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Preface

Power semiconductor devices composed of different materials have been developed
for different inverter and converter circuit applications at different power supply
voltages. Among them, Gallium-Nitride-based High-Electron-Mobility-Transistor
(GaN-HEMT) is considered to be very attractive in the view of its applicability
for both high power and high speed simultaneously. In fact, as the GaN material
can realize lower power loss in certain application ranges because its on-resistance
is lower than those of silicon-based materials, GaN-HEMTs have already been
successfully utilized for blue light-emitting diode applications. GaN-HEMTs gen-
erate a high-density two-dimensional electron gas (2DEG) structure at the hetero-
junction interface between AlGaN and GaN layers. Owing to the wide bandgap
together with the high electron mobility, it is expected that GaN-based power de-
vices can realize lower on-resistance and higher breakdown voltage. This indicates
that constructing eco-systems can be achieved by GaN-based power devices.
Circuit simulation is an important technology for the integrated circuit (IC)
design and SPICE (Simulation Program with Integrated Circuit Emphasis) is used
as an essential computer-aided design tool for the design purpose. It allows to sim-
ulate circuits prior to their fabrication and predict detailed circuit performance. A
compact model mathematically represents the device characteristics under various
bias conditions. The model parameters, along with the equations in the compact
model, directly affect the final outcome of the terminal currents. To predict circuit
performance, an accurate extraction and understanding the device model parame-
ters is essential. The compact model is therefore also a powerful tool for the power

electronics design. Although some previous models for GaN-based power devices



were proposed, the power efficiency prediction has not been well analyzed. In
power-circuit design, the power efficiency is a particularly important concern for
high-power applications. In order to accurately predict power efficiency for circuit
optimization, compact models applied for circuit simulation must be sufficiently
accurate. Not only accurate prediction of DC and AC characteristics, but also
that of circuit performances, such as the conduction loss and the switching loss, is
required.

The HiSIM (Hiroshima University STARC IGFET Model) compact model is
the result of research work pioneering the application of the surface-potential mod-
eling to MOSFETsSs fabricated with advanced technologies, which was carried out
as a cooperation between Hiroshima University and the Semiconductor Technol-
ogy Academic Research Center (STARC). This thesis presents a newly developed
compact model for the GaN-HEMT device called “HiSIM-GaN”. The developed
model includes two specific features of the GaN-HEMT to reproduce the power
efficiency accurately. One is the two-dimensional electron gas induced at the het-
erojunction, which is modeled by considering the potential distribution across the
junction including the trap density contribution. The second feature is the field
plate (FP), which is introduced to delocalize the electric-field peak that occurs at
the electrode edge. It is demonstrated that measured DC/AC characteristics are
well reproduced with the developed compact model HiSIM-GaN.

Furthermore, the capabilities of the developed model are demonstrated by re-
production of the measured power efficiency of a boost converter circuit, enabled
through separate extraction of the parasitic FP contributions. In addition, phys-
ical trap-density modeling is verified to be also of key importance for accurate
prediction of the power efficiency. It is concluded that extraction and modeling of
FP effects, parasitic components and carrier-trapping effects in the GaN-HEMT
device are essential for predicting the switching waveform and the power efficiency

of GaN-HEMT circuits accurately.

il



Contents

1 Introduction

1.1 Backgrounds. . . . . . . . . ...
1.2 GaN-HEMT power device . . . . . . ... .. .. ... ... ....
1.2.1  Current Collapse Phenomena . . . . . . . .. .. ... ...
1.2.2  Field-Plate Effects . . . . . . .. ... ... ...
1.2.3 High Speed Switching . . . . . ... ... ... ... ...
1.3 Requirement of Compact Models . . . . .. .. ... ... .. ...
1.4 Purposes . . . . . . .
1.5 Objectives . . . . . . . .
1.6 Thesis Organization . . . . . . . . . .. . ... ... ...

Physics-based Compact Modeling

2.1 Introduction . . . . . . . .. ...

2.2 Importance of Circuit Simulation . . . . . . .. ... ... ... ..

2.3 Compact Model Concept . . . . . . .. ... ... L

2.4 Analytical MOSFET Modeling: The Surface-Potential-Based MOS-
FET Model HiSIM . . . . . . . . . ... . . ... . .. .. ...
2.4.1 Drain Current Formulation . . . . . . . ... ... ... ...
2.4.2  Evaluation of Charges . . . .. ... ... ... ... ....
2.4.3 Calculation of Surface Potential . . . . . . ... .. ... ..
2.4.4 Mobility Model . . . . .. ...

2.5 High Voltage MOSFET Modeling . . . . ... ... ... .. ....
2.5.1 Resistance Model . . . . .. .. ..o
2.5.2  Capacitance Model . . . . . . . . ... ... .. ... ...

Modeling for DC Characteristics
3.1 Imtroduction . . . . . . . ..o
3.2 Model Formulation . . . . ... .. .. ... . 000,

iii



3.3 Model Evaluation and Discussion

3.3.1 Drain Current Modeling and Extraction of the Trap Density

3.3.2 Parameter Extraction Results . . . . . . . . .. . ... ...

3.4 Summary ... ...

4 Modeling of Field Plates

4.1 Introduction . . . . . . . . . .

4.2 Analysis of Field-Plate Capacitance using 2D Device Simulation . .

4.3 Modeling of Field-Plate Effects

4.3.1 Empirical Modeling of Field-Plate Capacitances . . . . . . .
4.3.2 Physics-based Modeling of Field-Plate Capacitances . . . . .

4.4 Comparison with Measurements and Discussions . . . . . . . .. ..

4.5 SUMMATY . . . . o oo

5 Analysis of Circuit Performance

5.1 Introduction . . . . . . . . ..

5.2 Boost Converter Circuit . . . . . . . . . . . . .

5.3 Circuit Analysis and Discussion
5.3.1 Contribution of Trap Density Effects . . . . .. .. ... ..
5.3.2 Contribution of Field-Plate Effects . . . . ... .. ... ..

5.3.3 Contribution of Parasitic Circuit Components . . . . . . . .

5.4 Summary ...

6 Conclusions and Future works

A Normally-off Operation

B Parameter Extraction Procedure

B.1 Flowchart of Parameter Extraction . . . . . . . . . . .. ... ...

B.2 Parameter Extraction for DC Characteristics . . . . . . . . . . . ..

B.3 Parameter Extraction for AC Characteristics . . . . . . . . . . . ..

Acknowledgments
References

List of Publications

v

32
35
38

40
40
40
43
43
46
52
54

56
56
26
59
61
64
67
69

71

74

77
7
78
83

86

88

95



List of Figures

1.1
1.2
1.3
14

1.5

1.6

1.7

1.8

1.9

2.1
2.2
2.3

24
2.5
2.6

3.1

A classification of power electronics devices. . . . . . .. ... ...
Cross-sectional schematic of the typical GaN-HEMT device.

The current collapse phenomena. . . . . . . . ... ... ... ...
Effect of the current collapse on the Iy-Vys characteristic. The on-
resistance increases and the saturation current decreases for the high
voltage application. . . . . . . . . ... Lo
Cross-sectional schematic of the effect of a field-plate for the GaN-
HEMT device. . . . . . . . . . . . . . .. .
Comparison of measured C-V characteristics with the conventional
GaN-HEMT, Si-based IGBT, and Si-based SJ- MOSFET [16]. :
Current flow of the GaN-HEMT and the HV-MOSFET. . . . . . ..
(a) Examples of the power efficiency compared between the Si-based
device and GaN-based device [26] and (b) typical of the switching
waveforms of a high power electronics circuit. . . . . ... ... ..

Focusing points of this thesis. . . . . . . ... ... ... ... ...

Three dimensional illustration of the structure of an n-MOSFET . .
Universal mobility curve at low electric field. . . . . . ... ... ..
Cross-sectional schematics of (a) the typical Laterally-Diffused MOS
(LDMOS) device structure and (b) the typical High Voltage MOS
(HVMOS) with the respective structure parameters. . . . . . . . . .
Modeling concept of the drift region resistance. . . . . . . . . . ..
Modeling current-flow in the overlap drift region. . . . . . . . . ..
Calculated potential distribution along the channel and the drift
region of the LDMOS with the HiSIM_HV model (shown with sym-

bols) for two drift region doping concentrations 10*"cm =2 and 10'¢cm=3.

Lines are 2-dimensional device simulation results. . . . . . . . . ..

Block diagram of a power electronics circuit. . . . . . . ... .. ..

3



3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.1

4.2

4.3

4.4

(a) Cross-sectional schematic and (b) schematic of energy-band di-
agram of a simplified GaN-HEMT. FE., E,, and Ej, are the lower
conduction-band edge, the upper valence-band edge and the quasi-
Fermi level for electrons, respectively. . . . . . . . ... .. ... ..
Comparison of modeled potential distributions with 2D device sim-
ulation results. . . . . . ...
Schematic of the trap density-of-states distribution, where Ey, is the
quasi-Fermi level for electrons. Two independent density-of-states
are depicted. . . . . . ...
Cross-sectional schematic of the studied GaN-HEMT structure with
dual-FP technique at the gate and the source electrodes. . . . . . .
Comparison of measured and simulated I4¢-Vgs characteristics with
fixed Vg of 0.1V with and without extracted trap density. . . . . .
I45-Vgs and G-V characteristics at the room temperature with
fixed Vg of 0.1V. Symbols are measurements and lines are simula-
tion results. . . . . ..
I4-Vys and G-V, characteristics at the room temperature with
Vas=0.5, 1, and 10V. Symbols are measurements and lines are sim-
ulation results. . . . .. ..o
I4s-V4ys characteristics at the room temperature from Vi=-12 to 3

V. Symbols are measurements and lines are simulation results. . . .

Sentaurus-TCAD simulation result for the electron density in a cross
section of the fabricated GaN-HEMT with fixed gate-source volt-
age (Vgs=-20V) and drain-source voltage (Vas= 0V). Cint, Ctps Cstp,
Cexta and Wy are the intrinsic gate capacitance, gate field-plate ca-
pacitance, source field-plate capacitance, extrinsic drain capacitance
and depletion layer width, respectively. . . . . . . . ... ... ...
Ciss-Vgs characteristic at the room temperature with fixed Vs of 0V
with the gate-FP and the source-FP simulated by TCAD. . . . ..
Crss-Vas characteristic at the room temperature with fixed Vg of
-15V with the gate-FP and the source-FP simulated by TCAD.
The relationship for the reverse transfer capacitance C, and the
depletion layer width Wy as a function of Vis. Lgrp and Lgpp are

the gate-FP length and the source-FP length, respectively. . . . . .

vi

41

42



4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

5.1
5.2

5.3

0.4
2.5
0.6

Capacitance modeling concept with gate and source FP effects. Ciy,
Cefp, and Cyg, are the intrinsic gate capacitance, the gate FP capac-
itance and the source FP capacitance, respectively. . . . . . . . ..
Comparison of measured and simulated Cjg-Vgs characteristic at
room temperature with fixed Vgg of OV. . . . . . . . . ... ... ..
Comparison of the modeled Cigs/Cogss/Cres-Vas with measurements
at fixed Vs of -15 V and room temperature. Symbols are measure-
ments and lines are simulation results. . . . . ... ... ... ...
Schematic diagram of the depletion extension and the surface po-
tential distribution in the 2DEG channel region. . . . . . . . . . ..
Cross-sectional schematic of the GaN-HEMT with the dual-field-

plate (FP) (the gate field-plate and the source field-plate) technique.

HiSIM-GaN calculated input capacitance Cis as a function of Vg
compared with TCAD device simulation. . . . . .. ... ... ...
HiSIM-GaN calculated Cig, Coss and Clg as a function of Vg com-
pared with TCAD device simulation. . . . . . .. .. .. ... ...
Measured and simulated I45-Vgs characteristics at V4s=0.1V (inset).
Comparison of modeled Cig-V,s with measurements at room tem-
perature and fixed Vg of OV. Symbols are measurements and lines
are HiSIM-GaN simulation results. The threshold voltage (V4,) for
the studied GaN-HEMT is about -4.0V. . . . ... ... ... ...
Comparison of the modeled Ciy/Coss/Crss-Vas With measurements

at room temperature and fixed Vg of -15V. . . . . . ... .00

Circuit diagram of the simplified boost converter circuit . . . . . . .
Example of the current flowing through the inductor in the simpli-
fied boost converter circuit as shown in Figs 5.1a and 5.1b. . . . . .
Studied circuit diagram of the GaN-HEMT-based boost converter
circuit. Measurement and simulation conditions are an input volt-
age of Vi,=50V, a switching frequency of Fy,=1MHz, and a duty
ratio=50% (see Table 5.1). . . . . . . .. ... ... ... .. ...

Picture of the measurement system for the switching characteristics.

Picture of the measured boost converter. . . . . .. ... ... ...
Comparison of the measured and the simulated turn-on switching

waveforms of the studied boost converter circuit (see Fig. 5.3). . . .

vil

44

45

47

48

50

52

53

53

54

57

58

60
60
60

62



5.7 Measured and simulated power efficiency of the studied GaN-based

boost converter circuit (see Fig. 5.3) with a gate resistance of R,=20

5.8 Measured increase ratio of on-voltage as a function of Vg for differ-
ent switching frequencies. . . . . . . . ..o
5.9 Contribution of field-plate effects upon the power efficiency in the
studied circuit shown in Fig. 5.3. . . . . ... ... ... ...
5.10 (a) Measured power efficiency of the studied GaN-based boost con-
verter circuit (see Fig. 5.3) with a gate resistance R, of 2012, (b)
Comparison of measured and simulated power efficiency of the stud-
ied circuit by considering the ratio of the drift region length L.
to the reference drift region length Lg.ig ef under high-load-current
condition with Rjg.q of 6602 and low-load-current condition with
Rigaq of 170092, . . . . . . .
5.11 Contribution of considered parasitic components upon the turn-on
switching characteristic. Gate resistance R,=110 2 and load resis-
tance Rioaq=1120 Q are applied. . . . . . . ... .. ... ..., ..
5.12 Contribution of considered parasitic components upon the power

efficiency in the studied circuit. . . . . . .. . ... ... ...

A.1 Various normally-off structures of the GaN-HEMT . . . . . . . . ..

A2 Comparison of the simulated I4s-Vgs characteristics at Vgs=5V with
the normally-on conventional GaN-HEMT and the cascode struc-
ture of the normally-on GaN-HEMT with LV-MOSFET for the

normally-off operation. . . . . . .. ... oo

B.1 Flowchart showing the parameter-extraction sequence of HiSIM-
GaN model parameters. . . . . ... ...
B.2 Extraction of the threshold voltage and the trap density from sub-
threshold region measurements. . . . . . .. ... ... ... ....
B.3 Extraction of low-field mobility parameters from I4.-Vgs curve and
Gm-Vgs curve in the linear region. . . . . . . ... ...
B.4 Extraction of the high-field mobility, the resistance effect of the
drift region, and the self-heating effect from from I4s-Vys curve in
the saturation region and from Ig4-Vgs curve. . . . . . . . . ... .
B.5 Cross-sectional schematic of the GaN-HEMT with the dual-field-

75

plate (FP) (the gate field-plate and the source field-plate) technique. 83

viii



B.6 Extraction of structural parameters of field-plates for the target
GaN-HEMT device from Cigs-Vs curve and Cigs/Cogss/Crss-Vas curve. 84

X



List of Tables

1.1

2.1

5.1

Comparison of typical power semiconductor material properties.

BFOM is Baliga’s figure of merit for power transistor performance

calculated by (epFE3). . . . . ... 4
Standardized compact models on the Compact Model Coalition

(CMOC) . . 14
Measurement conditions for the studied boost converter circuit. . . 59



Chapter 1

Introduction

1.1 Backgrounds

The first electronics revolution began in 1948 with the invention of the transistor
by American scientists J. Bardeen, W. H. Brattain, and W. B. Shockley from the
Bell Telephone Laboratories [1]. Later they were awarded a Nobel Prize for this
invention. Most of today’s advanced electronic technologies are traceable to that
invention. Since, semiconductor devices have made dramatical progress. Cur-
rently, crystal growth techniques and mature silicon device-process technologies
occupy a large portion of the development efforts in the field of the semiconductor
devices. In accordance with the silicon device scaling-law, integration density, pro-
cessing speed and low power consumption are progressing by advancing on the road
of miniaturization. As a result, the gate length of the silicon-based metal-oxide-
semiconductor field effect transistor (MOSFET) has been reduced to 20nm grade.
On the other hand, if the gate length is short, the power supply voltage must be
reduced to keep device-internal electric fields lower than the breakdown electric
field. Since the power supply voltage can be reduced only to about 250mV theo-
retically, there are the limitations to the gate-length reduction. This limitation for
the gate-length reduction is considered to be about 7nm. Furthermore, the satu-
ration velocity of 1.0x107cm/s for Si-based devices is relatively low. For achieving
still higher speeds and higher output powers, therefore, compound semiconductors

are utilized.
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Figure 1.1: A classification of power electronics devices.

Power semiconductor devices composed of different materials have been devel-
oped for different inverter and converter circuit applications at different supply
voltages. These high power devices determine the circuit-switching characteristics
in applications such as voltage conversion or motor control. Figure 1.1 shows a
classification of different power-electronic device types with respect to the operat-
ing frequency and power capacity, identifying the high-efficiency application areas
of each device type [2]. The low power-loss feature of a switching device is an
essential factor in the energy conservation. The power loss of a switching device is
divided into the conduction loss and the switching loss. An ideal electrical switch
is one that shows zero resistance in the on state, and a resistance of infinity in the
off state. However, these two requirements always have a trade-off relationship.
In the electric power conversion, handling of high voltages is often required, while
the power loss should be minimized as much as possible. From these requirements,
switching devices are usually classified by the indexes of specific on-resistance (R, )
and blocking voltage.

Conventionally, power electronics has been developed on the basis of Si-based

devices such as the metal-oxide-semiconductor field effect transistor (MOSFET),



1. Introduction

the gate turn-off thyristor (GTO), and the insulated gate bipolar transistor (IGBT).
However, these Si-based power device characteristics are reaching the material
limit. Therefore, the expectation of small and low power loss switching devices
based on wide band-gap semiconductors such as Silicon-Carbide (SiC) and Gallium-
Nitride (GaN) has increased owing to their superior material properties. A spe-
cific on-resistance mainly consists of the resistance of the drift region and that
of the channel region for power semiconductors. Using SiC and GaN materials,
the resistanc
devices. Ho
devices is hi
of 100 cm?V
GaN-based «
(2DEG) regi
down voltag
resistance at
Consequentl

plications in

1.2 Ga

Source Gate Drain
AlGaN

SES S A S S XS IS S S RS XS IS RS S S XS S RS S S SIS RS IS S XS IS ASXSISISIS S
GaN The two dimensional Electron Gas (2DEG)
Buffer

Substrate (Si, SiC, etc...)

Figure 1.2: Cross-sectional schematic of the typical GaN-HEMT device.

Gallium Nitride (GaN) devices had already been noted about twenty years
toward the high-temperature and high-voltage applications. By M. A. Khan et
al., the first GaN-based MESFET (Metal-Semiconductor Field Effect Transistor)

3



1. Introduction

Table 1.1: Comparison of typical power semiconductor material properties. BFOM
is Baliga’s figure of merit for power transistor performance calculated by (er,uEg’).

Si  4H-SiC GalN

Band gap E, (eV) 1.12 3.2 3.4
Dielectric constant e, 11.9 10 9.5
Critical electric-field E, (MV/cm) 0.3 3 3.3
Electron mobility g (cm?V~1s™!) 1300 650 900
Electron velocity saturation V; (107cm/s) 1 2 2.5
Baliga’s FOM ratio 1 9.8 15.5

was reported in 1993, and after that, AlGaN/GaN HEMT was also reported in
1994 [3,4]. When 1. Akasaki, H. Amano, and S. Nakamura were awarded a Nobel
Prise in 2014, the competition in the field of the GaN-based device development
has accelerated all at once.

GaN-HEMT's are considered to be very attractive in view of their applicability
for both high power and high speed simultaneously [5]. In fact, as the GaN material
can realize lower power loss in certain application ranges because its on-resistance
is lower than those of silicon-based materials, GaN-HEMT's have already been suc-
cessfully utilized for blue light-emitting diode applications [6-8]. Table 1.1 shows a
comparison of important typical power semiconductor material properties [9,10].
The most important point about the channel layer in the AlGaN/GaN HEMT
structure is a high-density two-dimensional electron gas (2DEG) structure, which
is induced at the AlGaN/GaN hetero-junction interface by the spontaneous po-
larization as well as the piezoelectric polarization due to the strain. The 2DEG
charge density at the AlGaN/GaN hetero-junction reaches more than 103cm—2.
Due to the high saturation velocity (2.5x107cm/s) and the high critical electric
field (2x10°V/cm) compared with Si-based devices, GaN-based devices are suit-
able for the high frequency operation and the high power application. According
to Baliga’s figure of merit (FOM), where the value is set to one for Si, SiC and

GaN devices provide values superior to those of Si-based devices. In particular,
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The current collapse phenomena strongly depends on the electric field at the

2DEG channel due to the acceleration of the channel electrons. A part of the



accelerated electrons
passivation interface
deplete the 2DEG ct
with the applied vol
on-resistance increas
tion as shown in Fi
surface/interface sta
cation process techn
GaN-HEMTs for po
one of the main fact
efficiency, the mode]

circuit design.

1.2.2 Field-PI

Additional parasitic capacitance
= Field-plate capacitance

\
FP_ '

without FP

.
mun

with FP

Figure 1.5: Cross-sectional schematic of the effect of a field-plate for the GaN-
HEMT device.

As a high drain voltage is applied, the electrical flux lines are induced from
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the edge of the drain electrode to that of the gate electrode. Therefore, an elec-
tric field concentration is caused at the edge of the gate electrode and the current
collapse phenomena is induced by the accelerated electrons in the 2DEG region
by the high electric field. A significant improvement of the device performance
has been achieved by adopting the field plate (FP) technique [14]. With its ori-
gins in the context of high-voltage p-n junctions the main functions of the field
plate are to reshape the electric field distribution in the channel and to reduce
its peak value on the drain side of the gate edge. The benefit is an increase of
the breakdown voltage and a reduced high-field trapping effect [15]. Figure 1.5
shows the cross-sectional schematic of the field-plate effect for the GaN-HEMT
device. By spreading the concentration point of the electric field, the peak value
of the maximum electric filed is relaxed. Hence, the current collapse phenomenon
is also suppressed by decreasing the trapping event at the 2DEG region. However,
an additional parasitic capacitance is induced by the existence of the field-plate
as shown in Fig 1.5. This parasitic capacitance plays an important role for the
switching characteristics of power semiconductors. Therefore, estimation of the
capacitance caused by the field-plate is a key task for the accurate prediction of
the power efficiency.

The structural parameters for the FP are mainly the length along the FP and
the dielectric-thickness under the FP electrode. The lengths of FP-regions along
with their gate-capacitances or equivalently, dielectric-thicknesses of FPs, for given
dielectric permitivity, are design-parameters which are usually optimized to get the

desired the breakdown voltage for a given gate-length and drain-gate spacing.

1.2.3 High Speed Switching

Figure 1.6 compares the non-linear C'-V characteristics of the GaN-HEMT device
to a Si-based IGBT and a Super-Junction MOSFET, which clearly indicates all
of the three parasitic capacitances (the input capacitance Cig, the output capac-

itance Cog, and the reverse transfer capacitance Cigs). As shown in Fig 1.6, the
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Figure 1.6: Comparison of measured C-V characteristics with the conventional
GaN-HEMT, Si-based IGBT, and Si-based SJ- MOSFET [16].

GaN-based device has significantly lower capacitance than the Si-based devices.
Particularly, the non-linearity of Si-based devices is more prominent so that the
capacitance at low voltage is usually tens of times larger than the capacitance at
high voltage. The strong non-linear property makes Si-based devices to exhibit
longer turn-on and turn-off delay time as well as voltage/current rising/falling
transition time. Consequently, it is even harder for Si-based devices to be used at
high MHz frequencies. As a comparison, the non-linearity of the GaN-HEMT par-
asitic capacitor is much alleviated so that the switching transition can be finished
significantly faster than with Si-based devices. Because lower capacitance leads
to high speed switching, GaN-based devices can realize the construction of highly

efficient systems.

1.3 Requirement of Compact Models

Generally, power semiconductor devices are utilized for the high-power analog cir-
cuit. In order to estimate the analog behavior accurately, compact model are
required for a considerable wide range of the operating voltage and with high
reproducibility of current-voltage (I-V') and capacitance-voltage (C-V) charac-
teristics as specific features for the high power electronics circuit design. As an
industry-standard compact model for power MOSFETS, by considering the resis-
tance effect at the drift region and anomalous characteristics for the capacitances

of high-voltage MOSFETSs, which become more pronounced with lower concentra-
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Figure 1.7: Current flow of the GaN-HEMT and the HV-MOSFET.

tions of the drift region, HiSIM_HV has been mainly utilized for the circuit design
using power MOSFETs [17,18].

As mentioned earlier, GaN is an attractive material for the next generation
power semiconductors. In order to design for GaN-based systems, accurate device-
level compact models that describe the stand-alone device terminal characteristics
as well as device behavior in circuits are critically required. Figure 1.7a shows the
current flowing of the GaN-HEMT. The drain-source current of the GaN-HEMT's
flows through the 2DEG channel caused at the AlGaN/GaN interface. On the
other hand, as shown in Figure 1.7b, the drain-source current of the high-voltage
MOSFET (HV-MOSFET) flows through the channel and drift region. Here, as
common point of the HV-MOSFET and the GaN-HEMT, the carrier mobility is
determined by the concentration of the channel region. In HiSIM and HiSIM_HV
models, the mobility model is described by the scattering mechanism in the chan-
nel interface region. Therefore, HiSIM and HiSIM_HV models can be applied to
modeling of the DC operation for GaN-HEMTs. However, specific features of
GaN-HEMTSs cannot be expressed by existing bulk-MOSFET models. Recently,
concerning the specific features of GaN-HEMTSs, several previous models describe
those features based on the GaN-HEMT structure properties [19-25]. However,
these existing compact models largely ignore the effects of the heterojunction in-
duced 2DEG. Therefore, in this thesis, the developed compact model HiSIM-GaN
explicitly considers the potential distribution from gate electrode to substrate by

solving the Poisson equation, including all induced charges in GaN and AlGaN
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The power efficiency and the switching noise are key factors for power elec-
tronics as shown in Figure 1.8. In order to accurately predict power efficiency
and switching noise for circuit optimization, compact models applied for circuit
simulation must be accurate [27]. Figure 1.9 shows focusing points of this the-

sis. In circuit design, the power efficiency is an important concern for high-power
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1. Introduction

applications. In addition, the switching waveform is also a considerable concern
to analyze the Electro Magnetic Interface (EMI) switching-noise. In general, the
power efficiency is determined by the conduction loss and the switching loss. On
the other hand, the switching noise is determined by the oscillation during the
turn-on and the turn-off switching. Here, conduction loss is strongly affected by
initial 2DEG density and current collapse phenomena. Furthermore, switching loss
and oscillations are affected by field-plate capacitance and circuit parasitic com-
ponents. Therefore, objective of the thesis is to investigate contributions of these
focusing points upon studied circuit performances using the developed HiSIM-GaN

compact model for GaN-HEMT power device.

1.5 Objectives

The objectives of this thesis are:

1. To develop a surface-potential-based GaN-HEMT model “HiSIM-GaN” that
includes all possible induced charges, the inherent 2DEG charge and the

trapped charge explicitly within Poisson equation.

2. To investigate GaN-HEMT capacitance characteristics with 2D device sim-

ulation and develop the new capacitance model for field-plate effects.

3. To reproduce measured DC/AC characteristics of the studied GaN-HEMT
device and the switching waveform and the power efficiency of the GaN-based

boost converter circuit.

4. To investigate influences of the specific features of GaN-HEMT on boost

converter circuit operations using HiSIM-GaN.

1.6 Thesis Organization

This thesis consists of 6 chapters.

11



1. Introduction

Chapter 2 (Physics-based Compact Modeling) reviews the fundamental con-
cepts and modeling of MOSFET for circuit simulation. The analytical formulation
of current and charges of the surface-potential-based model HiSIM is presented.
Furthermore, specific features of the industry-standard compact model HiSIM_HV
for power MOSFETS is presented.

Chapter 3 (Modeling for DC Characteristics) reviews the newly developed
compact model HiSIM-GaN. HiSIM-GaN is based on the Poisson equation includ-
ing trap density and all charges induced within the studied device. This chapter
presents the surface-potential-based modeling of the 2DEG charge, which solves
the Poisson equation explicitly. It is demonstrated that measured DC character-
istics are well reproduced with the developed model.

Chapter 4 (Modeling of Field Plates) presents two new capacitance modeling
approaches for field-plates. As the first approach, an empirical capacitance model
is developed. As the second approach, a physical capacitance model is proposed.
The proposed physical model is based on the surface potential calculated from
the Poisson equation and successfully reproduces the simulated capacitance char-
acteristics by TCAD device simulation and also the experimental measurement
results.

Chapter 5 (Analysis of Circuit Performance) reviews an analysis of the switch-
ing characteristic of a boost converter circuit. In addition, the quantitative contri-
butions of focusing points for GaN-HEMTs, which are trap density effects, field-
plate capacitance effects, and parasitic components, upon the switching waveform
and the power efficiency have been verified.

Chapter 6 (Conclusions and Future works) summarizes this thesis and sug-
gests further research works which continues after this thesis work.

Appendix A (Normally-off Operation) reviews various structures for the normally-
off operation of GaN-HEMTs power devices.

Appendix B (Parameter Extraction Procedure) reviews the parameter ex-

traction procedure of the developed HiSIM-GaN compact model.
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Chapter 2

Physics-based Compact Modeling

2.1 Introduction

This chapter describes the importance of circuit simulation, the device physics
of observed MOSFET phenomena and the modeling approach of the surface-
potential-based MOSFET model HiSIM (Hiroshima-university STARC IGFET
Model) [28]. Furthermore, specific features of the industry-standard compact
model HiSIM_HV for power MOSFETSs are presented [29].

2.2 Importance of Circuit Simulation

Circuit simulation is an important technology behind the progress in integrated
circuits. An important feature in today’s circuit simulation tools is that it is
not necessary to write down the sets of algebraic and integro-differential equa-
tions to describe the circuit behavior. The circuit designers have only to describe
the circuit configuration and parameter values. The simulation program creates
the equations, solves them and gives the results in terms of the circuit-variable
responses [30].

To design an integrated circuit using as much performance of semiconductor
devices as possible, circuit simulator which can accurately predict circuit opera-
tions and performances, has a very important role. For this purpose, device models
for the circuit simulation are essential to describe characteristics of nonlinear cir-

cuit elements (i.e. various semiconductor devices) accurately. To achieve sufficient

13



2. Physics-based Compact Modeling

simulation speed for practical commercial use and stable convergence, these mod-
els have to describe the device physics with not only physically accurate but also
computationally-efficient simple analytical equations. Thus, in general, they are
called “compact models”. [31,32]. Compact Models are the bridge between tech-
nology, circuit simulations and design. Accurate compact models help guarantee
functionality and high yield of products at the design verification stage. Compact
Model Coalition (CMC) is a working group in the electronic-design-automation
(EDA) industry formed to choose, maintain and promote the use of standard com-
pact models. Table 2.1 shows the standardized compact models on the CMC [33].

As can be seen, various device model have been standardized till now.

Table 2.1: Standardized compact models on the Compact Model Coalition (CMC)

Bulk LDMOS/ | SOI Bipolar Varactor &
MOSFET | HVYMOS | MOSFET Diode
UC Berkeley BSIM4 BSIM-SOI
BSIM6 BSIM-CMG
BSIM-IMG

Hiroshima Univ. || HISIM2 HiSIM_HV | HiSIM-SOI
HiSIM-SOTB

LETI PSP

UC San Diego HICUM L2

Auburn Univ. MEXTRAM

CMC original MOSVAR

CMC_Diode

2.3 Compact Model Concept

The cross section of an n-channel metal-oxide-semiconductor field effect transistor
(MOSFET) is shown in Figure 2.1. The device consists of a p-type substrate, in
which two n't diffusion regions, the drain and the source, are formed. The middle
part of the MOSFET is the metal-oxide-semiconductor (MOS) structure. The
effective channel length Leg is the distance between the source and the drain, and
the channel width W is the lateral extent of the MOSFET. The thickness of the

oxide layer covering the channel region is t.,. In MOSFET operation, a channel

14
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Figure 2.1: Three dimensional illustration of the structure of an n-MOSFET

composed of mobile carriers is formed below the gate oxide. The carriers enter
through the source, leave through the drain, and are subject to the applied gate
voltage. The carrier flow between the source and drain, called the drain current,
is controlled by the electric field generated by the gate voltage. Conventionally,
the source voltage is defined as the ground potential. The drain voltage is Vs, the
gate voltage is Vs and the substrate voltage is Vis.

In order to describe analytically the MOSFET characteristics, the following

basic device equations must be solved simultaneously.

e Poisson equation

v2¢——€is(ND—NA+p—n) (2.1)
= o [ 1= 2]
1 KT

o {Q(¢p - ¢)}
P = n; exp T

e Current-density equations
O
= —qu,n— + q¢D,V 2.2
j G+ aDnVn (2.2)
: 0¢
Jo = APy, qDpVp
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2. Physics-based Compact Modeling

e Continuity equations

on 1

— ==V, 2.3
5 qVJ (2.3)
o _ 1.

at - q .]p

where p, n, Np, Na, and n; are hole, electron, donor, acceptor, and intrinsic
carrier concentration, respectively. ¢, es;, k, T, q, are the potential, the silicon
permittivity, the Boltzmann constant, the lattice temperature in Kelvin, and the
electron charge, respectively. p is the carrier mobility and D is the carrier diffusion

constant.

2.4 Analytical MOSFET Modeling: The Surface-
Potential-Based MOSFET Model HiSIM

The analytical derivation of a closed-form MOSFET current-voltage (I-V') rela-
tionship for circuit-simulation requires that several approximations be made to
solve the basic device equations. HiSIM is a compact model developed based on
the drift-diffusion approximation. The key quantities in this model are the sur-
face potentials at the source and drain nodes which are employed in the gradual
channel approximation. The surface potentials are computed iteratively using the
Poisson equation as a function of applied voltages. The continuity equation is not
solved but is a task given to the circuit simulator. The HiSIM formulation results

to a unified expression for all regions of operation.

2.4.1 Drain Current Formulation

The MOSFET drain current I as expressed in terms of the quasi-Fermi potential

¢r is given by
de

]ds - Wq,ueffn(y>d_y (24>
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2. Physics-based Compact Modeling

where g is the effective carrier mobility, n(y) is the carrier density at position y

along the channel. The Fermi potential expressed in surface potential ¢g is

dge _ _dos(y) | 1dian(y)
dy dy B dy

(2.5)

where § = ¢/kT. Substituting Equation 2.5 to 2.4 gives a current equation which

consists of two terms

dos(y) 1 dlrm@)) (2.6)

o — _ s\
ds uneffn(y)( a0 + iy

The first term denotes the drift current which is the carrier flow due to the electric
field along the channel. The second term denotes the diffusion current which exists
due to a difference in charge concentration gradients. Charges diffuse from regions
of high charge concentration to low concentration giving rise to electric current.
Using the gradual channel approximation and assuming uniform channel dop-
ing, HiSIM derives a drain current equation as a function of the surface potentials

as

W Inp
Iy = g 22 2.7
d Luﬁﬂ ( )

5
500,(( L — D)

- g(qNsubLD\/i> |:{/8(¢SL - ‘/bs) - 1}3/2 - {/8(¢SL - ‘/bs) - 1}3/2]

-+ (qNsubLD\/i) [{ﬁ((bsL — Vias) - 1}1/2 - {5(¢SL — V;os) - 1}1/2]

ESikT
Lp =4/
P ]\'fsubq2

where ¢, ¢g, are the surface potentials at the source and drain ends and Lp is

Ipp = Cox(B(Vy — Vi + dVin) + 1)(ds, — 0s0) —

the Debye length, respectively.

2.4.2 Evaluation of Charges

The charge-sheet approximation assumes that the inversion charges are located at
the silicon surface like a sheet of charge and that there is no potential drop or band

bending across the inversion layer. The total charge density ) in the channel at
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2. Physics-based Compact Modeling

position y is
Qs(y) = Qu(y) + Qi(y) (2.8)

where Qy(y) is the bulk charge density and @);(y) is the inversion charge density.

Qs(y) in terms of the surface potential is given by

Qs(y) = Cox[Ves — Vi + dVin — ¢5(y)] (2.9)

where Coy = €ox/tox- Eox 18 the oxide permittivity and Vi, is the flat-band voltage.
dViy, is the change in the threshold voltage Vi, due to pocket-implantation and
short-channel effects.

Under homogeneous substrate impurity distribution, the bulk charge density

Qul) =~ LoV2[exp{~B(6:(0) — Vi) + B(6(0) — Vi) =1] (210

where Ny, is the bulk doping concentration and Lp is the Debye length.

The inversion charge density is derived as

Qi(y) = qn(y) (2.11)
= —Cox[Vis = Vi + Vi — 0(y)] + ¢Nown Lo V2[exp{—5(ds(y) — Vis)}
+ B(¢s(y) — Vhs) — 1]*2 (2.12)

Q); is partitioned into two components: charges associated with the source Qg

and charges associated with the drain Qp as [34],
by
Qp = W/ T@i(y)dy (2.13)
0
L y
Qs = W/ (1 - E)Qi(y)dy (2.14)
0
Q¢ is the charges associated with the gate which is calculated as

Qc = —(Qs + Q1) (2.15)

where (g and ()7 are the integrated bulk and inversion carrier densities, respec-

tively.
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2. Physics-based Compact Modeling

2.4.3 Calculation of Surface Potential

From the Poisson equation, the charge density is calculated as

Pos(y)
dy?

—Eis[ppo{exp(ﬁ@ — 1)} — npo{exp(Bor — 1)} (2.16)

where py is the density of holes and ny is the density of electrons in the p-region
at thermal equilibrium.

The solution of the above equation leads to electric field £ along the lateral

direction
E(y) = deZ);(y) (2.17)
= YT oxp(5(64(0) — Vi) + B(60) ~ i) ~ 1)

P2 (exp(3(0n(y) — dr() + {ep(B6,0) — aet)}] T 218)

pO

Using Gauss’ theorem, )5 becomes

Qs(y) = esiés (2.19)
= qNsup Lp | {exp(—B(ds — Vis)) + B(ds — Vis) — 1}
+ B0 exp(3(6) = ox) + esplBlont) )] (220

Adding Equations. 2.10 and 2.12, and equating to 2.20,

Cox[‘/gs - Vfb + d%h - ¢s(y)] = qNsubLD {GXP(—ﬂ(QbS - V]os)) + /B(¢s - V;os) - 1}

+ 2 fexp(8(0u(4) — 1) + {exp(3(n(0) — x(o)}]

p0O

(2.21)

From this equation, the surface potentials ¢4y and ¢gp, are calculated by iteration.

2.4.4 Mobility Model

In HiSIM, the carrier mobility po at low electric field is modeled following the
universal mobility which consists of contributions from Coulomb scattering pcs,

phonon scattering ppy, and surface roughness scattering psg

I S (2.22)



2. Physics-based Compact Modeling

The contributions are schematically depicted in Figure 2.2. Coulomb scattering
accounts for carrier collisions with charged (ionized) impurity atoms. Phonon
scattering accounts for carrier collisions with the silicon lattice or acoustic phonons.
Surface roughness occurs at high electric field as carriers are distributed closed to

the surface. Each contribution is modeled as

pron = MUECBO + MUECBI - '?E)H (2.23)

MUECB
are fitting p:
and MUESE

The effec

where NDEI
At highe

near the dra

Phonon

Coulomb
Surface Roughness

Mobility g [cm?V-1s]

v

E .« [V/cm]

Figure 2.2: Universal mobility curve at low electric field.
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2. Physics-based Compact Modeling

case, the high-field electron mobility is modeled as

uogj BB\ 1/BB
() )

Umax

Meff = (227)

where BB is set to 2 for nMOS and 1 for pMOS. vy, is taken as 1x107 cm/s

considering bulk carriers. v,y is related to carrier velocity overshoot as

/UIIIaX
Umax = T VOVER (2.28)
- LVOVERP
gate
wh
wh
2.‘
(a) (b)
L°V(if)5 Gate Ldrift Lyrine Gate
Source _ Drain Source
n* Lchannel LoverLD n Loverto Lchannel
Drift Region
p N (=Noyer) N (=Nyyer)
Drift Region p
N (=Nyyer)
(a) Laterally-Diffused MOS (LDMOS) (b) High-Voltage MOS (HVMOS)

Figure 2.3: Cross-sectional schematics of (a) the typical Laterally-Diffused MOS
(LDMOS) device structure and (b) the typical High Voltage MOS (HVMOS) with
the respective structure parameters.

HiSIM_HV has been extended for power MOSFETSs by considering the resis-
tance effect explicitly. There are two types of structures commonly used for high
voltage applications. One is the asymmetrical laterally diffused structure called

LDMOS as shown in Figure 2.3a and the other is originally the symmetrical struc-
ture, which is called HVMOS as shown in Figure 2.3b.
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The current flowing the drift region I4q, is modeled as

laap =W - Xov - q - parite - Navie - 7—— (2.30)

where fiqrity, Navitt, and Lqyie are the mobility in the drift region, the doping con-
centration in the drift region, and the length of the drift region, respectively, as
shown in Fig 2.3a. Furthermore, X, is the effective width of the current flow of

the drift region as shown in Figure 2.5. In HISM_HV, X, is modeled as
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Figure 2.5: Modeling current-flow in the overlap drift region.

Here Wyep, and Wiune are a functions of NOVER. NOVER is the impurity
concentration in the drift region affecting both I-V' characteristics and C-V char-
acteristics. Therefore, the accurate estimation of NOVER is the key task for
representing the power MOSFET characteristics in HISIM_HV [35].

2.5.2 Capacitance Model

The wide range of the switching operations from a few volts to several hundred
volts is realized in the high voltage MOSFETSs with a drift region of low-impurity
concentration, which provides the required high-voltage-blocking capability. This

has been observed to lead to anomalous characteristics for the capacitances of high
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Figure 2.6: Calculated potential distribution along the channel and the drift region
of the LDMOS with the HiSIM_HV model (shown with symbols) for two drift
region doping concentrations 10'"cm ™ and 10%%cm™3. Lines are 2-dimensional
device simulation results.

voltage MOSFET, which become more pronounced with lower impurity concen-
trations of the drift regions.

HiSIM_HV consistently calculates the potential distribution along the channel
and the drift region from the source to the drain contact. The changes in the
potential distribution for different impurity concentration in the drift region can
therefore be accurately calculated, as demonstrated with the LDMOS structure in
Figure 2.6 for drift-region-doing-cases of 10'7cm ™ and 10'®cm=2. In HiSIM_HV,
hence, the concentration of the substrate NSUB is much greater than that of the
overlap region NOVER, it is approximated that the increase of the potential is
occurred mainly into the overlap drift region. Therefore, the surface potential at
the edge of the gradual-channel approximation ¢gr, is the nearly equal to the surface
potential at the drain edge ¢yar). Consequently, due to this accurate potential-
distribution determination, HiSIM_HV is able to capture the scaling properties
of the high voltage MOSFET capacitances with respect to drift region doping
accurately [36].
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Chapter 3

Modeling for DC Characteristics
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Figure 3.1: Block diagram of a power electronics circuit.

A newly developed compact model HiSIM-GaN (Hiroshima University STARC
IGFET Model for GaN high electron mobility transistors (HEMTs)) is developed.
The developed model includes two specific features of GaN-HEMT to reproduce

the power efficiency accurately. One is the two-dimensional electron gas (2DEG)
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Figure 3.2: (a) Cross-sectional schematic and (b) schematic of energy-band dia-
gram of a simplified GaN-HEMT. E., E,, and Ef, are the lower conduction-band
edge, the upper valence-band edge and the quasi-Fermi level for electrons, respec-
tively.
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3. Modeling for DC Characteristics

Figure 3.2a shows a schematic of the simplified GaN-HEMT. Figure 3.2b shows
a schematic of the energy band diagram for the GaN-HEMT. As shown in Fig. 3.2b,
the 2DEG structure is induced at the AlGaN/GaN heterojunction interface by
the spontaneous polarization as well as the piezoelectric polarization due to the
strain. The charge density caused by this spontaneous piezoelectric polarization
of GaN and AlGaN reaches more than 10*cm~2 [37]. The 2DEG composes an
inherent channel inversion charge which can be modified by applying the gate
voltage. However, the AlGaN layer between the gate insulator and the channel
in the GaN layer weakens the gate control and also induces the inversion layer.
Another important difference of the GaN-HEMT in comparison to a conventional
Si-MOSFET is the non-doped substrate, which causes in principle a steep sub-
threshold current characteristics. Regrettably, due to the existence of trap sites at
the interfaces of different layers, the subthreshold current slope is usually degraded
from this expected steep characteristics [38]. Here, important potential values for
characterizing the device features are the surface potential value ¢g at the AlGaN
surface and that of ¢g., at the GaN surface. In order to relax the electric field
induced below the gate edge of the 2DEG region at the AlGaN/GaN interface,
a structure with dual field plates on the gate and the source electrodes has been
developed [37,39].

As described in the previous chapter, HiSIM is the first complete surface-
potential-based compact MOSFET model for circuit simulation based on an ex-
plicit solution of the Poisson equation [40-42]. Despite the specific features of
GaN-HEMTsSs, there are several models that describe the device characteristics
based on the GaN-HEMT features [19-25]. Existing compact models ignore the
feature of the heterojunction inducing 2DEG. Therefore, HiSIM-GaN has been de-
veloped by considering the potential distribution explicitly from the gate electrode
to the substrate by solving the Poisson equation, where charges induced in GaN
and AlGaN layers together with trapped charge at the AlGaN/GaN interface are
considered [43].
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Figure 3.3: Comparison of modeled potential distributions with 2D device simu-
lation results.
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3. Modeling for DC Characteristics

Figures 3.3a and 3.3b compares calculated potential values of HiSIM-GaN to
those of 2D device simulation results. The potential at the GaN surface ¢g,, and
that at the AlGaN surface ¢4 are depicted as a function of the gate-source voltage
Vgs for the drain-source voltage Vs of zero. It is seen that the inherent 2DEG
is formed around Vg=-15 V, and the inversion charge at the GaN surface further
increases as Vs increases. Beyond V=0V, the strong inversion condition is formed
even at the AlGaN surface. These three different operation conditions (I, II, and
) can be clearly distinguished as can be seen in Fig. 3.3a [43]. The conventional
modeling approach, which approximates the inversion charge increase as a function
of Vs, is valid only for region II. However, region I is the most trap sensitive part
for the the long-term device degradation. Region III cannot be ignored as well
for optimizing circuit performances by modifying the device structure and bias
conditions. Additionally, GaN HEMT is suffering from non-negligible trap effects,
and thus the Poisson equation including all possible charges within the device must
be considered. The total charge density within the semiconductor Qo1 can be

written as

Qtotal = ann + Qalgan + Qtrap (31)

where Qgan and Qaigan are charges induced in GaN and AlGaN, respectively. Qirap
is the trap density, which is occurred during application of high voltage. Since both
AlGaN and GaN layers are non-doped, the depletion condition does not occur for
the studied device. Within the regions I and II in Fig. 3.3b, Qaigan can be ignored
and only Qgan together with Qiap exist. Thus the Poisson equation is reduced to
a simpler form as

¢ g

d.TQ — _gg:(_ngan - nalgan - Nt) (32)

where €4,y is the permittivity of GaN, ng,, is the induced charge in the GaN layer,

Nalgan 15 the induced charge in the AlGaN layer, and N; is the trap density at the
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GaN surface. Furthermore, ng,, in the GaN layer is written as

Ngan = ni,ganexp(ﬁ¢gan) (33)

where 7 g, is the intrinsic carrier density in the GaN layer, 3 is the inverse of the
thermal voltage (¢/kT'). The trap density distribution is usually approximated by

a logarithmic function of the energy difference F¢-FE..

ga(F) = g%exp(%)} (3.4)

where g¢. is the density at Ei-FE.=0, and the inverse of FEj is the slope of the
density-of-state. Two independent trap-density distributions are considered as
schematically shown in Figure 3.4. One represents the shallow trap density dis-
tribution and the other represents the deep trap density distribution [44]. Circuit
simulators work only with node potentials. Therefore, the density-of-states must

be integrated with respect to the energy and calculated as a function of F¢-FE. [45].

N, = ]\G{exp(%)} (3.5)
No = g.F, {Sﬁ(%—q/i;)} (3.6)

where the elementary charge, the Boltzmann constant, and the temperature in
Kelvin are denoted by ¢, k, and T, respectively. The conduction band edge and
the fermi level are denoted by E. and FEf, respectively, and E; and g. are model
parameters describing the trap state density. These parameters are extracted with
measured [-V characteristics.

The total charge density within the GaN layer Qgan is written as a function of

the surface potential ¢g,, as

Qe = \/M@;#{expw@ﬁgan) e (3.7)
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3. Modeling for DC Characteristics

It is assumed that the carrier trapping occurs at the defects in the AlGaN/GaN
layers and the passivation interface with a relatively long time constant, and that
the trapped carriers are distributed at the interface with the thickness of the

inversion layer. The total trap charge density Qap is thus written as

Qtrap = th (38)

For calculating the potential distribution under applied bias conditions, Equa-
tion (3.2) is solved together with the Gauss law. Here it is assumed that AlGaN
layer is highly resistive and causes a linearly decreasing potential drop. With this
definition, the surface potential ¢4 is calculated. The boundary condition at the
gate oxide and the AlGaN surface is derived under the approximation that the po-
tential drop, induced by creating the inversion charge, is negligible in comparison

to that occurring within the non-doped AlGaN layer.

= €al
ox algan
Tox Talgan

Vgs - Vfb - ¢s€ . Qbs - Cbgan (39)

shallow trap

deep trap

g, [lcm?eV]

acceptor-like
Density of States

1E,

E -E_[eV]

Figure 3.4: Schematic of the trap density-of-states distribution, where Ej, is the
quasi-Fermi level for electrons. Two independent density-of-states are depicted.
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3. Modeling for DC Characteristics

where Vg, is the flat band voltage, Toy is the gate oxide thickness, Tigan is the
AlGaN layer thickness, and e,1gan is the permittivity of the AlGaN layer, respec-
tively.

In the region III, additional inversion charge Qigan induced at the AlGaN sur-

face must be considered, which is a function of the surface potential ¢s and @gan

Qun = [ (30 — explGga)}? (310)

where nj z1gan 1S the intrinsic carrier density in the AlGaN layer. The calculation
results are depicted together with the 2D simulation results in the Figs. 3.3a and
3.3b. In the Poisson equation, carrier traps are also induced to simulate the cor-
responding effects in a self-consistent way, which result not only in a threshold
voltage shift but also in a sub-threshold slope degradation as well as a mobility
degradation. All these effects are a function of the carrier density.

In addition to the potential distribution differences, there are two further distin-
guished differences between the GaN-HEMT and a conventional MOSFET under
normal operating conditions. One is that the 2DEG layer prevents the pinch-
off condition and preserves the inversion layer at the GaN surface. The other
difference is that the Schottky contacts are forcing the consumption of all poten-
tial biases applied between source and drain contacts within the semiconductor.
These differences of the GaN-HEMT can be captured automatically in the com-
pact model by solving the Poisson equation with the quasi-fermi level under the

gradual channel approximation.

3.3 Model Evaluation and Discussion

3.3.1 Drain Current Modeling and Extraction of the Trap
Density

Figure 3.5 shows a schematic of the studied GaN-HEMT structure. The device has

an MIS structure with a SiN layer between the AlGaN and the gate electronode
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Figure 3.5: Cross-sectional schematic of the studied GaN-HEMT structure with
dual-FP technique at the gate and the source electrodes.

as the insulator. In order to relax the electric field induced below the gate edge of
the 2DEG region at the AlGaN/GaN interface, a structure with dual field plates
on the gate and the source elactronodes has been developed.

The developed GaN-HEMT compact model equations are added to the industry-
standard model HiSIM_HV for power MOSFETs to additionally solve the resis-
tance effect consistently by introduction of internal nodes [17,18]. HiSIM_HV
solves the potential distribution along the surface by solving the Poisson equation
iteratively. The HiSIM compact model determines the complete potential distri-
bution along the device including the surface potential at the source side ¢y, the
potential at the pinch-off point ¢, and additionally at the internal node within the
resistive drift region [42]. In the GaN-HEMT compact model, the gradual-channel
approximation together with approximations of an idealized gate structure are
used. Then the equation for the drain current Iy, can be written as shown in

Equation (3.11) to Equation (3.14).
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3. Modeling for DC Characteristics

Iy = VLf—a:“% (3.11)
[dd = (Ql - QO) - g(Ql + Q0)<¢ganl - ‘bgan) (3-12>

Qo = \/M{eww%) 1y (3.13)
Q= \/%{exwwgm V) - 12 (3.14)

where Wyate and Lgate are the gate width and the gate length, @)y and @) are the
charge densities at the source side and the drain side, respectively. The carrier
mobility p considers both high and low electric field.

Furthermore, the trap density is extracted to reproduce the measured Jgs-Vjq
characteristics. In general, device degradation is caused by carrier-trapping effects.
Especially, the threshold voltage and the subthreshold slope is determined only by
the device parameter values such as the impurity concentration. In developed
compact model HiSIM-GaN, the trapping event is assumed to be a long-term
event. Figures 3.6a and 3.6b shows the comparison of measured and simulated
I4s-Vys characteristics with and without extracted trap density. Symbols are mea-
surements, dashed line is HiSIM-GaN simulation results without the trap density,
and solid line is HiSIM-GaN simulation results with extracted trap density. It is
shown that the trap density is clearly influenced on the I44-Vys characteristic. The
trap density is extracted to reproduce the measured /4-V,s characteristics. The
subthreshold slope is determined only by the device parameter values such as the
impurity concentration. The trap density of the HiSIM-GaN model is extracted as
static trap density mostly from the subthreshold slope of measured I4s-Vgs char-
acteristics, because trap charge N; also degrades the subthreshold slope [38]. The

2

extracted trap density of 1.0x10'2cm™2 is about ten times larger than that for

silicon power devices [46,47].
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Figure 3.6: Comparison of measured and simulated I4s-Vgs characteristics with
fixed Vs of 0.1V with and without extracted trap density.

3.3.2 Parameter Extraction Results

In order to investigate GaN-HEMT-based circuit simulation, the model param-
eter extraction for HiSIM-GaN was performed. Figures 3.7, 3.8, and 3.9 show
parameter extraction results for reproducing the -V characteristics at the room
temperature. Symbols are measurements, and solid line is HiSIM-GaN simulation
results. As shown in Figs. 3.7 and 3.8, the studied GaN-HEMT device is the
normally-on device. In general, it is essential to be a normally-off device in the

case of using as the switching device for power electronics. In resent years, high
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Figure 3.7: I4s-Vgs and Gy,-Vgs characteristics at the room temperature with fixed
Vis of 0.1V. Symbols are measurements and lines are simulation results.
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Figure 3.8: Ig-Vgs and Gy,-Vgs characteristics at the room temperature with
Vis=0.5, 1, and 10V. Symbols are measurements and lines are simulation results.
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Figure 3.9: I4s-Vgs characteristics at the room temperature from Vg=-12 to 3 V.
Symbols are measurements and lines are simulation results.

voltage normally-off GaN-HEMT devices are widely used in series connected with
low voltage Si-MOSFETs for normally-off Cascode structure [59]. In the Gy,-Vis
characteristic with Vg=10V shown in Figure 3.8c, different slope are observed
above threshold voltage. Self-heating effect can accurately predict the first slope
and the second slope is mainly governed by the velocity saturation model. It is

seen that HiSIM-GaN results are in good agreement with measurements.

3.4 Summary

This chapter presented the modeling for DC characteristics. Since specific fea-
tures of GaN-HEMTSs cannot be expressed by existing bulk-MOSFET models, in
this thesis, a newly developed compact model HiSIM-GaN, based on the Poisson
equation including trap density and all charges induced within the studied device,
have been presented. All other possible phenomena in case of high-voltage appli-
cations, such as the resistance and the self-heating effect have been modeled in
the same way as in HiSIM_HV. For characterizing GaN-HEMT’s features, surface
potential values at AlGaN and GaN surfaces are important. HiSIM-GaN model

was successful to the reproduction of the potential distribution calculated by 2D

38



3. Modeling for DC Characteristics

device simulation. It have been demonstrated the validity of the developed model
by performing the parameter extraction of the measured GaN-HEMT’s character-
istics. It was demonstrated that measured DC characteristics of this GaN-HEMT
technology are well reproduced.

Furthermore, in HiSIM-GaN trapping model, shallow and deep trap densities
are approximated by exponential functions of energy. Influence of trapped carriers
is consistently considered not only on the potential distribution but also on the
other characteristics such as the mobility, which is determined by charge densi-
ties calculated from the potential distribution. In developed HiSIM-GaN model,
trap density Niap is extracted from the measured sub-threshold slope. Where the
trapping event is assumed to be a long-term event in HiSIM-GaN. Trap density
extracted from measured I4s-Vis characteristics is considered as static trap den-
sity. This static trap density means that time constant for trapping cannot be

considered yet in the current HiSIM-GaN model.
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Chapter 4

Modeling of Field Plates

4.1 Introduction

Power semiconductor devices are the key components of various inverter and con-
verter circuits for high power applications. These high power devices determine
the circuit-switching characteristics in applications such as voltage conversion or
motor control. In circuit design, a compact model that accurately describes the
device characteristics is a prerequisite in order to predict the power efficiency accu-
rately [35,43,48]. Such high power efficiency of circuits is an important requirement
for saving energy. It is well known that capacitances play important roles for the
circuit switching performances, because charging/discharging according to the bias
change depends on the capacitance characteristics of the devices. Therefore, in or-
der to predict power efficiency accurately in circuit simulation, accurate modeling
of capacitance characteristics is a key task. In this chapter, therefore, the new

capacitance model of the field-plate (FP) effect is presented.

4.2 Analysis of Field-Plate Capacitance using 2D
Device Simulation

To analyze in detail field-plate effects physically, two-dimensional simulations are
performed using Sentaurus-TCAD device simulator [49]. Device simulators solve
numerically the basic device equations given in Egs. (2.1)-(2.3) is inherently solved.

Figure 4.1 shows the 2D device simulation result for the electron density in a cross
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Figure 4.1: Sentaurus-TCAD simulation result for the electron density in a cross
section of the fabricated GaN-HEMT with fixed gate-source voltage (Vg= -20V)
and drain-source voltage (Vas= 0V). Cint, Catp, Csps Cexta and Wy are the intrin-
sic gate capacitance, gate field-plate capacitance, source field-plate capacitance,
extrinsic drain capacitance and depletion layer width, respectively.

Ciss (= Cgs + Cia), Coss (= Cas + Cga), and Cyss (= Cgq) are input capacitance,
output capacitance and reverse transfer capacitance, respectively. These capac-
itances determine the applicable frequency and switching speed when the power
device is utilized for switching operations. It is important for understanding the
figure of merits as the switching device for input and output electrical signal.
Therefore, in this thesis, capacitance analysis is performed using Cis/Closs/Clss
capacitances. Figure 4.2 shows device simulation results for Cis as a function of
Ves at fixed Vs of OV, with and without gate-FP and source-FP effects. Please
notice that the FPs are responsible for a shoulder in Cig, and that the gate-FP
contribution dominates the Cis-Vys characteristic. This is because the insulator
thickness under the gate-FP is thin compared with that under the source-FP.

Figure 4.3 shows the C, as a function of Vi, with fixed Vi of -15V with the
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Figure 4.3: Cys-Vas characteristic at the room temperature with fixed Vi of -15V
with the gate-FP and the source-FP simulated by TCAD.

gate and the source field-plate contribution simulated by TCAD. It is seen that
the Clss is mostly due to the FP and it reduces abruptly without this contribution.
As well as for Ci in Fig. 4.2, the gate-FP effect is also dominant for the C\ -V
characteristic. As Vg, increases, the depletion layer extends further from gate edge
towards drain side. When the depletion extension reaches the edge of gate-FP
and source-FP, Cys, and Cg, are reduced. This results in an abrupt capacitance

reduction of Cigs and Cls.
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Figure 4.4: The relationship for the reverse transfer capacitance C. and the
depletion layer width Wy as a function of Vis. Lgpp and Lspp are the gate-FP
length and the source-FP length, respectively.

Figure 4.4 shows the Ci characteristic at fixed Vi of -15V and the depletion
width (Wy) extension from the gate edge as a function of Vg, as simulated by
TCAD, where Cy is plotted in logarithmic scale. The Wy value is extracted
from TCAD device simulation results of the electron density and is 1.0x10%cm 3,
which is selected to achieve stable Wy extraction for any Vs values. It is seen that
the depletion width characteristic as a function of Vs coincides with that of C.
Therefore, it is concluded that there is a strong correlation between the extension
of the depletion width and the capacitance characteristics for the studied device.
Consequently, for the accurate modeling of FP capacitances, it is important to

accurately describe this extension of the depletion width in the compact model

formulation.

4.3 Modeling of Field-Plate Effects

4.3.1 Empirical Modeling of Field-Plate Capacitances

Figure 4.5a shows a schematic of the studied GaN-HEMT with dual-FP tech-
nique at the gate and the source electrodes. The device uses a Metal-Insulator-
Semiconductor (MIS) concept where a SiN layer is located between the AlGaN

layer and the gate metal. In order to relax the electric field induced below the
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Figure 4.5: Capacitance modeling concept with gate and source FP effects. Cly,
Cqsp and Cgp, are the intrinsic gate capacitance, the gate FP capacitance and the
source FP capacitance, respectively.

gate edge of the 2DEG region at the AlGaN/GaN interface, a structure with dual-
FPs on the gate and the source electrodes has been developed [12,13,50]. Though
the FP relaxes the electric-field peak induced at the electrode edge, it acts as an
additional origin of the charge accumulation, namely creation of additional capac-
itance. It is known that capacitances usually play important roles concerning the
switching characteristic. Therefore to predict the switching characteristic accu-
rately for accurate prediction of circuit performances, it is necessary to predict
capacitance characteristics accurately a well [35]. In a normally-on device, the
FP effect is dominant under the depletion condition, where intrinsic capacitances
remain small. Figure 4.5b depicts different contributions to Cgq [35]. It is seen
that the total capacitance of GaN-HEMTs with dual-FPs is formed by three major

components: the intrinsic gate capacitance C\y, the gate-FP induced capacitance
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Figure 4.6: Comparison of measured and simulated Cis-V,s characteristic at room
temperature with fixed Vs of OV.

Cgsp and the source-FP induced capacitance Cg,. The total capacitances formed
by these three components by using three different non-linear tanh functions as

follows.

Cit = C4 'f(l?’Lh(Cg . ‘/dg - 03) + Cy (4.1)
Cgfp = 05 : tcmh(—C’G . Vdg) + 07 (42)
Cstp = Cs - tanh(Cy(Vas — Cro)) + Cur (4.3)

where C1-C1; are model parameters for measured capacitance characteristics. For
reproducing the Vg, (=Vgs-Vgs) dependence of the capacitance Cyq, influence of the
depletion width extended from the drain contact must be considered. This deple-
tion width extension diminishes the capacitor length, namely, the FP length. This
intrinsic part can be calculated simply from the potential values ¢s and ¢gan [43].
All other possible phenomena in the case of high-voltage applications, such as the
resistance and the self-heating effect have been modeled in the same way as in
HiSIM_HV, an industry-standard compact model for power MOSFETSs [17,18,29].
Figure 4.6 shows the Cigs-Vgs at Vgs=0 V characteristic, where the abrupt reduction

at the subthreshold region is caused by the gate depletion. The depletion width
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4. Modeling of Field Plates

extension from the gate reaches the gate-FP edge by decreasing Vs (Vs < -50 V),
and Cig 1s further reduced.

Figure 4.7a shows the Cig/Coss/Crss-Vas characteristic at room temperature
with fixed Vg=-15 V. Symbols show the measurement data, dashed lines show the
HiSIM-GaN simulation result without both the gate and the source FP effects, and
solid lines show HiSIM-GaN simulation result with both the gate and the source
FP effects. For the same reason, the reverse transfer capacitance Cys shown in
Figure 4.7a decreases beyond a certain Vg value. Namely, the depletion width
under the gate is extended to the gate FP edge by increasing Vj,. Figure 4.7b
shows the Cig/Chgss/Crss-Vas characteristic with logarithmic scale. The first abrupt
reduction of Cig observed at Vg=50 V is caused by the extension of the deple-
tion width to the gate-FP edge. By increasing Vs further, the depletion width

284 abrupt reduction

under the gate is extended to the source-FP edge, and the
of the C. is caused at V=80 V. As a result, empirical FP capacitances model
of HiSIM-GaN reproduces measured C-V characteristics by considering field-plate

effects. Furthermore, as shown in Figs 4.7a and 4.7b, this model can represents

that capacitance of the low Vg are increased by considering field-plate effects.

4.3.2 Physics-based Modeling of Field-Plate Capacitances

Figure 4.8 schematically shows the depletion extension into the 2DEG region by
applying Vgs on drain contact [51]. The potential distribution along the device
surface is described by surface potential values, ¢, @51, Vadp, and Vias+@g. These
values are solution of HiSIM-GaN solved iteratively. Due to the 2DEG charge
distributed at the surface, the resistance effect along the drift region is negligible,
and thus the potential difference between Viqp, and Vis+¢y is negligible. Following
the conventional modeling approach, it is derived an equation for the relationship
between the electric-field in the depletion layer (Ey) and the total charge induced

in the extended depletion layer (Qaprc) by applying the Gauss law [52].
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Figure 4.8: Schematic diagram of the depletion extension and the surface potential
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_ dEy _ (Q2pEC

oy 4.4
T ody €gan (4.4)

where Wy and €4,y are the thickness of the depletion region and the permittivity of
GaN, where a linearly increasing potential distribution is approximated along the
y direction (see Fig. 4.8). Eq. (4.4) describes the field strength, which is required
to induce depletion condition to compensate (Qoprg. The depletion width W, is a

function of the surface potential with negligible Vg contribution [53].

1
2'6 ¢ 2
W, = —2—— ) 4.5

( q'Ngan ( )

Namely, ¢ is approximated to ¢g. Here ¢ and Ng,, are the electron charge and the
impurity concentration in the GaN layer. Since, the GaN layer is non-doped, Ngan
is equal to the intrinsic carrier density of GaN, which is of the order of 10~ %cm =3
This means that the depletion layer thickness fulfills nearly always whole the GaN
layer. Therefore, it is assumed that W, is equal to the thickness of the GaN layer
thickness Tgan under the strong inversion condition.

The assumption of a quadratic surface potential increase in the depletion layer

leads to following description of the electric-field E.
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2 Vi,
E, =%

The depletion width (Wy) extends from the gate edge into the drain-contact di-
rection and is calculated with Eq. (4.4) and Eq. (4.6)

I/I/x'2"/ds"5an>é
Wy = £ 4.7
¢ ( C22DEG ( )

The AlGaN layer, the insulator layer, and the passivation layer capacitances are
connected in series. Thus, the gate-FP, the source-FP and the extrinsic drain ca-
pacitances per unit area under unbiased conditions are calculated by the following

equations.

1

Cetpo = 4.8
ep TALGAN TN Terp (48)
€0€EALGAN €0€SIN €0€EPAS
C ! (4.9)
fp0 = .
P TALGAN N Tsin N Tsrp
€0€EALGAN €0€SIN €0€PAS
1
CVextdO = (410)

TALcAN Tsin'© Textp
+ +

€0EALGAN  €0€SIN €0€EPAS
As shown in Figure 4.9, Tarcan, Tsin, Tarp, Tspp, and Texrp are the thicknesses of

the AlGaN layer, the SiN insulator, the insulator under the gate-FP, the insulator
under the source-FP, and the passivation layer, respectively. Furthermore, ¢,
EALGAN, €SIN, and epag are the permittivities of the vacuum, the AlGaN layer, the
SiN layer, and the passivation layer, respectively. Using FP capacitances defined
by Egs. (4.8)-(4.10), the total charge per unit area of the gate-FP in the 2DEG
region (Qoprc gfp) and that of the source-FP in the 2DEG region (Q2prc.sp) are

modeled by following equations.

QQDEG,gfp = C(gpr : {_(V:gs - Vi)s) + VFBGFP - (bsover} (411>
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Figure 4.9: Cross-sectional schematic of the GaN-HEMT with the dual-field-plate
(FP) (the gate field-plate and the source field-plate) technique.

Q2DEG5fp - C1sfp() : {_(‘/gs - ‘/bs) + VFBSFP - Qbsover} (412>

where Viparp and Vegspp are model parameters for the flat-band voltage of the
gate-FP and the flat-band voltage of the source-FP, respectively. These flat-band
voltages are in principle determined by the impurity concentrations and the inter-
face conditions. However, their exact values are mostly not known. Therefore, we
keep them as model parameters. The surface potential ¢ger in Egs. (4.11) and
(4.12) is calculated by solving the Poisson equation for the gate field-plate and the
source field-plate individually. Similarly, the extrinsic drain charge in the 2DEG

region (Q2prG_exta) is modeled by following equation.

Q208G extd = Cextdo - {— (Vs — Vis) + VEBEXTD — Psover | (4.13)

where Vegextp is the flat-band voltage of the extrinsic drain side. Due to expan-
sion of the depletion layer under the gate field-plate to the y direction, the total
charge in the 2DEG region, as defined by Eqgs. (4.11)-(4.13), is reduced. Using the
depletion layer width (Wy) of Eq. (4.7) and Eqs. (4.11)-(4.13), effective charges in
the 2DEG region Qoyq are calculated by Eqgs. (4.14)-(4.16).
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i) Lgrp - Wqa >0
Qovagtp = Wesr - (Larp — Wa) - Q2pEc gip (4.14)
ii) (Lgrp + Lgrp) - Wa >0
Qovastp = Werr - (Lsrp — (Wa — Larp)) - Q2pEcstp (4.15)

iii) (Lgrp + Lsrp + Lextp) - Wa > 0

Qovdextd = Wesr - (Lextp — (Wa — (Lgrp + Lsrp))) - Q2pEG.exta  (4.16)

Here Weg, Lgrp, Lspp and Lgxrp are the effective channel width, the gate-FP
length, the source-FP length and the length from the edge of the drain electrode
to the edge of the source FP, respectively. By differentiating the modeled charges
in the region ,vq with respect to the drain-source voltage Vg, the gate-FP capac-
itance (Cygp), the source-FP capacitance (Cyg,) and the extrinsic drain capacitance

(Cexta) are finally obtained by following equations.

dQovd..
Cotp = %Vj gl (4.17)
d ovd_s
Csfp = %Vj o (418)
d ovd_ex
Cextd - Qd‘j;d u (419)

Together with the field-plate induced capacitance, total capacitance components

are described as

C’iss = Ciss_int + ngp + C’sfp (420)

Coss = Coss_int 1 C(gfp + C(sfp + C’extd (421>
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Figure 4.10: HiSIM-GaN calculated input capacitance Cis as a function of Vi
compared with TCAD device simulation.

Figure 4.10 compares simulated Cis-Vs characteristics by TCAD with those
of the developed model with circuit simulator HSPICE [54]. It is seen that the
15* abrupt capacitance reduction by applying larger Vi than the threshold volt-
age (Vi) and the 2°4 abrupt capacitance reduction, caused by the depletion layer
reaching the edge of the gate-FP, are well reproduced by adopting the developed
capacitance model. Figure 4.11 compares simulated Clg, Coss and Clgs character-
istics as a function of Vgg by TCAD to those calculated by using the developed
model. As Vs increases, the depletion layer reaches the edge of the gate-FP and
the 15 abrupt capacitance reduction is caused by the decreasing gate-FP capaci-

tance. By applying still larger Vg, a 2" abrupt capacitance reduction occurs due
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Figure 4.12: Measured and simulated I4s-Vs characteristics at Vig=0.1V (inset).
Comparison of modeled Cigs-Ves with measurements at room temperature and fixed
Vas of OV. Symbols are measurements and lines are HiSIM-GaN simulation results.
The threshold voltage (Vi) for the studied GaN-HEMT is about -4.0V.

Figure 4.12 shows the comparison of the modeled Cjy as a function of Vi with

measurements at room temperature and fixed Vgs of 0V, to test the practical valid-
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Figure 4.13: Comparison of the modeled Cis/Closs/Chrss-Vas with measurements at
room temperature and fixed Vi of -15V.

4.5 Summary

This chapter presented the analysis of the field-plate capacitance by 2D device
simulation. In the studied GaN-HEMT device with dual FPs above the gate and
the source electrodes, abrupt capacitance reduction of Cigs and Cig caused by the
depletion extension reaches the edge of gate-FP and source-FP. As a result of the
analysis of 2D device simulation, there is a strong correlation between the Clg
and the depletion layer width. Hence, for the accurate modeling of field-plate

capacitances, it is important to accurately describe the extension of the depletion

width.
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4. Modeling of Field Plates

This chapter also presented two new capacitance modeling approaches for field-
plates relaxing the electric field induced below the gate edge of the 2DEG region at
the AlGaN/GaN interface. As the first approach, an empirical capacitance model
is developed. In the developed empirical model, the total capacitance, which is
formed by three major components; the intrinsic gate capacitance Cy,, the gate
field-plate capacitance Cyg,, and the source field-plate capacitance Cs,,, is modeled
by using three different non-linear tanh functions. The empirical model reproduces
the measured capacitance characteristics. As the second approach, the physics-
based capacitance model is proposed. The proposed physics-based model is based
on the surface potential calculated from the Poisson equation and successfully
reproduces the simulated capacitance characteristics by TCAD device simulation

and also the experimental measurement results.
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Chapter 5

Analysis of Circuit Performance

5.1 Introduction

The compact model is a powerful tool for the power electronics design. Although
some previous models were proposed, the power efficiency prediction has not been
well analyzed. In circuit design, the power efficiency is an important concern for
high power applications. In fact, devices based on GaN material can realize lower
power loss in certain application types because their on-resistance is lower than for
corresponding Si-based devices. For accurate analysis, the compact model must
be constructed with not only the intrinsic GaN-HEMT part but also its para-
sitic components. In particular, in high frequency power-electronics applications
over 1 MHz, these parasitic capacitances and inductances of pF and nH order, re-
spectively, cannot be ignored for accurate efficiency prediction and switching-noise
analysis [55].

This chapter indicates the newly developed compact model HiSIM-GaN, which
includes a capacitance model of FP structures. The analysis results quantify the
parasitic component influence upon power efficiency and voltage/current oscilla-

tions during switching.

5.2 Boost Converter Circuit

The boost converter circuit is a main DC/DC converter circuit and employed to

the power-factor-correlation (PFC) circuit in the AC/DC converter for the per-
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Figure 5.1: Circuit diagram of the simplified boost converter circuit

Figure 5.2 shows the typical waveforms of the current flowing through the
inductor in the simplified boost converter circuit. When the switch is ON state as
shown Fig 5.1a, the inductor voltage V1, is given by

diy,

pu— L— -]_
V=L (51)

where 11, is the current flowing through the inductor. During the ON state, the

inductor voltage (V1) is equal to the input voltage (Vi,). Therefore, the increase
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Figure 5.2: Example of the current flowing through the inductor in the simplified
boost converter circuit as shown in Figs 5.1a and 5.1b.

of the current flowing the inductor (Aip_oy,) is

AiLL on = 19 — 11 (5.2)
1 0Tsw
= — Vidt
L /O .
_ Lyem (5.3)
- I in01LSW .

where Tsw and Ty, 0 are the time period, the time during the on-state, and the
duty ratio (Ton/Tsw), respectively.

On the other hand, when the switch is OFF state as shown Fig 5.1b, the
inductor current flows through the load. By assuming the voltage drop is zero in
the diode and a capacitor C' is large enough for the its voltage to remain constant,
the inductor voltage V1, is given by

diy,

VL = ‘/out - ‘/in = LE (54)
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5. Analysis of Circuit Performance

During the OFF state, the inductor current is reduced as the impedance is higher.

Therefore, the decrease of the current flowing the inductor (Aip oy,) is

Ay, o = 12 — 1y (5.5)
1 /Tsw
= — Vi dt
L 0Tsw -
1
= z(Vout = Vi) (1 = 6)Tsw (5.6)

In the steady state condition as the current through the inductor does not
change abruptly, the current at the end of switch on state and the current at the
end of switch off state should be equal. Also the currents at the start of switch off
state should be equal to current at the end of switch on state. From Eqs. 5.3 and
5.6, the relationship between the output voltage (V) and the input voltage (Vi)

are calculated as follows.

V;)ut = V;n (57)

Equation 5.7 shows that the output voltage (V) is always higher than the the
input voltage (Vi,), and that it increases with the duty ratio ¢, theoretically to

infinity as 0 approaches 1.
5.3 Circuit Analysis and Discussion

Table 5.1: Measurement conditions for the studied boost converter circuit.

Vi 50 V

R, 20 Q
High (on) Y
Vs Low (off) | -12V

(pulse) | Frequency || 1IMHz
Duty Ratio || 50 %
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Figure 5.5: Picture of the measured boost converter.
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5. Analysis of Circuit Performance

Figure 5.3 shows the circuit diagram of the studied boost converter circuit. To
analyze the switching characteristics, parasitic elements induced in the measure-
ment setup are considered explicitly. Since the measurements include additional
parasitic effects in the circuit as depicted in Fig. 5.3, all these parasitic values
were separately extracted and included in the simulation as well. Two parasitic
inductances of 20 nH are added to both the drain and the source side of the GaN-
HEMT. Additionally, a parasitic inductance of 7 nH is added to the anode side
of the SiC-based Schottky-Barrier-Diode (SBD). A parasitic capacitance of 10 pF
is considered between the drain and the source. These values of the parasitic
elements are slightly adjusted from their nominal values to reproduce measured
switching-on characteristics. Other element values within the circuit are fixed to
their nominal values. Figure 5.4 is shown the picture of the measurement system
for switching characteristics. Switching characteristics, such as waveforms, the
rise time and the fall time, are able to be measured with an oscilloscope. And
Figure 5.5 is shown the picture of the measured boost converter circuit. The
gate driver provides the gate input signal (V) to the studied GaN-HEMT as the
Device-Under-Test (DUT).

5.3.1 Contribution of Trap Density Effects

In this subsection, the trap density in the device was studied to clarify the influence
of the current collapse phenomena upon the power efficiency. Figures 5.6a and 5.6b
show a comparison of the measured and simulated switching-on waveform of the
studied circuit shown in Fig. 5.3. Dotted lines show measurement data, and solid
lines show HiSIM-GaN simulation results with trap density extracted from DC
and transient measurement, respectively. It is seen that the trap density strongly
affects the turn-on switching waveform and the measured turn-on waveform is well
reproduced by considering one half of the trap density extracted by the measured
I-V characteristics.

The trapped carrier inclusion in HiSIM-GaN leads to good reproduction of the
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(b) The trap density Ntmpzo.E)x1012cm_2 extracted from transient measurement.

Figure 5.6: Comparison of the measured and the simulated turn-on switching
waveforms of the studied boost converter circuit (see Fig. 5.3).
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Figure 5.7: Measured and simulated power efficiency of the studied GaN-based
boost converter circuit (see Fig. 5.3) with a gate resistance of Ry=20 (2.

where P, and P, are the input power consumption and the output power con-
sumption. Asshown in Eq. (5.8), P, is calculated by the integration of the product
between the input current [;;, and the input voltage Vi, (see Fig. 5.3). Similarly,
P, is calculated by the integration of the product between the output current
I,y and the output voltage Vi (see also Fig. 5.3).

Figure 5.7 shows a comparison of measured and simulated power efficiency of
the studied circuit for different trap densities. Symbols are measurements, the
dashed line is dashed line is HiSIM-GaN simulation result with trap density ex-
tracted from DC measurement, and the solid line is HiSIM-GaN simulation result
with trap density extracted from transient measurement. The extracted trap den-
sity of the used device was 0.5x102cm~2. It corresponds to 5% of the 2DEG
density, which is approximately 1.0x103cm™2. The power efficiency under heavy
(Iout > 0.1A) load current condition decreases remarkably for higher trap density,
due to the increased conduction loss induced by the current-collapse phenomenon,
which substantially degrades the power efficiency. It is seen that, by consider-
ing half of trap density extracted from DC measurements, the measured power
efficiency is well reproduced. The trap density shifts the threshold voltage to
higher values, resulting in the reduction of the conductivity. The conductivity

loss leads to the efficiency reduction. An interesting observation is that the trap
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Figure 5.8: Measured increase ratio of on-voltage as a function of Vg for different
switching frequencies.

The trapping event contribution to the circuit performance is discussed as
follows. Figure 5.8 shows the measured increase ratio of on-voltage as a function
of Vs for different switching frequencies. The measured on-resistance increase
ratio is about 5% in the specified range of operation conditions for the studied
circuit. This result suggests that the dynamically active trap density is different
from the trap density under the DC condition. Therefore, re-extraction of Niap
was required for transient simulations. It is known that the trap event requires
time to accomplish, namely, the time constant. If the time constant is longer than
the switching speed, only a small amount of carriers can be trapped. This effect

must be included.

5.3.2 Contribution of Field-Plate Effects

Furthermore, the contribution of the field-plate capacitance upon the circuit per-
formance was studied. Figure 5.9 shows a contribution of field-plate effects upon
the power efficiency in the studied circuit shown as Fig. 5.3. Symbols are measure-

ments, the dashed line is HiSIM-GaN simulation result without the gate and the
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Figure 5.9: Contribution of field-plate effects upon the power efficiency in the
studied circuit shown in Fig. 5.3.

Under light-load-current condition of I,z < 0.1A, the switching loss dominates
in the total loss because the switching time is determined by the charging of
the output capacitance Cyg with the small drain-source current Iy of the GaN-
HEMT as the DUT. Since Iy is small, charging of output capacitance Cs becomes
slow. Therefore the FP structure affects Cyg, power efficiency under light-load-
current condition is clearly influenced. On the other hand, under heavy-load-
current condition of I, > 0.1A, the conduction loss is dominant for the total
loss. Since the FP structure does not modulate the on-resistance, the influence
of the FP length upon the efficiency is small as shown in Fig. 5.9. The HiSIM-
GaN model achieved reproduction the measured power efficiency by considering
parasitic components and the FP capacitance accurately.

Figure 5.10a depicts the measured power efficiency of the studied circuit with
the gate resistance R, of 20 €2. It is seen that the peak value of the measured power
efficiency is at the output load current I, of 0.1A. Therefore, it have been defined
It < 0.1A to be the low-load-current condition and I, >0.1A to be the high-load-
current condition. In order to confirm the effect of field-plate (FP) capacitances for

power efficiency, it was simulated two different Rjy.q conditions (Rj,,q=660 2 and
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5. Analysis of Circuit Performance

total loss, because the switching time is determined by the charging of the output
capacitance C,g, which becomes longer due to the smaller drain-source current I4
of the DUT in the studied circuit. Therefore, the FP structure affects Cys and
the power efficiency. As shown in Fig. 5.10b, the HiSIM-GaN simulation result
with Rjoaq of 1700 € verifies that the efficiency remarkably depends on L in
the low-load-current condition because C,4 increases with the FP length. On the
other hand, under high-load-current condition, the conduction loss is dominant for
the total loss. Since the FP structure does not modulate the on-resistance, the
influence of the FP length upon the efficiency is small as shown in Fig. 5.10b for
HiSIM-GaN simulation result with Rj,.q of 660 ). From these obtained results, the

validity of our developed compact HiSIM-GaN model was successfully confirmed.

5.3.3 Contribution of Parasitic Circuit Components

Finally, the influence of parasitic components upon the switching waveforms and
the power efficiency was studied. Figures 5.11a and 5.11b show the contribution of
considerable parasitic components upon the turn-on switching characteristic shown
as Fig. 5.3. Dotted lines show measurement data, and solid lines show HiSIM-
GaN simulation results with and without parasitic components, respectively. It
is seen that the simulated turn-on switching waveform reproduces the measured
waveform well by considering these capacitive and inductive parasitic components
as shown in Fig. 5.11a. The trap density Ny, was held constant (0.5x102cm™?)
during the simulations to clearly see the influence of the parasitic components.
In order to verify the capacitive and inductive parasitic components, the turn-on
switching characteristics were simulated without parasitic components as shown in
Fig. 5.11b. In the simulation result, the ringing during the switching disappeared
due to the removed parasitic components. Therefore, these parasitic components
must be considered to reproduce the switching waveform and to analyze the Electro
Magnetic Interference (EMI) switching-noise.

The influence of parasitic components for the power efficiency is discussed as
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Figure 5.11: Contribution of considered parasitic components upon the turn-on
switching characteristic. Gate resistance R,=110 €2 and load resistance Rj,,q=1120
Q) are applied.

follows. As shown in Figure 5.12, under light (I,,, < 0.1A) and heavy (loy >
0.1A) load-current conditions, parasitic component contributions for the power

efficiency are observed clearly. As a result, in order to predict the power efficiency
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Figure 5.12: Contribution of considered parasitic components upon the power
efficiency in the studied circuit.

accurately, the estimation and inclusion of parasitic components is necessary for

accurate simulation.

5.4 Summary

In this chapter, in order to test the accuracy of the developed compact model for
the prediction of circuit characteristics, the circuit simulation analysis of a boost
converter circuit has been performed. The circuit simulation results are in good
agreement with the measurement results by considering all necessary effects, such
as the trap density, the field-plate capacitance and circuit parasitic components.
Furthermore, the quantitative contributions of device and circuit parasitic compo-

nents upon switching characteristics and power efficiency have been investigated.
e Trapping density effects
— Power efficiency at Heavy load current condition
e Field-plate effects
— Power efficiency at Light load current condition

e Parasitic components
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5. Analysis of Circuit Performance

— Power efficiency and switching noise at both Heavy and Light load

current conditions

Consequently, the extraction and the modeling of field-plate effects, parasitic com-
ponents and carrier-trapping effects in the GaN-HEMT device are essential for
predicting the switching waveform and the power efficiency of GaN-HEMT cir-

cuits accurately.
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Chapter 6

Conclusions and Future works

In this thesis, a newly developed compact model HiSIM-GaN has been developed.
The developed model have adopts the HiSIM_HV mobility model for modeling of
the DC operation for GaN-HEMTs. However, specific features of GaN-HEMT's
cannot be expressed by existing bulk-MOSFET models. Therefore, the developed
model includes two specific features of GaN-HEMT to reproduce device charac-
teristics of GaN-HEMTSs. One is the two-dimensional electron gas induced at the
AlGaN/GaN heterojunction interface. By considering all possible induced charges,
the inherent 2DEG charge and the trapped charge density explicitly within the
Poisson equation, the simulated GaN-HEMT characteristics by 2D device sim-
ulation can be well reproduced accurately. As a result of parameter extraction
for reproducing the I-V characteristics, it was demonstrated that measured -V
characteristics of this GaN-HEMT technology are well reproduced.

The second feature is the field plate, which is introduced to delocalize the
electric-field peak that occurs at the electrode edge. However, an additional par-
asitic capacitance is induced by existence of the field-plate. Therefore, in this
thesis, the analysis of the field-plate effect is performed by 2D device simulation.
As a result of the analysis of 2D device simulation, it is found to be important to
accurately describe the extension of the depletion width. In order to describe the
field-plate effect accurately, this thesis presented both an empirical and physics-

based field-plate capacitance modeling. In the developed empirical capacitance
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6. Conclusions and Future works

model, the total capacitance is modeled by using three different non-linear tanh
functions. As a result of parameter extraction for reproducing the C-V character-
istics, it was demonstrated that measured C-V characteristics are well reproduced.
This thesis also presented a new physics-based capacitance model for field plates
of GaN-HEMTs. The developed physics-based model is based on the surface po-
tential calculated from the Poisson equation. As a result, the physics-based model
successfully reproduces the simulated capacitance characteristics by 2D device sim-
ulation. By performing the parameter extraction of the measured GaN-HEMT’s
characteristics, the capacitance characteristics of the studied GaN-HEMT technol-
ogy are well reproduced.

Finally, the switching characteristic of a boost converter circuit that is a ba-
sic element of DC-DC converters was investigated. In order to investigate the
influence of various parasitic components, the switching waveform and the power
efficiency have been analyzed. It was confirmed, that by including all necessary
effects and parasitic components, measured turn-on switching characteristics and
power efficiency of this boost converter circuit were well reproduced. Furthermore,
the quantitative contributions of specific features of GaN-HEMTSs, which are trap
density effects, field-plate capacitance effects, and parasitic components, upon the
switching waveform and the power efficiency have been verified.

In general, device degradation is caused by carrier-trapping effects. Especially,
the threshold voltage and the subthreshold slope are determined only by the device
parameter values such as the impurity concentration. In HiSIM-GaN, the trap den-
sity is extracted to reproduce the measured I4-V,s characteristics. The trapping
event is assumed to be a long-term event in HiSIM-GaN. Therefore, trap density
extracted from measured DC characteristics is considered as static trap density.
This static trap density means that the time constant for trapping is not consid-
ered in this work. In order to reproduce the measured switching waveform and the
power efficiency, the trap density has been re-extracted and was found to have a

value which is one half of the density extracted with measured DC characteristics.
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6. Conclusions and Future works

This results suggests that the dynamically active trap density is different from the
static trap density under the DC condition, and that the transient waveform is

required to consider the time constant of the trap events.
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Figure A.1: Various normally-off structures of the GaN-HEMT

A conventional GaN-HEMT as shown in Fig. 1.2 operates in the normally-on
condition that means that the device does not shut down even when there is no
gate voltage applied. The normally-on GaN requires negative voltage to switch
to the off-state. With few options, manufacturers developed a countermeasure to
transform the normally-on GaN transistors to normally-off in order to material-
ize the usage of GaN to power circuits. Figure A.1 shows various GaN-HEMT
structures for the normally-off operation. To realize the normally-off operation in
GaN-HEMTsSs, in general, two structural approaches and the circuit approach are
utilized. The basic concept of the structural approach is the control of the 2DEG

density under the gate electrode. As the 2DEG density is decreased between
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A. Normally-oftf Operation

the drain and the source, the on-resistance is increased. Therefore, by depleting
only the 2DEG charge under the gate electrode, both the low-on-resistance and
the normally-off operation are realized. The methodology of the deletion of the
2DEG charge under the gate electrode is dictinamichad in donlotine ho +ha o
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Figure A.2: Comparison of the simulated I44-V,s characteristics at Vgs=5V with the
normally-on conventional GaN-HEMT and the cascode structure of the normally-
on GaN-HEMT with LV-MOSFET for the normally-off operation.

On the other hand, the normally-on high voltage GaN-HEMT's are widely used

in series connected with low voltage Si-MOSFETSs for normally-off Cascode struc-
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ture as shown in Fig. A.lc [59]. Figures A.2a and A.2b shows the comparison
of the simulated l4s-V,s characteristics at V4s=5V with the normally-on conven-
tional GaN-HEMT and the cascode structure of the normally-on GaN-HEMT with
low voltage Si-MOSFET for the normally-off operation. Since the low voltage Si-
MOSFET is connected the normally-on GaN-HEMT in series, the threshold volt-
age of the pseudo-quasi normally-off GaN-HEMT is determined by the low voltage
Si-MOSFET. On the other hand, the on-resistance of the low-voltage Si-MOSFET
is much smaller than that of the normally-on GaN-HEMT, the total voltage drop
is dominant by the normally-on GaN-HEMT.
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Appendix B

Parameter Extraction Procedure

B.1 Flowchart of Parameter Extraction

Figure B.1 shows the flowchart of the HiSIM-GaN parameter extraction procedure
for the main characteristics of the GaN-HEMT power device. First of all, target
device characteristics are derived by the TCAD device simulation and measure-
ments. At that time, the following items are listed as minimum necessary device

characteristics.

1). I4s-Vis characteristics at the linear and the saturation regions (Including the

temperature dependence).

2). I4s-Vas characteristics at the different Vi (Including the temperature depen-

dence).
3). Ciss-Vjs characteristic at fixed Vs of OV (only for the room temperature).

4). Ciss/Coss/Crss~Vas characteristics at fixed Vs < Vi, (only for the room tem-

perature).

As a flow of actual parameter extraction, the model parameters for the thresh-
old voltage, the low-field mobility, the high-field mobility, the resistance effect
at the drift region, the seld-heating effect, and the trapping event have been ex-
tracted, targeting the DC characteristics such as I4s-Vgs characteristics and Iq¢-Vis

characteristics. Next, structural parameters of target GaN-HEMT power device
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Figure B.1: Flowchart showing the parameter-extraction sequence of HiSIM-GaN
model parameters.

B.2 Parameter Extraction for DC Characteris-
tics

First, before carrying out the parameter extraction, the structural information that
cannot be extracted from device characteristics is acquired as process parameters.
The process parameters which are minimum necessary for extracting HiSIM-GaN

model parameters are shown as follows.

L : Gate length
W : Device width
TOX : Gate insulator thickness (equal to TSIN as shown in Figures 4.9 and B.5)

In addition, structural parameters related to field plate such as field-plate

length, inter-layer dielectric thickness etc. must be necessary for the capacitance

78



B. Parameter Extraction Procedure

modeling.

Figure B.2a shows the extraction procedure of the threshold voltage and the
trap density from subthreshold region. As a first step of the HiSIM-GaN model
parameter extraction, the optimization of the subthreshold region is carried out

using the l4s-Vys curve.

VFBC : To fit the threshold voltage
NSUBC : To fit the threshold voltage and the subthreshold slope
PTL : To fit the subthreshold slope

Two independent trap-density distributions are considered as schematically
shown in Figure B.2b. One represents the shallow trap density distribution and
the other represents the deep trap density distribution [44]. In HiSIM-GaN, trap
density parameters are extracted from the targeted subthreshold slope. Where
the trapping event is assumed to be a long-term event in HiSIM-GaN model.
Therefore, extracted trap density is considered as static trap density. The static

trap density means that time constant for trapping is not considered in this work.

GC1, E1 : Model parameters for the shallow trap

GC2, E2 : Model parameters for the deep trap

Figures B.3a and B.3b shows the extraction procedure of the low-field mobility
from I45-Vgs curve and Gy,-Vgs curve at the linear region. Some parameters to be

extracted in this step are shown as follows.

MUECB0, MUECBL1 : To fit the subthreshold slope

MUEPHO0, MUEPH1 : To fit the maximum G,, value using the G-V, curve
MUESRO, MUESRI1 : To fit the trend of the Gy, value at the high Vg, region
RDRMUE : To fit the drain-source current /45 value at the high Vs region

Here, the parameter value of MUEPHO and MUESRQO are adopted the de-

fault value, respectively.
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(b) Schematic of the trap density-of-states distribution, where Fp, is the quasi-Fermi
level for electrons. Two independent density-of-states are depicted.

Figure B.2: Extraction of the threshold voltage and the trap density from sub-
threshold region measurements.
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Figure B.3: Extraction of low-field mobility parameters from /4-V,s curve and
Gm-Vgs curve in the linear region.

VMAX

: To fit the saturation current at Vg >~ Vi

RDRVMAX

: To fit the drain-source current I4¢ value at the high V4 region

RDRBB, RDRCX, RDRCAR, RDRJUNC

: To fit the quasi-saturation region marked by dotted circles in Fig. B.4b

After the parameter extraction for DC characteristics at the room tempera-
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Figure B.4: Extraction of the high-field mobility, the resistance effect of the drift
region, and the self-heating effect from from I4s-V4s curve in the saturation region
and from I4-Vys curve.

ture has been finished, temperature dependence parameters shown as follows are

extracted by using the temperature dependence data.

BGTMP1, BGTMP2

: To fit the temperature dependence of the threshold voltage Vi
MUETMP

: To fit the temperature dependence of the maximum G, value
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Figure B.5: Cross-sectional schematic of the GaN-HEMT with the dual-field-plate
(FP) (the gate field-plate and the source field-plate) technique.

where Targan, Isin Tarp, Tsrp, and TrxTp are the thicknesses of the AlGaN
layer, the SiN insulator, the insulator under the gate-FP, the insulator under the
source-FP, and the passivation layer, respectively. Furthermore, Lgrp, Lspp, and
LgxTp are the gate-FP length, the source-FP length and the length from the edge

of the drain electrode to the edge of the source-FP, respectively.
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(b) Comparison of the modeled Ciss/Choss/Chrss-Vis characteristic with measurements at
room temperature and fixed Vg of -15V.

Figure B.6: Extraction of structural parameters of field-plates for the target GaN-
HEMT device from Cig-Ves curve and Clgs/Coss/Crss-Vas curve.

In order to reproduce the capacitance characteristics accurately, the following
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parameters are adopted.

TGFP, LGFP

: To fit the Cy value at the low Vg region
VFBGFP

: To fit the 15* abrupt C. reduction occurs Vy, value
TSFP, LSFP

: To fit the C\s value after the 15° abrupt C,e reduction
VFBSFP

: To fit the 2" abrupt C. reduction occurs V4 value
TEXTD, LEXTD

: To fit the O\ value after the 15° abrupt C.e reduction
VFBEXTD

: To fit the 2™ abrupt C. reduction occurs Vg, value
CDSOFF

: To fit the C,s value at the high Vs region
LOVERS

: To fit the Cig value at the high Vy, region
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