0840

tan o 0.00579 | 0.00729

Sample 2 has higher i/ at low frequencies than Sample 1. However, at frequencies
above 500 MHz, 4/ in Sample 1 is lower than that in Sample 2. Also, tan d in Sample 1
is lower than that in Sample 2 in the frequency below 1 GHz. For magnetic components
of the same inductance, the iron loss of Sample 1 can be lower than that of Sample 2.
Since the values of p' are similar for Sample 1 and Sample 2, it is possible to make @7,
almost the same for both sample with the same dimensions.

However, as Table 3.1 shows, the size of Sample 1 is larger than that of Sample 2.
The Al value of Sample 1 is higher than that of Sample 2 as shown in Table 3.4. The
number of turns N is an integer value and the inductance value obtained from Eq. 3.27
L. = Al x N? is a discrete value. Therefore, arbitrary inductance cannot be designed.
The actual circuits are fabricated with an approximation of the design values required

for class-E operation.

3.3.3 Equivalent circuit model for inductors

From the 2-port circuit model, the equivalent circuit model of a 1-port inductor for a
class-E amplifier is obtainable. In order to make class-E amplifier same as designed in
Sect. 3.4, the wire for both Sample 1 and 2 is a single copper enameled wire of 0.8 mm
diameter. The number of turns is set to 6.

The inductor has single winding. It can be regarded as a 1-port circuit with re-
moving the secondary winding in the equivalent circuit model of Fig.3.5. Figure 3.12
shows the equivalent circuit model of an inductor.

(Circuit model) in Fig.3.13 shows the frequency response of the impedance ob-
tained by substituting the parameters in Table 3.3 into the equivalent circuit model

in Fig.3.12. (Measured) in Fig.3.13 shows the frequency response of the impedance
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3.3 Evaluation and modeling of magnetic properties for power inductors

Ry Ly,
O NN

wl Ri § Le

Figure 3.12 1-port equivalent circuit of inductor.

obtained from the S-parameter for the inductor measured by the 1-port measurement

with a network analyzer.
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Figure 3.13 Z-f characteristics of inductors.

However, the parameters of the equivalent circuit model in Fig.3.12 cannot be
identified from the 1-port measurement using a method of circuit transformation as
proposed in this thesis. In a class-E amplifier, harmonics above the 10th order have
little effect on circuit operation[111]. The operating frequency in this thesis is 10 MHz.
The model shown in Fig. 3.12 and parameters extracted from the 2-port measurements

are considered sufficiently applicable to circuit simulation.
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3.4 Verification of inductor model with class-E amplifiers

When the driving frequency is higher than 10MHz, the model used in this thesis
is insufficient. A more precise model is necessary to simulate the characteristics in
the region of 100 MHz or higher. It is important to study a more detailed model
configuration that can simulate multiple resonance characteristics that exist above 100

MHz, and a method for extracting model parameters.

3.4 Verification of inductor model with class-E am-
plifiers

In this thesis, class-E amplifiers are operated with frequency of 10 MHz and output
power of 20 W. The circuit parameters of the class-E amplifiers are determined from
Eq.3.1 to Eq.3.4 and the equivalent circuit model parameters shown in Table 3.3.
In this thesis, L; + L,, = Lw1 + L., and the constraint on the inductor is set to be
2 < @ < 4. Table 3.5 shows the element constants of the class-E amplifiers. GaN
HEMTs (PGA26E19BA, Panasonic) are used as switching devices.

(a) Sample 1. (b) Sample 2.

Figure 3.14 Overview of class-E amplifiers.

Figure 3.14 shows the overview of class-E amplifiers fabricated in this chapter. The
class-E amplifier with Sample 1 is 27 mm in width, 34 mm in length, and 45 mm in
height. The class-E amplifier with Sample 2 is 27 mm in width, 34 mm in length,

and 41 mm in height. The class-E amplifiers fabricated in this chapter use inductors
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3.4 Verification of inductor model with class-E amplifiers

with toroidal cores. This is because class-E amplifiers use the same cores as the ones
used for the magnetic property evaluation in Sect 3.3. However, the toroidal core is
not suitable for miniaturization due to its large volume. The design of the shape for
magnetic components is necessary to miniaturize the power conversion circuits.

Table 3.5 Circuit parameters of class-E amplifiers.

Sample 1 | Sample 2
QL 4.0 2.5
L. (uH) 22 22
Csn (PF) 431 441
C; (pF) 734 2013
L, + L,, (nH) 805 610
Cy, (pF) 729 729
R (Q) 8 8
R (2) 50 50

Figure 3.15 shows the circuit diagram used in the circuit simulation. A modified
nodal analysis method by Advanced Design System (Keysight) is used for the simula-

tion.

1deal fo - Cwi ¢
switch

{1
0
=
4%A'A%

=

Figure 3.15 Circuit diagram used in the simulation.

Figure 3.16 and Figure 3.17 show the experimental and simulation results of the
time response of the voltage and current in each part of the class-E amplifier. As
shown in Fig. 3.1, Vj, is the drain-source voltage of the switching device, Vjyeq and Ijpeq
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3.4 Verification of inductor model with class-E amplifiers

are the load resistance voltage and current, and I, is the current flowing through the

inductor. Output power is measured using a feed-through power meter (SX-1100, DIA-
MOND ANTENNA). Vs and V.4 are measured using optical isolated probe (TIVHOS,

Tektronix) and passive probe (TPP1000, Tektronix), respectively. I and [j,.q are

measured using Rogowskii coil (SS-282, Iwatsu) and current transformer (model2877,

Pearson), respectively.
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Figure 3.16 Measured and simulated time responses of class-E amplifier with Sample

1.
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Figure 3.17 Measured and simulated time responses of class-E amplifier with Sample

2.

Figure 3.18 shows a magnified view of the time response of the switching device
at turn-on, indicated by the black circles in Fig.3.16(a) and Fig.3.17(a). As shown
in Fig. 3.18, when the switching device is turn-on, Vys = 0 and dVy,/dt ~ 0. Class-E
operating conditions (ZVS and ZDVS) are almost achieved. In the simulation, ZVS

and ZDVS are simulated as well as the measured time responses. It is confirmed that
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3.4 Verification of inductor model with class-E amplifiers

the inductor model and extracted parameters with the method studied in this thesis

can be used to simulate the operation of a class-E amplifiers.
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(b) Voltage time response of amplifier with Sample 2 at turn-on.

Figure 3.18 Voltage time responses at turn-on.

However, the peak value of the measured inductor current is higher than the simu-
lation results for both Sample 1 and 2. In the simulations in this thesis, the switching
device is assumed to be an ideal switch without parasitic capacitance. Actual switch-

ing devices have parasitic capacitances between drain-source and gate-drain[103][104].
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3.5 Summary

This parasitic capacitance has a nonlinear characteristic with voltage dependency. In
order to take these effects into account, a detailed device model is necessary to simu-
late the voltage dependency of the parasitic capacitance of the switching devices. In
addition to the above, the duty ratio of the class-E amplifiers may not be exactly 50%
in actual operation[105]. The switching transient time affects the drain-source voltage
and drain current[106]. These factors cause the differences in time response between

experiments and simulations.

3.5 Summary

This chapter evaluated and modeled the magnetic characteristics of inductors used in
class-E amplifiers operating at frequencies above 10 MHz. The evaluation of magnetic
characteristics by 2-port measurement of network analyzer was proposed. The modeling
of magnetic components based on S-parameters and the extraction method of model
parameters were shown. It was confirmed that the circuit analysis using the proposed
model can simulate the soft-switching operation of class-E amplifiers in the circuit
simulation. It was shown that the model is useful for application to the actual circuit
design of high-frequency switching power converters.

However, some measured and simulated voltage time responses did not coincide.
To simulate the operation of a class-E amplifier by circuit simulation, it was necessary
to consider the characteristics of the power devices. The voltage dependency of power
devices is considered in Chapter 5.

In addition, this chapter used toroidal cores for the evaluation. Toroidal cores are
large in volume. Planar inductors and other types of inductors have been studied to
achieve high power density in inductors for power conversion circuits[107][108]. These
inductors were made of windings molded with a thin magnetic material. Planar induc-
tors have problems of current unevenness in windings and magnetic flux concentration
due to their shape. The method proposed in this study can be applied to the eval-
uation of magnetic properties and equivalent circuit modeling of planar inductors for

high frequency power conversion.
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Chapter 4

Evaluation and reduction of

transient thermal resistance for

B-GasO3 SBD

4.1 Introduction

B-Gay O3 is expected for high voltage and high current power semiconductor devices due
to wider bandgap than SiC and GaN. However, 3-GayO3 has disadvantages compared
to other wide bandgap semiconductors. High thermal resistance from junction to case
limits forward current and power dissipation in the device. Hence, it is important to
reduce the thermal resistance of gallium oxide. Nevertheless, there are few reports
on the thermal properties of gallium oxide. For example, the thermal conductivity of
p-GayO3 SBD with planar anode has been reported[82]. In spite that, the validity of
estimated temperature with the device characteristics has not been evaluated.

This chapter measures transient thermal characteristics of 5-GasO3 in accordance
with JEDEC51-14[109]. This method extracts transient thermal resistance by time
response of junction temperature in cooling operation from the self-heated thermal
equilibrium of device[110][111]. Junction temperature is estimated from temperature
dependency in forward conduction I-V characteristics in the low current range, where
self-heating is negligible. This thesis shows transient thermal characteristics of 8-GasO3

SBDs are measurable with good reproductively. This thesis evaluates the ideality of
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4.2 [(-Gay0O3 SBDs under evaluation

processed Schottky junction with extracted ideal factor for two different anode type
B-Gay0O3 SBDs.

This chapter considers the method to reduce transient thermal resistance of (-
Gay0O3 SBDs. Enlargement of die size in $-GayO3 SBDs is difficult due to defect
density in crystal. This chapter attempts to reduce thermal resistance by thinning
SBD die. Thermal resistance is in proportion to length of heat dissipation path. This
chapter compares $-GayO3 SBDs with different substrate thickness, and evaluated the

effect of thinned substrate in reducing thermal resistance.

4.2 [-GayO3 SBDs under evaluation

This thesis adopts two different anode types for 5-Ga;O3 SBDs. Planar type has flat
Schottky junction at anode with molybdenum metal on n= GayOj drift layer as shown
in Fig.2.5. The molybdenum Schottky anode of MOS trench type is dielectrically
isolated trench with hafnium oxide into n= GayO3 drift layer as shown in Fig. 2.7.
Figure 4.1 shows a overview of 5-GayO3 SBD. The die size is 1.80 mm x 1.34 mm
with 0.25 mm thickness. The anode pad for wire-bonding on the SiO, layer is sided to
the Schottky junction area. Planar and MOS trench types also have the same electrode
design of chip surface. The developed SBDs are molded in the TO-220 package.

Figure 4.1 Overview of 5-Gay;0O3 SBD die.
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4.3 Static characteristics of 5-GasO3 SBDs

4.3 Static characteristics of £-GayO3 SBDs

This section evaluates static characteristics and extracts parameters for 5-Gay;O3 SBDs.
Figure 4.2 shows forward conduction I-V characteristics at 25°C and 150°C measured

with curve tracer(B1505A, Keysight technologies).

= Planar 25 °C
— = =Planar 150 °C
Trench 25 °C
— — =Trench 150 °C

2 25

Figure 4.2 I;-V} characteristics of 3-GayO3 SBDs in high current region.

The forward voltage drop of planar type is less than that of trench type. In high
temperatures, the forward voltage drop in the high current region is higher than that
in lower temperatures because of increased voltage drop on resistance.

This section evaluates Schottky junction aspects from forward conduction I-V char-
acteristics in the low current region, where voltage drop at drift layer resistance is
negligible. Figure 4.3 shows I;-V} characteristics of 5-Ga;O3 SBDs in the low current

region.
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4.3 Static characteristics of 5-GayO3 SBDs
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Figure 4.3 I;-V} characteristics of 5-GayO3 SBDs in low current region.

The relation between V; and Iy in the low current region is expressed as Eq.2.33
and Eq. 2.34.

This section evaluates the ideality of developed SBDs based on n and I;. Error
function F is defined as Eq. 4.1 to extract I, and n. V;, I; are measured values shown

in Fig. 4.3 and steepest descent method is applied for parameter extraction.
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4.3 Static characteristics of 5-GasO3 SBDs

This section uses |[VE| in Eq.4.2 to evaluate the convergence, and 107% < |V E| is

used for the convergence judgment.

oo (&) ()
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| —eo—Planar — @ —Trench |
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Ideal factor
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105 | ===

20 40 60 80 100 120 140 160
Temperature (°C)

Figure 4.4 Extracted ideal factor n of 5-GayO3 SBDs.

Figure 4.4 shows extracted ideal factors of each sample. The extracted ideal factors
in Fig. 4.4 are lower than 1.1 in the temperature range below 80°C for each sample.
However, the ideal factor is higher than 1.1 in the temperature range above 100°C.
The deviation of the ideal factor from 1 indicates non-ideality of SBD characteristics.
The extracted saturated currents are shown in Fig. 4.5.

Schottky barrier height in Eq. 2.34 is extracted from I, in Fig. 4.5. Schottky barrier
height of planar and trench type are 0.715 eV and 0.737 eV, respectively. The Schottky
barrier height is expressed in Eq. 4.3, where ®,,, is the work function of Schottky metal,

and x; is the electron affinity of semiconductors.
b =P, — x5 (4.3)

Electron affinity of 5-GasOs is reported at 3.5-4.0 eV[16][91]. The work function of
molybdenum is 4.6 eV. Planar and trench type use the same Schottky metal. However,
the Schottky barrier height of the planar type is lower than the trench type. This dif-
ference is estimated as the difference in the state of Schottky junction surface stemming
from the MOS trench process.
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4.4 Extraction of transient thermal resistance for 8-Gay,O3 SBDs
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Figure 4.5 Extracted saturated current I of 5-GayO3 SBDs.

Junction temperature is estimated from temperature dependency of forward voltage
for low constant forward current. Eq.4.4 is obtained from Eq. 2.33 providing that the

variation of Iy for I is negligible.

I V
log (I—: + 1) = ni:BfT = const (4.4)

The relation between T" and V; is given as Eq. 4.5 from Eq. 4.4.
T — GVf i

nkBI_f

Is

(4.5)

In Eq.4.5, the slope of T for V is called K factor. Junction temperature in cooling

term for transient thermal characterization is estimated from V; with K factor.

4.4 Extraction of transient thermal resistance for
6—(}&203 SBDs

Section 4.3 shows that the quality of 5-Gay;O3 SBD characteristics is secured. K factor
is measured with temperature-controlled chamber. Measured temperature dependency
of V; for constant low current /; = 10 mA is shown in Fig. 4.6. Figure 4.6 shows that
temperature dependency of Vy is linear, and valid to estimate temperature from 25 to
125°C.
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Figure 4.6 Temperature dependency of Vy(I; =10 mA).

SBDs are self-heated with 1.0 A forward current for 60 seconds to achieve ther-
mal equilibrium in heating conditions, then cooled by heat-sink for 200 seconds with
shutting forward heating current. Junction temperature is measured with V; for 10
mA forward current. Transient thermal characteristics are evaluated with and with-
out thermal grease on the heat spreader of TO-220. Thermal resistance and thermal
capacitance from junction to heat-sink are extracted from the difference of these two
measurements. Figure 4.7 shows measured time responses of junction temperature for

planar and trench type.
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4.4 Extraction of transient thermal resistance for 8-Gay,O3 SBDs
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Figure 4.7 Junction temperature time responses of 5-GayO3 SBDs.

The measured temperature is uncertain for ¢ < 20 ps, which stems from transient
behavior in switching from heating to measuring current. Structure-functions are ex-
tracted from time response of junction temperatures for ¢ > 20 us in Fig.4.7. Initial

temperature is estimated by extrapolation with temperature for ¢ > 20 us.
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4.4 Extraction of transient thermal resistance for 5-Ga,O3 SBDs
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Figure 4.8 Structure-function of -Gay,O3 and SiC SBDs.

Structure-function in Fig.4.8 shows thermal resistance and thermal capacitance
from junction to heat-sink. The structure-function of SiC SBD(CPW3-0650-S004B,
Cree) packaged in the same lead frame as $-GayO3 SBDs is plotted in Fig.4.8 as
reference. The consistent region with and without grease represents the heat spreading
path from junction to heat spreader. The grease layer between heat spreader and heat-

sink is located in the bifurcation point of w/ and w/o plots. The structure-functions
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4.4 Extraction of transient thermal resistance for 8-Gay,O3 SBDs

from die-attach to heat-sink of 5-GayO3 SBDs with thermal grease almost coincide with
that of SiC SBD. However, structure-functions of junction to die-attach make difference
between 5-GasO3 SBDs and SiC SBD. The bifurcation point of 5-GayO3 SBD and SiC
SBD with grease represent the difference of the thermal resistance form junction to
die-attach. This difference is caused by the difference in thermal conductivity between
[-Gay O3 and SiC. Table 4.1 shows extracted thermal resistance and capacitance from

junction to case with structure-function in Fig. 4.8.

Table 4.1 Extracted thermal resistance and capacitance.

Planar 5-GasOs3 9.0

Ry (junction to die-attach) (K/W) || Trench -GayOs3 9.1
SiC 1.7

Planar 5-GasO3 9.8

Ry (junction to case) (K/W) Trench £-GagOg 10.0
SiC 3.2

Planar 5-GasOg3 1.3 x 1072
Cin (junction to case) (Ws/K) Trench 3-GagOs 1.5 x 1072
SiC 4.0 x 1072

The die size of SiC SBD is 1.13 mm x 1.13 mm with 0.377 mm thickness. The
thermal conductivity of SiC and 8-GapO3 are 280 W/m-K and 13 to 21 W/m-K. The
die area of -GayO3 SBDs are 1.9 times larger than that of SiC SBD. The thickness
of 5-Gay03 is 34% thinner than that of SiC SBD. Considering thermal conductivity
and geometric size, the thermal conductivity of S-GayO3 SBD is estimated to be 4.7
to 7.6 times higher than that of SiC SBD. Identified thermal resistances of junction to
die-attach in Table 4.1 are in that range.

The preceding research estimated the thermal resistance of 2.3mm x 2.3mm planar
p-Gag03 SBD is 5.9 K/W/[63]. The size of tested 8-GayO3 SBD dies are 1.80 mm
x 1.34 mm, and the difference of the die size is considered to make the difference of
thermal resistance. The thermal resistance of 5-GayOj3 is several times higher than SiC
SBD, though the Ga;Oj3 dies have large net areas for side bonding pad. Heat radiation

of 5-GayO3 device is inferior to SiC or other wide bandgap semiconductor devices
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4.5 Transient thermal resistance reduction by thinning substrate of a 5-GayO3 SBD

due to high thermal resistance. Thermal resistance from junction to heat spreader is
designed to be reduced for higher heat dissipation with high current density operation.

Section 4.5 attempts to thin the thickness of 5-Ga;O3 SBD to reduce thermal resistance.

4.5 Transient thermal resistance reduction by thin-

ning substrate of a $-Ga,O3 SBD

This section evaluates transient thermal resistance of two 5-Gay;O3 SBDs, whose thick-
ness is different. They have 100 pm and 250 pm thickness n™ 5-GayO3 substrate layer

as shown in Fig. 4.9.

Anode
e N
n"Ga,0; drift layer
Thickness
of substrate
(100 pm or
250 pum)

Cathodex

i Solder i

Figure 4.9 Cross section of $-GasO3 SBDs with different substrate thickness.

The die size is 1.80 mm X 1.34 mm. The total thicknesses of dies are 257 pm and
107 pm respectively for 250 pm and 100 pm substrate thickness diodes. Both SBDs
have bonding pad beside anode electrode shown in Fig.4.1. SBD dies are attached on
lead frame and molded in TO-220 package.

The temperature dependency in forward voltage drop of two samples for 10 mA are
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4.5 Transient thermal resistance reduction by thinning substrate of a 5-GayO3 SBD
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Figure 4.10 Temperature dependency in forward voltage drop of S-GaysO3 with dif-

ferent thickness.

shown in Fig.4.10. Measured results have almost linear characteristics. The difference
between two devices is estimated to occur by the deviation from ideality of Schottky
junction.

SBDs are self-heated with 1.5 A forward current for 60 s, then cooled by 25°C heat-
sink for 200 s in transient thermal resistance characterization. 10 mA forward current
is flowed to estimate junction temperature during cooling time. Structure-functions

with and without thermal grease are extracted as shown in Fig.4.11.

1.0E+05 ; I

LOE=04 || === 250 pm wio grease

1.0E+03 250 pm w/ grease

1.0E+02 H === 100 pm w/o grease
@ 1.0E<01 || — 100 pm w/ grease s
é"' 1.0E+00 y
_‘é’ 1.0E-01
O 1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.0E-06

0 2 4 6 8 10 12 14 16

Reh (K/W)

Figure 4.11 Structure-function of 5-GayO3 with different thickness.
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4.6 Summary

The bifurcation point at 5.0 K/W for 100 gm and 250 pm in Fig.4.11 is estimated
as the boundary of substrate layer and cathode electrode of SBD with 100 pum sub-
strate. The grease layer between the heat spreader and the heat-sink corresponds to the
bifurcation point of the structural function with and without grease. Transient thermal
resistance of SBDs between junction to case are 6.1 K/W and 9.0 K/W respectively
for 100 pm and 250 pum substrate layer thickness.

The difference in measured thermal resistance of $-Gay;O3 SBD with 100 ym and
250 pm substrate layer thickness is 2.9 K/W. Two samples are equivalent except for
the thickness of substrate layer. The thermal resistance of 150 pm substrate layer
is expected 2.9 K/W. This indicates that the thermal resistance of thel00 pm and
250 pm substrate layers are 1.9 and 4.8 K/W, respectively. The thermal resistance
of both samples, except for the substrate layer is 4.2 K/W. This thermal resistance
includes the thermal resistance between junction to the drift layer, solder, lead frame,
and interfacial thermal resistance of each layers.

Figure 4.11 shows the thermal resistance between junction to cathode electrode
in SBD with 100 pum substrate layer is 5.0 K/W. Thus, thermal resistance between
drift layer and substrate layer is 3.1 K/W. That is higher than thermal resistance
between junction to the die-attach with equivalent size commercial SiC SBD. This
result indicates that 100 pum substrate layer is not thin enough to dissipate heat. In
addition to the substrate layer, the thermal resistance of the drift layer is also high even
though the drift layer is less than 7 pm. Further reduction methodology of thermal

resistance is needed for practical application of 5-GayO3 SBDs.

4.6 Summary

This chapter extracted electrical and thermal parameters of 5-Gay;O3 SBDs. The pro-
cessed -GaysO3 SBDs showed almost ideal characteristics below 80°C. However, ideal
factors of $-GasO3 SBDs in high temperature deteriorated. Improvement of the Schot-
tky junction was key to improving SBD characteristics. Thermal resistance for the
junction to heat spreader of -GayOs was higher than that of SiC and other semi-

conductors. The improvement of completeness of Schottky junction was needed for
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4.6 Summary

practical £-GasO3 SBD performance.

The thermal resistance from junction to die-attach could be reduced to 2/3 by re-
ducing the substrate thickness from 250 pym to 100 ym. However, thermal resistance
of 5-Gay0O3 SBD with 100 gm was higher than commercial SiC SBD. Not only sub-
strate layer but also drift layer had high thermal resistance. Development of thermal

resistance reduction structure is needed for practical application of 8-Gay0O3 SBDs.
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Chapter 5

Analysis and Design of class-E
amplifier with nonlinear output

capacitance model using sigmoid

function for GalN HEMT

5.1 Introduction

The soft-switching technique is effective in reducing switching loss. Class-E ampli-
fiers utilize soft-switching and are useful to suppress switching loss in MHz operation.
Class-E amplifier operates with zero voltage switching(ZVS) and zero voltage deriva-
tive switching(ZVDS). The circuit operation of class-E amplifier with ideal components
is analytically expressed in preceding researches|71]-[73].

The electrical characteristics of actual circuit components differ from the ideal. The
output capacitance of power devices has nonlinear characteristics with respect to the
applied bias voltage. Output capacitance of the transistor constitutes the resonant
circuit of a class-E amplifier. Then, the nonlinearity of output capacitance of power
devices affects class-E switching conditions. Higher frequency operation reduces the
inductance and capacitance required for resonance, which increases the influence of

device parasitic capacitance characteristics. Preceding researches analyzed the class-E
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5.1 Introduction

amplifiers taking the voltage dependency of output capacitance into consideration. The
researches analyzed class-E amplifiers whose resonant capacitor consists only nonlinear
capacitance of output capacitor in transistor[74]-[79]. Class-E amplifiers with linear
and nonlinear capacitors were also analyzed[77]. Analyses of a class-DE amplifiers
with nonlinear capacitance in the upper and lower arms for the half-bridge leg were
reported in preceding researches|78][79).

However, these researches utilized vertical type power Si MOSFETSs as switches
and the abrupt junction model is utilized to express voltage dependency of output
capacitance in vertical type power Si MOSFETs. The abrupt junction capacitance
model cannot be directly applied to class-E amplifiers with GaN power devices. The
lateral type GaN power devices require a dedicated model to simulate their output
capacitance characteristics. Preceding research proposed physical model based on sur-
face potential[80][81] and equivalent circuit models[82][83]. Physical models consist of
a lot of parameters such as dimensional and process information. The complexity of
the physical model makes circuit analysis and SPICE simulation difficult. Equivalent
circuit models contain a current source and many circuit elements. It is difficult to use
equivalent circuit models in circuit analysis for an analytical approach.

This thesis utilizes the sigmoid function as the voltage dependent output capac-
itance model for GaN power devices to analyze class-E amplifier with GaN power
device. The sigmoid function capacitance model is used to simulate the behavior of
GaN power devices[112][113]. Its parameters are expected to be easy to extract and
accurately simulate GaN power device behavior. Preceding research with a sigmoid
function model targeted to simulate static characteristics and switching behavior for
hard-switching double pulse test in SPICE simulation[112]. There is no analysis of
class-E soft-switching amplifiers with sigmoid function output capacitance model. The
purpose of this thesis is to provide a circuit analysis and design methodology for class-
E amplifiers with GaN HEMT whose output capacitance has nonlinear characteristics
and is modeled by sigmoid function.

This chapter shows a circuit analysis of the class-E amplifier with the sigmoid func-
tion model. The design procedure of class-E amplifiers with the sigmoid function model

is also discussed based on the circuit analysis. A class-FE amplifier with the proposed
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5.2 Output capacitance model with sigmoid function

model is designed for above 10 MHz operation. The designed class-FE amplifiers with
GaN power devices are fabricated and experimented. The analytical results are vali-
dated with simulation and experiment. The proposed model would be helpful to the

design of class-E amplifiers with GaN power devices.

5.2 QOutput capacitance model with sigmoid func-
tion

In preceding researches|[74]-[79], voltage dependency of drain-source capacitance C, was
modeled with abrupt junction as Eq. 5.1, where C is drain-source capacitance when

drain-source voltage Vy is zero. V4; is built-in voltage.

C,
C, ~ —Jv (5.1)
Jie
And output charge (), is shown in Eq.5.2.
Vi S
Qo ~ 2C;Vy; <—b Vs _ 1) (5.2)
Vi

This chapter adopts EPC8002 as a GaN power device. Output capacitance is a sum
of drain-source capacitance and drain-gate capacitance. The drain-gate capacitance of
EPC8002 is negligibly low compared to drain-source capacitance. The extracted Cjo
and Vj; by the least mean square (LMS) are shown in Table 5.1.

The solid line in Fig. 5.1 shows drain-source voltage dependency of output capaci-
tance in the datasheet. The abrupt junction model (dash-dotted line) does not match
with datasheet value. Vj; of Si power MOSFET in preceding research is less than 1
V[74][76], which is determined by doping densities and bandgap. However, extracted
Vi in EPC8002 was significantly higher than Si MOSFET.

The model formulas based on device potential in preceding research consist of a
lot of parameters. For example, Eq. 11 and Eq. 13 in [81] give the gate charge @, and
drain charge 4. The sum of Q)4 and Qg is @),. The complexity of model formula makes
parameter extraction and circuit analysis difficult. The simple formula for output

capacitance is needed for designing class-E amplifiers.
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5.2 Output capacitance model with sigmoid function

Table 5.1 Extracted parameters of abrupt junction model and sigmoid function

model.

Abrupt junction model | Cjo | 1.5890 x 10~

Vi 9.1770
Sigmoid function model | a 17.466
b 0.14949

c | 84122 x 10712
d | 1.4287 x 10~1

Modified sigmoid function as Eq. 5.3 is adopted voltage dependent nonlinear output
capacitance model of a GaN power device[112]. The parameters a, b, c and d in Eq. 5.3
are determined to fit C-V characteristics. They are easy to extract from the datasheet.
This model consists of an empirical formula, then the precise knowledge of process
parameters and geometry is not needed for modeling. Equation 5.3 can be differentiated
and integrated analytically. The simplicity facilitates mathematical circuit analysis

compared with physical based models composed with a lot of parameters.

—C
Co(vgs) = m +d (5.3)

The dotted line in Fig. 5.1 shows the sigmoid model with extracted parameters in
Eq.5.3. The parameters a, b, c and d in Table 5.1 are extracted from datasheet value in
Fig. 5.1 by the generalized reduced gradient method with minimizing the square error
for Eq.5.3.

The voltage dependency of output capacitance in EPC8002 is suitably expressed
with the sigmoid function model as shown in Fig.5.1. However, the sigmoid function
model does not apply to all GaN power devices. The voltage dependency of output
capacitance depends on device structure[114]-[117]. Preceding research has developed
a variety of structures for GaN power device[118]-[120]. Some GaN power devices do
not have inflection point (d?C,(v4s)/dv3, = 0) in the voltage dependency of output
capacitance due to the device structures.

The sigmoid function model in Eq. 5.3 has an inflection point at vzs = a shown in
Fig. 5.1. The sigmoid function model is not suitable for GaN power devices that have no
inflection points in the voltage dependency of output capacitance as PGA26E19BA[121]
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Figure 5.1 C-V characteristics of output capacitance for EPC8002.

and others[122].

5.3 Circuit analysis of a class-E amplifier using sig-
moid function model

Figure 5.2 shows the circuit diagram of the class-E amplifier. C, is the output ca-
pacitance of the power device. C, is external capacitance to compensate for the lack
of the capacitance required for resonance. Lumped elements except the power de-
vice are ideal. Circuit analysis for class-E operation is performed under the following

assumption.

e It is assumed that the resonant circuit has ideal inductance L, and
capacitance C;, whose Q factor is infinite. The output current 7 can

be considered as a sinusoidal wave in the operating frequency.

e The inductance of choke inductor L. is high enough to neglect current
ripple in input current [; and voltage drop for the equivalent series

resistance is neglected.

e The forward and reverse I-V characteristics of the power device is

neglected.
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5.3 Circuit analysis of a class-E amplifier using sigmoid function model

e Turn-on and turn-off of the power device is fast enough to neglect the

transition time.

e In a periodic steady state, the power device is on when 0 < # < 7 and
off when m < # < 27. Note that 6 is the phase angle of the switching

period 27.

e The C-V characteristics of output capacitance in power device is ex-

pressed as Eq.5.3

e Switching (operating) frequency is the series resonant frequency of C;

and L.
Ltotal
L —
o | —T0 0
? G L, L, l I
b 4
/ p—
Ct) Vs '\\/ o c R §k, v
1 ‘0 ;o
" M [ g

Figure 5.2 Circuit diagram of class-E amplifier.

The output current ¢ is expressed as Eq. 5.4 with the amplitude of output current

1., and phase angle difference from @ is ¢.
i =1I,sin(f0 + ¢) (5.4)

The current flowing into C, and C, is induced from Kirchhoff’s current law as shown

in Eq. 5.5.
Gco +ice = Ii — Iy sin(0 + ¢) (5.5)

teo and i, respectively charge C, and C, when the SW is off. Charge conservation

during off period induces Eq. 5.6.

2m vds(2ﬂ')
/ ico + ice de = w/ Ce + C(0 (Uds(e)) dvds(e) (56>

ds (7‘()
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5.3 Circuit analysis of a class-E amplifier using sigmoid function model

The output charge @), is obtained from the integration of Eq. 5.3 by drain-source voltage
as Eq.5.7.

vds(e)
Qo - / Oo dvds(0>
0
= (d—c)uvgs(0) — wg log (eP*vas®) 4 1)

+ wg log (€™ + 1) (5.7)
Substituting Eq. 5.7 and Eq. 5.5 into Eq. 5.6 yields Eq. 5.8.

o (d-+ Co = ) an(8) = 0 log (Ko=) 1)
+wélog (e + 1)
= 1L;(0 — ) + I, [cos(0 + ¢) + cos @] (5.8)

Equation 5.8 is not analytically solvable for v4s(6). Then, Equation 5.8 is approximated

with second order polynomial equation as Eq.5.9 by Maclaurin expansion.

w(d+ Ce — ¢) vas(0) + w§ log (eab + 1)
—wé {log (e +1) — 2 v4(0) + %Uﬁs(e)}
w {(d +C.—c)+ %} vas(0) — 5T v3,(6)

~ 1;(0 — ) + I, [cos(0 + ¢) + cos ¢ (5.9)

Equation 5.9 is approximated as Eq. 5.10.
avg,(0) + Buas(0) — g(6) = 0 (5.10)

a, 3, and g(f) are expressed as the following equations.

0 - _ whce®
 2(ewh 4+ 1)2
Ceab
— d - —

g(0) = L0 —7)+ L, [cos(f + @) + cos ]

vgs 18 obtained as Eq.5.11 by solving Eq. 5.10 for the constrain vg, > 0.

() = 2V 1 A090) (5.11)
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5.3 Circuit analysis of a class-E amplifier using sigmoid function model

5.3.1 ZVS condition

The zero voltage switching condition is given as v45(27) = 0. Then, Eq.5.11 yields
Eq.5.12.

g(2m) = ;27 — ) + I, [cos(2m + ¢) + cos ] = 0 (5.12)

Finally, ZVS condition is given as Eq. 5.13.

2cos¢p
0

(5.13)

5.3.2 ZVDS condition

The condition of zero voltage derivative switching is dvgs(27)/df = 0. The derivative

of Eq.5.11 yields ZVDS condition as shown in Eq. 5.14.

d 1

o =0 (5.14)

Uds(e) = g
2
df o—or  2+/4ag(0) + b
ZVDS condition is obtained from Eq.5.14 and Eq.5.13 as Eq. 5.15.

2 cos ¢

Jg@2r) = —I, — I, sin(2m + ¢)

=0 (5.15)
Solving Eq. 5.15 yields ZVDS condition shown in Eq. 5.16.

tan ¢ = —% (5.16)

5.3.3 Derivation of passive component parameters

Input power to class-E amplifier is equal to output power in the load resistance R when

conversion loss is zero.

2R
IV =72 (5.17)

Solving Eq.5.13 and Eq. 5.17 yields I, and I; shown in Eq.5.18 and Eq. 5.19.

4 cos ¢
I, = — Vi 1
— (5.18)

8 cos? ¢
I, = ——V, 5.19
Y (5.19)
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5.3 Circuit analysis of a class-E amplifier using sigmoid function model

The averaged drain-source voltage in one switching period corresponds with input DC

voltage. The relation between Vj,, and v4(6) is shown in Eq. 5.20.

1 2
‘/in - % ) Uds(‘g) do
1 27
g _ | — 2 .
pr— [ B + : V5% + 4ag(6) do (5.20)

The right hand side of Eq.5.20 is not analytically obtainable. Then, numerical inte-
gration and iterative calculation find C, satisfying Eq. 5.20. This means that V;,, f, R
and extracted a, b, ¢, d determine C..

Drain-source voltage vg4s(6) is the sum of voltage in series resonant L-C filter and
output voltage v,(6) in load resistance. The synthesized impedance of the series con-
nected C; and L; at the resonant frequency is zero. Then, the sum of voltage across L,
and output voltage v,(6) at operating frequency is expressed as vs (#) in Eq. 5.21, where
vre1(0) is operating frequency component of voltage across L, and V, is amplitude of

output voltage.

U51(9> = ’UO(H) + ULx1(0>
= V,sin(0 + ¢) + VoioLy cos(0 + ¢)

R
= Visin(0+ ¢+ ) (5.21)
V} is expressed in Eq. 5.22 by using V.
L.\’
Vi= Vo |1+ (”R > (5.22)

vs1(0) is expressed as sinusoidal wave and its phase difference from 6 is ¢ +1). v (0) is
the fundamental component of vy4s(6) at operating frequency. This thesis assumes that
Q factor of Cy and L; filter is infinite. Though drain-source voltage contains harmonic
components, harmonic voltage applied to L-C filter does not flow harmonic current.

vs1(0) dose not have cosine component as shown in Eq. 5.23.

2m
1 / vgs(6) cos(6 + ¢ + ) db
0

™

1 27 1 o | |
= ;/0 vas(0) cos(0) cos(d + 1)dh — - /0 v4s(0) sin(0) sin(¢ + 1)db

~ 0 (5.23)
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Transformation of Eq. 5.23 for constant ¢ + ¢ yields Eq. 5.24.

f:ﬂ vas(0) cos(0) db
[ v45(0) sin(0) do

T

sin(¢ + 1))

cos(p+ ) tan(o +v) =

(5.24)

v4s(0) is obtainable when C, is determined from Eq.5.20. Equation 5.11 and Equa-
tion 5.24 yields tan(¢ + v). tant is obtained by Eq.5.24 and Eq.5.16. L, is obtained
as Eq. 5.25.

_ Rtanv
w

L,

(5.25)

The total Q factor for class-E amplifier is given in Eq. 5.26 as the design parameter.

W(Lt + L:U)

@=—""%

(5.26)

L, in Eq.5.26 is given by Eq.5.25. C} is obtained from Eq.5.27 with operating fre-

quency.

1

Ci= w(RQ —wL,)

(5.27)

Preceding research[73] shows that the inductance L, to obtain the peak-to-peak current

ripple less than 10% of input DC current [; is given as Eq. 5.28.

Lc>2(§+1)?2$ (5.28)

5.4 Class-E amplifier designs to verify the analysis

using sigmoid function model

5.4.1 Class-E amplifier design procedure using sigmoid func-

tion model
Section 5.3 presents circuit analysis of class-E amplifier with the sigmoid function
output capacitance model for GaN power device. The design procedure of class-E

amplifiers can be simplified by giving design parameters. The design flowchart of

determining circuit parameters in Fig. 5.2 is shown in Fig. 5.3.
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Determine f, V};,, R and Q
Select a GaN power device as a switch

h 4

Extract a, b, ¢ and d in Eq. 3 from
C-V characteristics of output capacitance
for GaN power device

!

Obtain [,,, and I; from Eq. 18 and Eq. 19
by substituting V;,

l

Obtain C, by substituting a, ff and g(8)
into Eq. 20

A 4
Obtain Y by v45(6) from Eq. 24

v
Obtain Ly, L, C¢, L. from Eq. 26 to Eq. 28

Figure 5.3 Design flowchart of a class-E amplifier with the sigmoid function model.

The next section shows the designed circuit parameters for experiments in this

thesis.

5.4.2 The designed class-E amplifiers with proposed method

This section presents two design examples whose operating frequencies are different.
They were set as 27.12 MHz and 40.68MHz to verify the circuit operation and to
compare simulation results in different operating frequencies.

Each parameter is calculated with the design procedure in Sect.5.4.1. EPC8002
shown in Sect.5.2 is adopted as a switch. Trapezoidal rule integration is utilized to

solve Eq.5.20. The input voltage is set to 5 V. Load resistance R and Q are set to
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5.4 Class-E amplifier designs to verify the analysis using sigmoid function model

12.5 © and 10 respectively. The design parameters derived from these assumptions are
shown in Table 5.2. Series connected inductors L; and L, are consolidated into one

component as Lot

Table 5.2 Designed parameters of class-E amplifiers.

Frequency (MHz) 27.12 40.68
designed | fabricated | designed | fabricated

Le(pH) 3.2 15 2.2 10
L, (nH) 649 680 433 475
L, (nH) 85 88 56 58
Liotar (nH) 649 768 489 533
r(series) (£2) 0.42 0.40
Ry (parallel) (k) 79 41
cr () 1.15 1.22
C, (pF) 53 50 35 32
C.(total) (pF) 73 72 44 42
C.(chip) (pF) 60 30
C.(board) (pF) 12 12
R () 12.5 12.5 12.5 12.5
P, (W) 1.15 1.12 1.15 1.12

Preceding research[74] shows circuit analysis of class-E amplifier with abrupt junc-
tion nonlinear capacitance of power device C, and linear external capacitance Cp. vgs(6)

is expressed as Eq.5.29 in preceding research.

0as(6) = 29V |+ h(6) — /g + 29h(0) + 1| (5.29)

h(6) and g are expressed as the following equations.

L,0 + I, [cos(0 + ¢) — cos @]
h(0) = 1
(6) 2wCo Vi, *
CjO

Ce

g —_=

Calculated vgs(27) from Eq. 5.29 are —32.83—56.49 V for 27.12 MHz and —20.26—j4.31
V for 40.68 MHz. Circuit analysis with abrupt junction model yields complex vg,(6).
7



5.5 Simulation and experimental results

This is caused by the difference of V;; between Si MOSFET and GaN HEMT. Class-E
switching condition derivation procedure in preceding research is not adaptable with
EPC8002 abrupt junction model.

The voltage and current time responses are calculated with parameters in Table 5.2

and equations in Sect. 5.3. The calculated results are verified in Sect. 5.5.

5.5 Simulation and experimental results

5.5.1 Fabrication of actual circuits

This section fabricates the circuits based on the design of Table 5.2. Ly, in two designs
are air-core toroidal inductors to prevent core loss. Air-core inductors are larger in
volume but easier to model. The main focus of this section is on the verification of the
circuit analysis in Sect. 5.3. Inductance L;,q;, equivalent series resistance ry,, equivalent
parallel resistance R and wiring capacitance ¢y, are shown in Table 5.2. L,y and 7y,
are measured at their operating frequency with impedance analyzer(E4991B, Keysight
Technologies). ¢f, is obtained from self-resonant frequency of the toroidal inductor. Ry,
is the impedance of the toroidal inductor at self-resonant frequency. 7 is connected
in series with load R and L;,. This thesis consolidates R and r; into one resistor.
As the effective R increases, the Q factors change to the value in Table 5.2. However,
analysis in Sect. 5.3 neglects ¢;, and Ry. The effect of ¢, and Ry, is considered later in
this section.

C. and C; in Table 5.2 are multilayer ceramic capacitor(ATC 600F series, KY-
OCERA AVX). This series of capacitor has NP0 characteristic and can be used as
linear capacitors. ESR and voltage dependency in the capacitors are negligibly small.

Passive components are mounted on a printed circuit board. The printed circuit
board has thin copper film as the wiring conductor. EPC8002 has a ball grid allay
package, which radiates heat to the copper pattern of the print circuit board. The
drain and source electrode face top side to bottom side and are considered as a parallel
plate capacitor. The drain and source areas are large and their capacitance affects
circuit operation. This thesis regards drain-source board parasitic capacitance as linear
capacitance parallel to the output capacitance of EPC8002. The drain-source parasitic
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capacitance of wiring is 12 pF measured with an impedance analyzer(E4991B, Keysight

Technologies).

(a) 27.12 MHz operation. (b) 40.68 MHz operation.

Figure 5.4 Overview of class-E amplifiers for output capacitance model verification.

Figure 5.4 shows a fabricated class-E amplifier whose switching operating frequency
is 27.12 MHz and 40.68 MHz. Both class-E amplifiers use the same printed circuit
board. The class-E amplifier driven 27.12 MHz is 34 mm in width, 72 mm in length,
and 20 mm in height. The class-E amplifier driven 40.68 MHz is 34 mm in width, 80
mm in length, and 20 mm in height. These have a higher driven frequency but larger
dimensions than those shown in Fig 3.14. This is due to the larger volume of the air-core
inductors used. Hence, the use of magnetic materials is effective for miniaturization of
circuits.

This thesis verifies the mathematical analysis results by simulation and experiments

with actual circuits.

5.5.2 Simulation and experimental results

Spice simulation is conducted with LTspice (Analog Devices). The passive components
in LTspice are modeled as linear time-invariant elements including parasitic compo-
nents in Table 5.2. The EPC8002 model is modified from the one provided by the de-
vice manufacturer (EPC). In the modification, the gate-drain capacitance is neglected.
Two models of voltage dependency for drain-source capacitance are utilized, which
are Sim(Sigmoid) with Eq.5.7 and Sim(Abrupt) with Eq.5.2. This chapter conducts

circuit simulations with and without considering c; and Rj.
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5.5 Simulation and experimental results

Oscilloscope (MSO58, Tektronix) is used for experimental measurement. Drain-
source voltage is measured with an optically isolated probe (TIVHO0S, Tektronix).
Output voltage is measured with a passive probe (TPP1000, Tektronix).

Circuit analysis shown in Sect. 5.3 does not consider ¢, and Ry. Figure 5.5(a) to
Figure 5.6(b) shows experimental results and LTspice simulation without ¢, and Ry,
LTspice simulations with abrupt junction models for both operating frequencies do not
converge due to the limitation of variable time step in LTspice. The abrupt junction
model is not suitable for GaN HEMT used in this study. Circuit simulations with the
sigmoid function model converge and simulated results of Vj, coincide with calculated

and experimental results.
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(a) Drain-source voltage.

0 20 40 60
Time (ns)
----- Sim(Sigmoid) — — Calculated

(b) Output voltage.
Figure 5.5 Experimental, simulated and calculated time response in 27.12 MHz

class-E amplifier without considering ¢, and R.
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(a) Drain-source voltage.

Voltage (V)

Time (ns)

—— Experiment ----- Sim(Sigmoid) — — Calculated

(b) Output voltage.
Figure 5.6 Experimental, simulated and calculated time response in 40.68 MHz

class-E amplifier without considering ¢, and Rj.

Drain-source voltage of experiment, simulation and calculation in Fig.5.5(a) and
Fig.5.6(a) coincide. Simulated Vys time response in 27.12 and 40.68 MHz achieves
class-E switching regardless of considering ¢, and Ry. The calculated time responses
with proposed method match to simulated and experimental results. Then, the analysis
in Sect. 5.3 is able to derive class-E the switching conditions.

Figure 5.5(b) and Figure 5.6(b) show the output voltage of class-E power am-
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5.5 Simulation and experimental results

plifiers with 27.12 MHz and 40.68 MHz operation. Sim(Sigmoid) and Calculated in
Fig.5.5(b) and Fig.5.6(b) coincide in positive voltage range. In the negative volt-
age range, Sim(Sigmoid) and Calculated do not coincide because the proposed circuit
analysis assumes the power device without on-resistance. The actual power device has
forward and reverse I-V characteristics. Voltage drop at the power device causes the
differences between Sim(Sigmoid) and Calculated. The output voltage amplitude of
Experiment in Fig.5.5(b) and Fig.5.6(b) is small compared to Sim(Sigmoid) and Cal-
culated. The positive peak voltage of the Experiment is 20% lower than Sim(Sigmoid)
and Calculated in Fig. 5.5(b). The difference of peak voltage in Fig. 5.6(b) is 25%. That
difference is caused by the ¢, and Ry in the actual circuit. The higher the operating
frequency becomes, the more significant the parasitic component affects. Considera-
tion of ¢, and Ry is needed for accurate simulation of output voltage as considered in
Chapter 3.

This thesis conducts simulations taking parasitic components into consideration.
¢y, and Ry in Table 5.2 are contained in Fig.5.7(a) to Fig.5.8(b). Experimental time
response in Fig.5.7(a) to Fig. 5.8(b) is the same as Fig.5.5(a) to Fig. 5.6(b).
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5 I —— Expeniment ----- Sim(Sigmotd) ----eee- Sim(Abrupt)
-60 -40 -20 0 20 40 60
Time (ns)
(a) Drain-source voltage.
6

Sim(Abrupt)
20 40 60

Time (ns)

(b) Output voltage.
Figure 5.7 Experimental, simulated and calculated time response in 27.12 MHz

class-E amplifier with considering ¢, and Ry.
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(a) Drain-source voltage.
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(b) Output voltage.
Figure 5.8 Experimental, simulated and calculated time response in 40.68 MHz

class-E amplifier with considering ¢, and Ry.

Simulation with abrupt junction model in Fig. 5.7(a) and Fig. 5.7(b) converge. How-
ever, the simulated drain-source voltage with abrupt junction model in Fig.5.7(a) is
not in a periodic steady state for switching frequency. The voltage at turn-on differs by
the cycle. The calculated charge in abrupt junction model capacitance is not accurate.
The shortage of accuracy in the off period is considered to cause the voltage hunting

in simulation.
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Simulation with the abrupt junction model in Fig.5.8(a) and Fig.5.8(b) do not
converge. However, the accuracy of simulation with the abrupt junction model is im-
practical for GaN HEMT considered in this study. Drain-source voltages of Experiment
and Sim(Sigmoid) in Fig. 5.7(a) and Fig.5.7(b) coincide in the case that ¢, and Ry, are
considered in the simulation. The effect of ¢, and R on drain-source voltage in the off
period is not significant because the drain-source voltage is determined by the charge
of C, and C, shown in Eq.5.6. The class-E switching condition is obtainable by the
analysis in Sect. 5.3.

The simulated results of output voltage with the sigmoid function model in Fig. 5.7(b)
and Fig. 5.8(b) are similar to experimental results compared to Fig. 5.5(b) and Fig. 5.6(b).
The positive peak voltage of the Experiment is 8.3% lower than Sim(Sigmoid) and Cal-
culated in Fig.5.7(a). The difference of peak voltage in Fig.5.8(b) is 3.2%. Output
voltage with abrupt junction model is also similar to experimental output voltage.
However, the simulated output voltage with the abrupt junction model varies cycle
by cycle. The simulated output voltage with the abrupt junction model is not in a
periodic steady state even in the case that the simulation result is obtained.

Output current ¢ flows through a series resonant circuit composed with C;, Ly
and L,. Parasitic components in series resonant circuit affect output current ¢+ and
output voltage V,. Circuit simulation with sigmoid function, ¢y, and Ry, coincide with
experiment results. The consideration of ¢;, and R; improves the accuracy of output

voltage.

5.6 Summary

This chapter presented the circuit analysis and design of a class-E amplifier with the
sigmoid function output capacitance model. The circuit analysis and designs were
verified by simulation and experiment for class-E amplifiers. The conventional abrupt
junction output capacitance model was not suitable for some lateral type GaN power
device. The proposed model and analysis enabled circuit design of class-E amplifiers
taking the nonlinear characteristics of GaN power devices into account. The charac-

teristics of GaN power device need to be considered to design class-E amplifiers, then
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5.6 Summary

the proposed methodology is useful.

The output voltage could be accurately simulated with consideration of parasitic
components in inductors. In this chapter, since the main focus was on modeling the
output capacitance of GaN, air-core inductors was used. However, as discussed in
Chapter 3, practical power conversion circuits require inductors using magnetic ma-
terials. The circuits used in this chapter are expected to be miniaturized by using

magnetic components.
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Chapter 6

Conclusions

6.1 Conclusions

In this thesis, technologies for high frequency power conversion circuits using gallium
compound semiconductor devices were developed. Each technology is necessary for
miniaturization of power conversion circuit development. This chapter concludes the
results obtained in this thesis.

This thesis described the structure of gallium compound power semiconductor de-
vices. GaN HEMTs utilize two-dimensional electron gas to improve the trade-off be-
tween fast switching, low resistance, and high breakdown voltage. This structure con-
tributes to the realization of power conversion circuits with high-frequency operation
above 10 MHz. However, it is difficult to realize GaN diode with good characteristics.
Gay03 is expected as alternative material for power devices as diodes. GasO3 not
only has wider bandgap than GaN, but is also easier to mass produce. In addition,
the trench-type SBD structure greatly improves reverse blocking characteristics. Gal-
lium compound power semiconductor devices are expected to increase the operating
frequency of power conversion circuits and to make the circuits smaller.

This thesis evaluated the magnetic properties of magnetic components for high-
frequency power conversion using a 2-port circuit model. This thesis explained that
conventional B-H analyzers had difficulty in characterizing magnetic components in the
frequency range above 10 MHz. Based on 2-port measurement with a vector network

analyzer, this thesis proposed a method to evaluate the magnetic properties of high-
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frequency magnetic components. The circuit models of inductor were devised based
on 2-port equivalent circuit models. Circuit simulations of class-E power amplifiers
based on the inductor model accurately coincided with the drain-source voltage in
actual circuits. The proposed magnetic component model simulated the behavior of the
class-E switching operations at 10 MHz. However, it was found necessary to simulate
the characteristics of power semiconductor devices to simulate the output voltage and
current.

This thesis evaluated the thermal properties of gallium compound power semicon-
ductor devices. GayO3 semiconductor devices have lower thermal conductivity than Si
and GaN. Nevertheless, GayOj5 is still in the development stage, and the ideality of the
devices had not been certified. From the static characteristics of 5-GayQOg, this thesis
confirmed that the ideality of the Schottky junction of SBDs can be used for the evalu-
ation of transient thermal characteristics. This thesis evaluated the transient thermal
characteristics of planar and trench type 5-Gay;O3 SBDs using the static method. The
measured transient thermal resistance was high compared to commercially available
SiC, and the transient thermal resistance needs to be reduced for realization of high
power density in power converters.

This thesis attempted to reduce the thermal resistance of 5-GayO3 SBDs by grinding
the substrate layer. This thesis fabricated two SBDs with substrate layer thicknesses
of 250um and 100um. The thermal resistance from the junction to the drift layer was
identified to be 3.1 K/W from the comparison of thermal resistances in two [-GayO3
SBDs. The Ry(j—¢) in thinned 8-GayO3 SBD was higher than that in SiC SBD with
the same size. This result indicated that thinning the $-Gay;O3 SBD was not sufficient
to reduce the thermal resistance.

The class-E amplifiers fabricated in Chapter 3 did not take the output capacitance
of the power semiconductor device into account. This thesis utilized a sigmoid function
to model the voltage dependency of the output capacitance of GaN power semicon-
ductor devices. The analysis for the circuit of a class-E amplifier using the sigmoid
function to derive the class-E switching conditions was presented in this thesis. The
soft-switching conditions using the sigmoid function were verified by simulation and

experiment. Furthermore, it was shown that each voltage time response of the class-E
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amplifier can be accurately simulated by applying the equivalent circuit model of the
inductor and the sigmoid function model.

The technology developed in this thesis enabled the design and evaluation of high-
frequency power conversion circuits above 10 MHz using gallium compound power
semiconductor devices. In this thesis, class-E power amplifiers were used as the high-
frequency power conversion circuit. The model used in this thesis can be applied to
power conversion circuits other than class-E power amplifiers. This thesis will help the
analysis of power conversion circuits using GaN power semiconductor devices.

B-GaoO3 SBDs were only evaluated for device characteristics. 8-GayO3 power semi-
conductors are still in the development stage. [-GayO3z power semiconductor devices
used in this thesis could be evaluated for static electrical and thermal characteristics.
However, they had not reached the stage where they are implemented and operated in
high-frequency power conversion circuits. Further reduction of thermal resistance was

required for practical use in power conversion circuits.

6.2 Industrial impacts

This thesis treated the magnetic components and gallium compound power semiconduc-
tor devices to develop the miniaturization technologies. At present, AC-DC converters
using GaN power semiconductor devices are commercially available, and their use is ex-
panding. GayO3 power semiconductor devices are being attempted to be implemented
in society as components of power factor correction circuits.

The technology developed in this thesis would be a driver to advance the social
implementation of gallium compound power semiconductor devices. GaN power semi-
conductor devices are considered to be used in power conversion circuits for RF power
transmission. RF power converters often use the ISM band such as 13.56 MHz. It is
industrially important to have an evaluation method for magnetic components that can
be used in this frequency band. Commercially available power conversion circuits must
comply with noise regulations such as CISPR standards. Radiated magnetic fields can
be a problem for air-core magnetic components. For this reason, there are great de-

mands for magnetic components with magnetic cores in power conversion circuits as
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industrial products. This thesis can contribute to the expansion of the application of
high-frequency power conversion circuits.

This thesis showed the transient thermal characteristics evaluation of [-GayOj3
power semiconductor devices. The ideality of 5-GasO3 SBDs was evaluated by their
temperature dependency of electrical characteristics. [-GasO3 power semiconductor
devices are expected to be the next generation power semiconductor devices. In this
thesis, the current problems are clarified through the evaluation of transient thermal
characteristics. There is a limit to the reduction of thermal resistance of Ga;O3 power
semiconductor devices by thinning. This suggests that improvement of crystal quality
and enlargement of die size are more important for the practical application of Gay03
power semiconductor devices. This indicates a principle for future research on Gay0O3
power semiconductor devices.

In this thesis, the voltage dependency modeling of the output capacitance for GaN
power semiconductor devices was performed using the sigmoid function. The study
explained that circuit analysis using sigmoid functions was possible and simulated
circuit operation accurately. The device models provided by GaN power semiconductor
device manufacturers were experimental equations with many parameters. The sigmoid
function model used in this thesis could express the voltage dependency of output
capacitance with only four parameters. Therefore, it has the potential to realize simpler
and faster simulations than presently used device models. In this thesis, the circuit
analysis of class-E amplifier based on circuit equations was conducted. It is expected
to be applied to the design of RF power converters such as wireless power transmission
circuits. It is expected that the application of the sigmoid function model will promote

front loading during circuit design.

6.3 Future prospects

Operating frequency of power conversion circuits using GaN power semiconductor de-
vices will increase further in the future. The output capacitance of the GaN HEMT
used in this thesis is less than 20 pF. The capacitance and inductance mounted in

the converters are low. In this case, not only the voltage dependency of the output

91



6.3 Future prospects

capacitance, but also the parasitic component of the circuit board has significant ef-
fects on the circuit operation. It is necessary to model the parasitic components of the
circuit boards and to design circuits that take the parasitic components into account.
In addition, as the operating frequency becomes higher, the bandwidth and resolution
of measuring instruments such as current sensor become insufficient. The frequency
characteristics of probes and fixtures affect the measurement results. In the case of
evaluating power conversion circuits for gallium compound power semiconductor de-
vices with low capacitance, measurement techniques are essential.

Gay O3 power semiconductor devices are expected to be put to practical use in the
future. The B-GayO3 power SBDs used in this thesis have an aluminum plated anode
and are electrically connected by wire-bonding. The evaluation in this thesis revealed
that the thermal resistance of the substrate layer of the SBD is high. Therefore, it
is considered that the reduction of thermal resistance by flip mounting is effective.
Since the SBD junction is in the epilayer, flip mounting can shorten the distance
from the junction to the die-attach. However, it is difficult to connect transistors
in flip mounting. For GayO3 power semiconductor devices to become commercially
viable in the future, crystal quality must be improved and die area must be increased.
In addition to this, improvements in crystal growth process technology is important.
Larger areas can reduce thermal resistance and increase current capacity. Improving
the characteristics of the GayO3 power semiconductor devices will pave the way to
practical applications.

The study in this thesis is still confined to the technologies for miniaturization. It
does not go as far as designing circuits by combined models of magnetic components,
heat dissipation, and capacitance model. In power conversion circuits, there is a trade-
off between miniaturization, reduction of heat dissipation, and magnetic component
losses. Combined analysis of the trade-off using the models in this study is a future
work. Comprehensive design will enable the design of highly efficient and compact

power conversion circuits.
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