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Abstract

Silicon Carbide (SiC) and Gallium Nitride (GaN) are actively employed in Power Elec-
tronics (PE) circuits due to their superior material properties. They both have wide
bandgap, high carrier saturation velocity and high thermal conductivity, enabling High
Voltage (HV), High Frequency (HF) and High Power (HP) applications. Besides using
materials with superior properties, device structure innovations further improve power
device performance, such as multi-dimensional structures including super-junction, multi-
channel (stacked 2-Dimensional Electron Gas (2DEG)) and FinFETs. Compared with
one-dimensional structure, it could enhance trade-off between Breakdown Voltage (BV)
and On-state Resistance (Ron).

In order to facilitate circuit design using SiC/GaN transistors with innovative device
architectures, there is a growing demand of accurate, scalable, robust and standardized
compact models. Using an innovative modular approach, this thesis first proposes a com-
pact model for multi-channel AlGaN/GaN Schottky Barrier Diode (SBD) for kilo-volt
applications. The modelling approach, detailed model formation as well as model evalua-
tion against an experimental SBD with five stacked 2DEG channels are explained in detail.
Using a similar modular formulation method, the thesis also proposes Waterloo Virtual-
source SiC Compact Model (WAVSIC), a comprehensive and user-friendly physics-based
compact model for SiC MOSFETSs. Accuracy, flexibility and scalability are demonstrated
for WAVSIC via benchmarking against measurements of commercial devices. The WAVSiC
model is also validated for computational efficiency and robustness, circuit simulator com-
patibility and ready for Process Design Kit (PDK) integration.

In summary, by using a modular approach, the thesis introduces two innovative physics-
based compact models for wide-bandgap power electronic devices with accuracy, scalability,
and computational efficiency, enabling efficient circuit simulation and PDK development
based on these device technologies.

v



Acknowledgments

This thesis would not have been possible without the help, guidance and encouragement
of people who supported me during my MASc study journey. First, I would like to thank
my supervisors Dr. Lan Wei, and Dr. Ujwal Radhakrishna. Their constant guidance and
support, careful editing contributed significantly to the production of our research papers
and this thesis. I feel grateful and previleged to complete my study under the influence of
such outstanding researchers.

I would like to thank the rest of my thesis committee: Prof. George Shaker, Prof. Shiyu
Su, for their insightful comments and encouragement.

I would also like to thank Dr. Yuhao Zhang, Dr. Ming Xiao, Xin Yang, Qihao Song
and Bixuan Wang (Center for Power Electronic Systems at Virginia Tech). They always
provide instantaneous response in terms of measurement data and semiconductor device
problems.

I thank for the members in Waterloo Emerging Interated Systems (WEILS) Group:
Jessica Chong, Ryan Fang, Johan Alant, Rubaya Absar, Hazem Elgabra, Dylan Ma, Tanya
Rampal and Yiju Zhao for their help, support and all the fun we had in the past two years.
Especially, I would like to thank Johan for helping with the drift resistance module for the
SiC model. Otherwise, it is impossible to finish that project in such a short time period.

Finally, I want to thank Xinzhe Wang for his love and encouragement. And, my deepest
gratitude to my parents who have given me all their love for supporting me throughout
my life.



Dedication

I dedicate this to my mother Ming Zhou and father Min Feng.

vi



Table of Contents

Author’s Declaration
Statement of Contributions
Abstract
Acknowledgments
Dedication

List of Figures

List of Abbreviations

1 Introduction
1.1 Power Semiconductor Devices .
1.2 Compact Model . . . . .. ...
1.3 Research Objective . . . . . ..
1.4 Thesis Organization . . . . . . .

2 Modular Formulation Method
2.1 Basic Modules in MVSG model
2.2 Key Equations in T-Module . .

vii

ii

iii

iv

vi

Xiv

S B O

=p



2.3 Key Equations in D-Module . . . . . ... ... ... ... ... ...

2.4  Summary on Modular Formulation Approach . . . . . . .. . ... ... ..

Multi-channel Al1GaN/GaN SBD Compact Model

3.1 Motivation . . . . . ...
3.2 Model Formulation . . . . . ... ... ...
3.3 Mode of Operation . . . . . . . ... .
3.4 Parameter Extraction Flow . . . . .. .. .. ... .0 0L
3.5 Results and Significance . . . . .. ... oo oL
3.6 Summary on Multi-channel SBD Compact Model . . . . . ... ... ...

Literature Review on SiC MOSFET Model

4.1 Behavioural/Empirical Model . . . . . . . ... ... L
4.2 Physics-based Model . . . . . . ... L
4.3 Summary on Current SiC MOSFET Compact Model . . . . . ... .. ..

SiC MOSFET Compact Model

5.1 Motivation . . . . . ..
5.2 Model Formulation . . . . . .. .. ...
5.2.1 T-Module . . . . . ...
5.22 D-Module . . . . . .
523 R-Module . . . . . ...
5.2.4 Additional Modules . . . . . . .. ...
5.3 Extraction Flow . . . . . . . . . ..
5.4 Results: Model vs Measurement . . . . . . . . . .. ... ... .. ...
5.5 Summary on SiC MOSFET Compact Model . . . . . ... ... ... ...

viil

15
15
16
19
22
24
27

28
28
35
39



6 Summary and future work 59

6.1 Conclusions . . . . . . . . 59
6.2 Future work . . . . . . 60
6.2.1 Multi-channel SBD Compact Model . . . . . . ... ... ... ... 60

6.2.2 SiC MOSFET Compact Model . . . . . .. ... ... ... .... 61
References 63

X



List of Figures

1.1

1.2

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

2.9

3.1
3.2
3.3
3.4
3.5
3.6

Comparison of fundamental properties of semiconductors used for power
electronics, data from [4] . . . . . . ... oL

Trade-off between power capacity and frequency in one-dimensional and
multidimensional power devices, figure from [5]. . . . . . ... ... .. ..

Cross-section of GaN HEMT with GFP . . . . .. .. ... ... ... ...
Cross-section of GaN HEMT with p-GaN layer . . . . . . . ... ... ...
5-pin symbol of MVSG . . . . . . . ..
Thermal subcircuit in MVSG . . . . . . . .. ...
MVSG subcircuit with colors indicating that component in cross-section . .
Cross section of transistor with Virtual Source (VS) point labelled . . . . .
Band diagram under the gate with VS Point labelled . . . . . . . . .. ..

Diode I-V curve in forward (with high-injection), reverse and breakdown
regions [20] [1] . . o o

Diode symbol to explin current equations . . . . . . . . ... ... ... ..

(a) 3-D schematic of multichannel SBD, with cross-section shown in (b). .
Equivalent circuit of multichannel SBD.. . . . . .. ... ... ... ....
Component mapping between SBD cross-section and its equivalent circuit .
Circuit branch corresponding to CH5. . . . . . . . .. ... ... ... ...
Key voltage for CH5 operation when Vgpp increases from -100V to -20V

Dopants and mobile charges in Region I . . . . . . ... ... ... ....

© o = = =

10
10

13
13



3.7 Dopants and mobile charges in Region IT . . . . ... ... ... ... ... 21

3.8 Dopants and mobile charges in Region ITI . . . . ... .. ... .. ..., 21
3.9 Key voltages and channel charges when sweeping Vsgp from -100V to -20V,
separated into three regions . . . . . . . .. ... ... . L. 22
3.10 Parameter extraction flow for multi-channel AlGaN/GaN SBD. . .. . .. 22
3.11 Step I in SBD parameter extraction flow . . . . . .. ... ... ... ... 23
3.12 Step Il in SBD parameter extraction flow . . . . . . .. .. ... ... ... 23
3.13 Step III in SBD parameter extraction flow . . . . . . ... ... ... ... 23

3.14 (a) Forward I-V characteristics with different Lrgsyrp. (b) C-V charac-
teristics of the SBD with Lgrpsyrr = 111um (c) Reverse I-V characteristics

showing device breakdown voltage scaling with different Lrpsyrpr. - - . . . 24
3.15 Key parameters used to generate Figures 3.14. . . . . . . . . . . ... ... 25
3.16 Reverse [-V characteristics showing device breakdown voltage scaling with

different Lresurr. - -« « o o o e e 25
3.17 C-V plots for devices with different GaN thickness and AlGaN thickness. . 26
3.18 FoM projection using the calibrated SBD compact model . . . . . . . . .. 26

3.19 (a) Cross-section of a depletion-model multi-channel AlGaN/GaN transistor
with ohmic contacts at both source and drain (b) Simulated Ipg vs Vpg of
a multi-channel depletion mode transistor. . . . . . .. ... ... .. ... 27

4.1 I-V and the ‘bell-shaped’ transconductance g,, characteristics used in An-

gelovmodel [32] . . . . ... 29
4.2 Subcircuit model of SiC MOSFET used in behavior model proposed by Hsu

et al. [33] .. 30
4.3 Cross section, with subcircuit model, used in [36] . . . . . ... ... ... 31
44 Cyq when Vgs = 0. The depletion width in accumulation and JFET region

is small, C,, dominates . . . . . . . . . . . ... .. ... ... 33

4.5 Cyq when Vg, is low. The depletion width in accummulation and JFET
region increases, Cyq drops faster due to the shielding effect from the adjacent

p-wells. . . . L 34
4.6 Cyq when Vyy is high. The depletion width in accummulation and JFET
region is large, Cyq gep dominates. . . . . . . ..o o000 34

X1



4.7

4.8
4.9

5.1

2.2

2.3

0.4

2.5
2.6

5.7
2.8
2.9
5.10
0.11
5.12
5.13
5.14

2.15
5.16
5.17

Cross-section, subcircuit model and extraction flow proposed by Mukunoki
et al., from [10] . . .. 35

Cross-section and subcircuit model proposed by Shintani, from [37] . . .. 37

Cross section, including both subcircuit model and thermal subcircuit pro-
posed by Yan et al. [13] . . . ... 38

Cross section of typical SiC MOSFETs with dimensions labeled for (a)
planar-gate and (b) trench-gate structures. . . . . . . . ... ... L. 41

(a) The equivalent circuit of the proposed model, with the shades color-
mapped to the specific physical regions in Fig. 5.1. . . . .. .. ... ... 42

Key dimensional parameters for transistors (M, M4, M ;) and drift resistors
(Rpr1, Rpro) linked to device physical dimensions defined in Fig. 5.1 (a)

and (b). M, is deactivated in this case. . . . .. ... ... ... ... 43
[lustration of capacitances included in the proposed WAVSiC model for (a)

planar-gate and (b) trench-gate structures. . . . .. .. ... L. 44
Junction diode with its paring capacitor . . . . . . ... ... 45

Reverse recovery current vs voltage during a turning-off process of a single
diode. grr0 is a fitting parameter to describe the amount of reverse recovery

Schematic of two drift resistors in series . . . . . . . . . . . ... ... 47

Voltage-dependent charge in the accumulation and JFET region versus Vpg. 48

Summary of parameter extraction flow. . . . . . . ... ... ... 49
Step I in parameter extraction for WAVSiC. . . . . ... .. ... ... .. 49
Step II in parameter extraction for WAVSIiC. . . . . . ... ... ... ... 50
Step III in parameter extraction for WAVSIiC. . . . ... ... ... . ... 50
Step IV in parameter extraction for WAVSIiC. . . . . ... ... ... ... 51

Comparison between proposed model simulation results (solid lines) and de-
vice measurement results of a commercial 650V SiC power MOSFET (circles). 51

Third quadrant current and IpsVas . . . . . . . . . o Lo 52
Capacitance fitting . . . . . . . .. .. 52
Gate charge measurement schematic and Vgg versus Q¢ . . . . . . . . .. 53

xii



5.18

5.19

5.20

5.21
5.22
5.23
5.24
5.25

6.1
6.2

Key parameters for transistors and drift region resistors used to generate
fitting for 650V SiC MOSFET . . . . . . .. .. ... ... ... ...

Key parameters for diode charges and voltage-dependent Cpp used to gen-
erate fitting for 650V SiC MOSFET . . . . . .. ... .. ... ... ..

Rpgs contribution due to intrinsic transistor, accummulation, JFET, drift
resistor region for 650V SiC MOSFET . . . . . . .. ... ... ... ...

DPT test set-up for 650V SiC MOSFET . . . . ... ... ... ... ...
DPT circuit schematic . . . . . . .. ... ... Lo
DPT current and voltage up to 40 pus . . . . . . . . . . ...
Zoom-in waveform at turn-on and turn-off point. . . . . . . . ... ... .

Comparison between proposed model simulation results (solid lines) and de-

vice measurement results (circles) of a commercial 1200V SiC power MOSFET 57

3-D schematic of the AlGaN/GaN MC? — HEMT, fabricated in [25]. . . .
Cross-section of an n-channel (a) Fin-MOSFET and (b) Fin-JFET. [19] . .

xlil

61
61



List of Abbreviations

2DEG 2-Dimensional Electron Gas
BV Breakdown Voltage

DIBL Drain Induced Barrier Lowering

DPT Double Pulse Test
FP Field Plate

GaAs Gallium Arsenide
GalN Gallium Nitride
GFP Gate Field Plate

HEMT High Electron Mobility Transistors
HF High Frequency

HP High Power

HYV High Voltage

MVSG MIT Virtual-source GaN HEMT

PDK Process Design Kit

PE Power Electronics

X1v



Ron On-state Resistance

RESURF Reduced Surface Field

SBD Schottky Barrier Diode
SiC Silicon Carbide

VS Virtual Source

WAVSIC Waterloo Virtual-source SiC Compact Model

XV



Chapter 1

Introduction

1.1 Power Semiconductor Devices

PE refers to the use of semiconductor devices for controlling and converting electrical power,
such as AC-DC, DC-AC, stepping-up/stepping-down voltage/current levels and etc. They
are essential in achieving high-efficiency energy conversion, which is beneficial for lowering
energy loss, reducing carbon dioxide emission and advancing sustainable technology. This
field has been rapidly growing, accelerated by the promising applications of electric vehicles
(market size exceeding $2 Billion), smart electric grids, data centers, and renewable energy
processing.

Power semiconductor devices are used as solid-state switches in PE systems. They are
expected to have low Roy, high BV and low switching losses. Their performance depends
both on material properties and device architectures.

Material properties: Since the critical electric field (£.) approximately scales with
the square root of the bandgap, wide bandgap semiconductors such as SiC and GaN,
have emerged to complement or even replace traditional silicon-based devices for achieving
high BV, high electric field, high-operating temperature, high-switching frequency and low
losses [2]. Comparison of the fundamental properties of these materials are shown in Fig.
1.1. SiC and GaN both have a wide energy bandgap, leading to a large breakdown electric
field, 10 times larger than that of silicon, which is important for realizing HV operation. In
terms of mobility, SiC is in a weaker position compared to silicon, while people can choose
devices where transport occurs in the bulk to improve channel mobility [3]. GaN, on the
other hand, is at a great advantage in terms of electron mobility due to the high density



of 2DEG at GaN/AlGaN interface. In terms of thermal conductivity and melting point,
both GaN and SiC have a clear advantage, with SiC being exceptionally well-positioned,

enabling the device to operate at high temperatures.

Si CMOS 4H SiC CMOS GaN HEMT
Critical Electric Field [MV/cm] 0.3 3 3.5
Energy Bandgap [eV] 1.12 3.23 34
Electron Mobility [cm? /(Vs)] 500 35 1500
Electron Saturation Velocity [107cm/s] |1 1.8 34
Thermal Conductivity [W/(K cm)] 13 3.7 1.5
Melting Point [K] 1412 3103 2500

Figure 1.1: Comparison of fundamental properties of semiconductors used for power elec-
tronics, data from [/]

Innovative device architectures: Besides the use of wide band-gap materials to im-
prove power device performance, innovative device architecture such as multidimensional
structure has also been proposed to enhance power device performance, with the compar-
ison between one-dimensional and multi-dimensional power devices shown in Fig. 1.2 [5].
Power transistors usually comprise a gated channel for current modulation (R.;) and a long
drift region (Rg4-) to block high voltage. Including a Ohmic contact (R¢), the theoretical
relationship between Roy and BV is the following:

4BV?

Rony =R R,
ON o+ h+€'uEg

(1.1)

where €, 4 are material permittivity and majority carrier mobility in the drift region re-
spectively. Ry, is proportional to BV®, where « is from 2.18 to 2.5 [0] [7]. Ry of vertical
GaN and SiC MOSFET is constrained by the low channel mobility, which can be up to 10
times lower than that in Si, attributed to interface states and carrier trapping [3] [9]. At
low bias voltage, Ron of 1D WBG devices is dominated by the gated channel R.,. With
bias voltage up to at least kilovolt, R, dominates and device performance is improved
taking advantage of wide bandgap material properties. There are two constrains in one-
dimensional power devices. (i) Rq4. ~ BV trade off in the high voltage region. (ii) R, due
to low channel mobility in the low voltage region.

These 1D limit discussed above (Rg. ~ BV trade-off and constrained R.,) can be
broken by adopting multidimensional device architectures. For example, superjunction
incorporates charge balance in the direction perpendicular to the current conduction path.
It modifies the electric field in the drift region and achieves breakthrough of Ry and BV



trade-off compared to 1D devices, allowing for linear dependence [10]. Another example
is stacking multiple two dimensional electron gas (2DEG) channels perpendicular to the
current conduction plane, which effectively reduces Ron through increasing nop. Last
example is to employ FinFET or tri-gate devices. It can (i) achieve better gate control
for realizing lower Roxn by scaling channel-length, and E-mode operation. (ii) increasing
nep to reduce R, that dominates Rpy for voltage up to kilovolt. Other benefits include
reduced current collapse and better thermal management [11].

wide-bandgap ultra-wide-bandgap

i E, 2 Si SiC GaN GaO diamond _AIN >
Capacity 1eV 2eV 3eV 4eV 5eV 6eV

(VA) 4

High @ Higher power density & efficiency in systems multidimensional

O S
Thyristor ﬁ

ﬁ  Superjunction g
10 ym
5 10un
S0 |
N Stacked 2DEG
?
s [
FinFET
VDMOS E E % 1 o 0

Operation frequency (Hz)

Low

Figure 1.2: Trade-off between power capacity and frequency in one-dimensional and mul-
tidimensional power devices, figure from []

1.2 Compact Model

After the device being fabricated using SiC/GaN with innovative architecture, it will be
characterized with I-V, C-V curves, then compact model could be developed to reflect
the current and charge as mathematical functions in terms of device terminal voltages
and temperature. It has to be (i) accurate - the simulation result should match the mea-
surement data, (ii) complete - the compact model could capture all the critical physical
effects, (iii) computationally efficient and robust - achieve fast circuit simulation without
convergence problems, (iv) standardized - compatible with multiple commercial design
simulators, such as Spectre®, ADS® HSPICE®, with consistent results, and (v) scalable



- if some structural/technology parameters change (e.g. channel length under the gate),
the model could still predict the correct behaviour without the need to change all of its
parameters. Scalability enables the compact model to predict how a device behaves with
different structural/technology parameters, which can be used by device/circuit designers
for scaling projection and optimization. Overall, the compact model connects the gap
between device design/characterization and circuit simulation/fabrication.

Device compact models can be classified into four categories depending on their model-
ing methods, ranging from the simplest behavioural models to more complex physics-based
models. i) Behavioural models: It uses mathematical fitting methods without direct phys-
ical meanings. It is simple and easy to fit, but it has low accuracy when the device is
operated under different operating conditions such as temperature or biasing. New fitting
is required every time device structure or dimension is varied. ii) physics-based models:
equations are based on semiconductor physics, with some simplifications. It achieves a good
balance between accuracy, flexibility and scalability. Most parameters have clear physical
meanings, which is user-friendly and require minimum change under different device vari-
ations. iil) numerical models: Numerical simulation tools such as SILVACO, Sentaurus
TCAD are available for power devices simulation. The simulation results are accurate, but
are computation-demanding and require detailed material properties and device geometry
[12]. iv) empirical model using artificial neural networks (ANNs). Parameters do not have
inituitive physical meanings. It also requires large training data but yield very good fitiing
for non-ideal physical effects such as heating and trapping [13] [14].

1.3 Research Objective

With the active employment of GaN and SiC transistors in PE applications and rapidly
evolving device structure, there is a growing demand for compact models, which facilitates
integrating GaN, SiC devices into circuit simulations. It needs to meet the requirement of
accuracy, completeness, scalability, computational efficiency and robustness. Besides that,
it also serves as a tool for device/circuit designers to optimize/innovate on device design.
The physical parameters of the model could be changed to preview the device behaviors.

This thesis proposes two comprehensive physics-based compact models for multi-channel
GaN/AlGaN Schottky Barrier Diodes (SBD) and SiC MOSFET. Both models achieve good
flexibility, scalability and ease of use through (1) mapping the device into a netlist with
each component closely connected with a specific device region. (2) using modular ap-
proach for transistor-like and diode-like regions, where the core functions are inspired from



MIT virtual-source GaN compact model (MVSG), with proven functionalities and compu-
tational robustness.

1.4 Thesis Organization

The thesis is organized as follows. Chapter 2 introduces the industry-standard GaN HEMT
model (MVSG model) and the modular approach used for compact modeling. Chapter 3
demonstrates the first application using modular approach, which is a multi-channel Al-
GaN/GaN SBD. Before introducing the second application, Chapter 4 reviews the current
SiC MOSFET model. Afterwards, Chapter 5 shows the second example using modular
approach for SiC MOSFET. Finally, in chapter 6, summary and conclusions of the thesis
are presented, along with a discussion of future work.



Chapter 2

Modular Formulation Method

2.1 Basic Modules in MVSG model

MIT Virtual-source GaN HEMT (MVSG) Compact Model is an industry-standard compact
model since 2018. It has been approved and supported by Compact Model Coaltion (CMC)
[15], with proven accuracy, scalability and robustness in modeling RF and power GaN
High Electron Mobility Transistors (HEMT). The physical structure of GaN HEMT is
quite complex. The cross-section of it with Gate Field Plate (GFP) is shown in Figure
2.1 and Figure 2.2 illustrates its cross-section with p-GaN layer. Its physical structure
includes versatile Field Plate (FP), non-linear access region and p-GaN gate to achieve
E-mode operation. There are also multiple critical physical effects need to be considered
such as gate leakage, self-heating, thermal coupling and charge trapping. Therefore, it is
essential to organize and represent the underlying physics concepts clearly by diving the
device model into several basic modules, with each module accounting for its corresponding
physics.

The 5-pin symbol of MVSG is shown in Fig 2.3. There are four electrical terminals
(D, @G, S, B), with one optional thermal terminal dt to take into account the external power
dissipation due to internal (self) device heating or thermal coupling from adjacent com-
ponent. The external power dissipation can be applied at dt at the netlist level, with
the thermal subcircuit shown in Fig. 2.4. Further additions to the thermal network can
be easily done to account for different system-level thermal and cooling capabilities by
introducing separate thermal R-C network for different regions of the device.



Figure 2.1: Cross-section of GaN HEMT with GFP

Passivation

S -GaN D

o —

cs Rcd

GaN

Figure 2.2: Cross-section of GaN HEMT with p-GaN layer

G D
G=rB

Figure 2.3: 5-pin symbol of MVSG

The equivalent circuit of the MVSG model is shown in Figure 2.5. The model is formu-
lated by mapping the entire structure into several basic components, with each component
in the equivalent circuit clearly associated with a specific region of the device, where the
shaded color indicates the region in cross-section, shown in Figure 2.1 and Figure 2.2. It
includes (i) intrinsic gated region between node si and di (region under gate electrode), (ii)
FP regions at source/drain side (region under GFP). There are four FPs on each side of



,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.4: Thermal subcircuit in MVSG

the intrinsic gated region, which could be activated /deactivated based on users’ needs, also
with the flexibility of setting gate potential to either ¢gi2 or s. (iii) implicitly-gated access
regions (region that do not have an explicit gate), which used to represent the non-linear
resistance behavior. All these three regions are represented by transistors, where the key
equations used for transistors will be explained in the next subsection.

The Schottky diode Dg, Dp with their corresponding charge components (Cys, Cyq)
are used to describe gate leakage between p-GaN/AlGaN/UID-GaN [16]. Dpp is used
to describe the channel breakdown. The Schottky p-GaN module, introduced in [17],
is represented by Cspy, Dsy (depletion-mode), with the option to add Rgpy accounting
for hybrid p-GaN process. It is used to model the E-mode GaN power devices, which
shows prominent results in capturing critical effects in power GaN devices. All these diode
modules use the same function calls, where the key equations will be explained in the next
subsection.

Besides the two basic modules used in MVSG, there are voltage-independent lumped
resistors (Ry1, Ry2, Res, Rea). Rg1, Ry are layout-dependent gate resistance and Res, Req
are contact resistances.

The method to use universal functions for transistor-like (T-Module) and diode-like
(D-Module) behaviors models enables the scalability of the compact model. Each com-
ponent has their own set of parameters and scale with dimensions. It can also adapt to
device structure/technology modifications easily. It also allows simplicity and enhances the
robustness. Meanwhile, for both T-Module and D-Module, it is able to capture essential
physics with a very small number of parameters (~ 20 parameters per transistor and ~ 13
parameters per diode, most of which have clearly defined physical meanings).
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Figure 2.5: MVSG subcircuit with colors indicating that component in cross-section

2.2 Key Equations in T-Module

The Virtual Source (VS) concept was initially proposed at MIT used for highly scaled Si-
FETs in a quasi-ballistic mode of transport, which the channel-length is a few mean-free-
paths such that scattering is not significant in the channel [18]. The transistor cross-section
with its band diagram are shown in Figure 2.6 and Figure 2.7. The virtual source point
(x = x,) is where the barrier peaks. The current normalized to width will be the product
of local-area charge-density and local carrier velocity. The charge at the virtual source
point is easy to model using gradual-channel approximation (GCA). The velocity at VS
point is empirically found and is bias independent at saturation region (v,,) or have Vpg
dependence in non-saturation regime using v, - Fi., where Fy,; is an empirical saturation
function.

It was later extended to account for drift-diffusive transport in GaN HEMTS [19]
[20][21]. The current is still the product of charge (Q;s, Qiq) and velocity (vel) in Eqn. 2.1,
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Figure 2.6: Cross section of transistor with Virtual Source (VS) point labelled

Virtual Source

Figure 2.7: Band diagram under the gate with VS Point labelled

where W - ngf is total device width. However, the velocity is no longer bias-independent
in the saturation-regime and depend on the local lateral field due to small electron mean-
free-path.

Qis + Qid
B V)

Ips =Wngf 5

el (2.1)
Qis, Qiq are source-end and drain-end charges, which allow smooth transition from sub-

threshold to above-threshold regions by using the In(1 + exp(x)) formulations. Equations
are given in Equation 2.2, 2.3, where Cj,, is unit-area gate capacitance representing the
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strength of electrostatic coupling from the gate, and n is relevant to sub-threshold slope
(SS) by SS = ngynl0.

Vep — Vox — V-
Qis = Cinu2ngyln(1 + exp( ¢D 5X T)) (2.2)
2noy
Vos — Vpx — V-
Qia = Cinp2nddn(1 + exp( G5 DX T)) (2.3)

2noy

Vsx, Vpx (Equation 2.4, 2.5) ensure that the drain/source terminal charges will saturate
under velocity-saturation and then remain independent of the applied Vpg to the first order
through the use of W. The max function is to make sure thet the model passes
Gummel Symmetry test since the model can automatically assign the lowest potential to
be its source terminal.

—Vbs
Vsx = 2.4
T (a0, ) )P 24

Vbs
Vbx = 2.5
P51+ (max (0, —ps_)))1/6 (2:5)

Velocity (vel) equation is given by

vel = [2f férk + (L= £ )] Fuca (2.6)

where ff smooths between strong and weak inversion, v, is the saturation velocity,
i is low-field mobility. Fis. is given in Equation 2.7, F,4; controls carrier transport
transitioning from non-velocity-saturation to velocity-saturation regime, and is important
to enable the model to scale correctly with channel length L. For small channel-length
device, F, s = 1, the current will have velocity-dependent saturation, which is similar
to the VS model for Si-FETs. For long channel-length device, current will have mobility
dependent saturation. Vpgar is the saturation voltage given by Vpsar = Vpsars(1—ff)+
¢uf [ and Vpsars = &L

Tk

- invVpsar
Fosa = (1+(M)5)1/5 (2.7)

Ci"vVDSAT
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Terminal charges (Q¢, which is divided into @, ()4, are all calculated using Q;s, Qiq
through linear Ward Dutton partitioning [22], shown in Equation 2.8 2.9 2.10. This guar-
antees self-consistency between channel current and charges. The terminal capacitance are
derived from these channel charges, shown in Equation 2.11, 2.12, 2.13

Qs = o grl-au e Y Lz 25)
O = o0 T Gl 2l 29
Qe = | ;V_VL@Z[ ?s; ) (2.10)
Cgs:—‘;% (2.11)

Coa = — 55?/5 (2.12)

Cyg = Cys + Cya (2.13)

2.3 Key Equations in D-Module

Diode current contains three parts (each can be activated /deactivated independently) - for-
ward with high-injection included (Ir), reverse-recombination (/) and breakdown (Igp).
The I-V curve in all three regions is shown in Figure 2.8.

A diode symbol shown in Fig. 2.9 to explain its equations, with the overall diode current
consisting three components following equation 2.14. I (Equation 2.15) is computed
with the unit-width reverse saturation current i;, bandgap dependence (V},), temperature
coeflicient (py param), and inverse ideality factor (p,) to the first order. High-injection effect
is also included following [16].
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Figure 2.8: Diode I-V curve in forward (with high-injection), reverse and breakdown regions

[20] [1]
I
_D‘_" Ibiode ]_F>I
N = gsn

VDiode

Figure 2.9: Diode symbol to explin current equations

Ipiode = Ir — Ir — Ipp (2.14)
= Wigeap(-2amren oy P2 1) 215)
J Diode

The reverse recombination current (Equation 2.16) is calculated using the unit-width

reverse leakage current (i,..), inverse recombination ideality factor (p,,..) and saturation
effect (through F,.., given in Equation 2.17).

pg,recFrec

Ir = Wiyecexp( o 1) (2.16)
_VDiode
rec — ) (217)
(L [ 17

The breakdown current (Equation 2.18) is calculated with unit-width reverse saturation
current 54, inverse ideality factor pyy and breakdown on-set voltage Vpp.
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aramv'
Powaram 230 ) (eap(—praVpiode) — 1) (2.18)

Ipp = Wijpgexp(—peaVap — 5
t

2.4 Summary on Modular Formulation Approach

The key equations in T-Module and D-Module are discussed in this chapter, with proven
accuracy, scalability and robustness through device-circuit validation in both RF and HV
applications [21].These modules can be extended in other technology or device design to
capture transistor-like and diode-like device behaviors, which will greatly facilitate the
user-friendly and straightforward development of compact models.

Such modular model formation approach where most of these basic modules have been
proven efficient, scalable and computationally robust in the family of MVSG compact
models developed for GaN devices (including GaN HEMTSs for both radio-frequency and
PE applications [21], kilo-volt multi-channel GaN diodes [I] (Chapter 3) and GaN-based
transmission-line non-linear resistors [23]).

Two applications using the modular approach will be discussed in detail, which is a
multi-channel SBD and SiC MOSFET in Chapter 3 and Chapter 5 respectively.
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Chapter 3

Multi-channel A1GaN/GaN SBD
Compact Model

This chapter showcases the first application using the modular formulation approach, which
is a simple yet comprehensive compact model for multichannel AlGaN/GaN SBD with a
p-GaN Reduced Surface Field (RESURF) layer. Model formulation, including equivalent
circuit, key equations, and parameter assignment, are explained in details, together with
parameter extraction flow.

In terms of model formulation, it makes use of the modular formulation described above
(T-Module, D-Module). The model correctly reflects the device physics in forward-bias,
reverse-bias and breakdown conditions, capturing critical behaviors associated with multi-
channel turn-on and RESURF effects from the p-GaN layer. Good accuracy, scalability, and
computation robustness are validated via: IV, CV, breakdown simulations. The physics-
based model can also be used as a tool for technology optimization and scaling projections.
This is illustrated via simulations on (1) the impact of barrier/channel thickness on device
capacitance and (2) the effect of RESURF-length (Lrgsyrr) on the Baliga Figure-of-Merit
(FoM) and area-scaling FoM. With minimum adjustment, the proposed model also serves
as a first step towards compact modeling of multi-channel AlGaN/GaN transistor.

3.1 Motivation

As a recent development in the rapidly growing GaN-based device family, AlGaN/GaN
multi-channel SBD has become a promising candidate for medium-/high- voltage power
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electronics, with low Royn from multi-channels and high BV from recent device structure
innovations (e.g. p-GaN RESURF) [5] [24]. The structure has been further integrated to
achieve multi-kilovolt GaN multi-channel transistors [25]. To facilitate circuit design and
simulations using multi-channel A1GaN/GaN devices, there is a growing demand for com-
pact models that are accurate, scalable, flexible, standardized, computationally efficient
and with simple parameter extraction method.

3.2 Model Formulation

Figure 3.1 illustrates the 3-D schematic and cross-section of a five-channel AlGaN/GaN
SBD, with device fabrication details reported in Xiao et al. [241]. From top to bottom of
its cross-section, it contains 20nm p*-GaN, 350nm p-GaN, five AlGaN/GaN heterostruc-
ture channels and a buffer layer. The anode metal makes Schottky contact with all two
dimensional electron gas (2DEG) channels, and it extends on top of p-GaN with length
Ls. The RESURF area (with length Lrgsyrr) prevents electric field crowding, and is
critical to achieve a high BV. The thickness of the RESURF layer is carefully optimized
to balance net charges from multiple channels. A portion of p-GaN of length Lp¢ is fully
etched to prevent potential p-GaN punch-through. Cathode is formed from a self-aligned
Ohmic contact process.

(@) (b) Lac

/ Multichannel
Figure 3.1: (a) 3-D schematic of multichannel SBD, with cross-section shown in (b).

While the multi-channel SBD device structure is rather complex, the model introduced
in this work achieves good flexibility, scalability and ease of use through (1) mapping the
device into a netlist with each component closely connected with a specific device region,
(2) all diodes and all transistors are described using single and common function calls
with different input parameters. All the transistors use equations in T-Module and all the
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diodes use equations in D-Module. Such approach allows simplicity (via simple function
calls) and enhances convergence robustness of the compact model. The model is also able

to smoothly transition between forward, reverse and breakdown regions, taking advantage
of the MVSG model.

Model netlist Figure 3.2 shows equivalent circuit model of this device with multiple
channels (CH1-CH5 in this example) connected in parallel along with a breakdown diode
(Dpp). Each component in the equivalent circuit is clearly associated with a specific region
of the device, with the mapping shown in Figure 3.3; hence, the proposed physics-based
model is well scalable and can easily adapt to device structure modifications.

M 45

Dgs Mps

+ Vspp -

Figure 3.2: Equivalent circuit of multichannel SBD.

Each channel can be modeled as a serial connection of components that include (i) a
sidewall diode (Dg) representing the anode-to-channel Schottky contact, (ii) a first tran-
sistor (M4) represents the gated area under the extended anode with length Ly, (iii) a
second transistor (Mp), represents the channel under RESURF area with length Lrgsurr,
(iv) a series resistor (Rpc) with the length Lpe and (v) a contact resistor (R¢) represents
the Ohmic contact at the cathode. We use subscription i to refer to the circuit-branch
representing the i channel from the top. A breakdown diode (Dpp), which is directly
connected to the p-GaN terminal without being de-biased through Dg, is added to describe
the leakage and breakdown between channel and p-GaN layer. It is expected that negative
Vspp fully depletes all the channels before the complete depletion of p-GaN RESURF. The

17



p-GaN layer is partially depleted under large negative Vspp, which is reflected in an in-
creased gate resistance of Mps (not shown) as well as a decreased gate capacitance lumped
into the gate capacitance of M5 and Mps.

Common function calls All the transistors (M4, Mp) use T-Module equations, while
all the diodes (Dg, Dpg) use D-Module equations. It not only ensures the accuracy, scal-
ability, robustness of the compact model through reusing equations from MVSG, it also
achieves model simplicity and easy development of PDK. It can easily expand to model
non-transistor devices such as transistors, diodes, and non-linear resistors.

D-Module

[

Ly Lsc

- L g
e H1
it - H2
B e e 1%
i - H3
N T P 1%
I L H4
/ Multichannel Vis
- —| > CHS5
‘o] o Dgs Mas Mps Rpcs R
+ VS 'BD - ) V SBD —

T-Module

Figure 3.3: Component mapping between SBD cross-section and its equivalent circuit
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3.3 Mode of Operation

Unique physical effects in multi-channel SBD, such as individual channel turn-on, and lower
channel screening, are reflected through proper assignment of threshold voltage (V7;,) and
gate voltage (Vi) to each transistor. p-GaN RESURF depletion is lumped into the gate
capacitance of the lowest channel (CH5). Without loss of generality, we use the CH5
branch, shown in Figure 3.4, to explain the details of key parameter assignment (e.g. Vry,
and Vg) to MA, MB.

Transistor threshold voltage Vp,: Vi, naturally corresponds to the voltage when
the 2DEG starts to form in each channel. The lower channel has a more negative Vry, due
to the increased separation from top-side p-GaN and screening from upper channel(s). In
a well-tempered device, p-GaN RESURF depletion is minimum for upper channels, hence
is only considered in the lowest channel through a lumped gate capacitance. In this work,
M, and Mp in the same channel are assigned the same Vpy,, as p-GaN RESURF are still
not fully depleted when the 5 channel is turned off. However, the model is formulated so
that Mp may be assigned a different Vg, than My, to reflect cases where pGAN is fully
depleted before the channel is turned off.

Transistor gate voltage V;: Vi will be the effective gate voltage for each transistor.
Due to screening effect from the upper channels, the effective gate voltage of the transistors
in the lower channels is affected, hence the maximum gate voltage of the transistors in a
lower channel is capped at the threshold voltage of the transistor right above it.

+ Vspp —

Vo IVG5
I~ ﬁ—l —Vy

L1
D VxMas Mps Rpes Res

I
CHS,

Figure 3.4: Circuit branch corresponding to CH5.

Device operation in forward bias When Vspp is above the turn-on voltage (Voy) of
Schottky junction, Dg is in forward bias, and M4+ Mp forms a diode-connected transistor.
The two transistors parameters such as mobility and saturation velocity, together with
resistivity of Rpc, Re determines the slope in I-V curve (Rox). With increasing Lrgpsvurr,
both BV and Roy increase.
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Device operation in reverse bias When Vsgp < 0, depletion-mode channels are
turned on one-by-one based on the Vi, of transistors. Refer to Figure 3.4 for voltage defini-
tions (Vax, Vasx, Vx), and note that Vx becomes source terminal for M 45 when Vspp < 0
since Vx < V. In Figure 3.5 with VSBD from -100V to —QOV, VThg(: —2OV),VTh4(:

—44V'), Vs (= —76V') separate device operation into three regions.

III

-40 \ 0
@ Vi, =44y, ®)
I

> —-40

5460 E I

N s

_80 L
80 VThS = -76V
-80 -40 -80 -40
Vsgp [V] Vspp [V]

Figure 3.5: Key voltage for CH5 operation when Vspp increases from -100V to -20V

Region I: (Figure 3.6) (Vspp < Vips) with no channel turned on, all mobile charges
are depleted, potential in CH5 is modulated by p-GaN, hence Vg5 is set by p-GaN/anode

voltage. M 45 is off with Vg x pinned at Viys.

Depleted

p-GaN

= = = Alr
CH1 * e ar

CH2 + + * Np
CH3 EE e e
CH4 + + *
CHS5 EE IE IF

Figure 3.6: Dopants and mobile charges in Region I

Region II: (Figure 3.7) (Vrns < Vspp < Virpa) with only CH5 is fully on. 2DEG forms
along CH5, with V5 still tied to p-GaN voltage, but Vi x also starts to increase with Vsgp

at the same time.
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Undepleted

Figure 3.7: Dopants and mobile charges in Region 11

In Region III: (Figure 3.8) (Vrps < Vspp < Vpps) with both CH5 and CH4 turned
on. Carriers start to populate CH4, screening CH5 from electrically coupled to the p-GaN
layer. From Region III, V5 is capped at Vipy and no longer increase with Vgpp. For a
well-tempered device, p-GaN depletion is not significant once CH4 turns on.

+ — Dopants © 2DEG

Figure 3.8: Dopants and mobile charges in Region III

The key voltage and channel charges for the three regions when Vspp sweeping from
-100V to -20V is also summarized into Figure 3.9.
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Region I Region II Region ITI

VsBD (-100, -76) (-76,-44) (-44, -20)
Channel charges No channel CH5 on CHs, CH4 on

Key voltage Vixs pinned at Vs | Vgx increases with Vgpp | VG5 capped at Viy,,

Figure 3.9: Key voltages and channel charges when sweeping Vsgp from -100V to -20V,
separated into three regions

3.4 Parameter Extraction Flow

The parameter extraction flow to get calibrated physical compact model against measure-
ment is shown in Figure 3.10, with three steps. Model parameter values can be easily
extracted from I-V and C-V data. Afterwards, circuit designers could use it for circuit
simulation and fabrication.

Forward IV Reverse IV
CvV Ds1 Y; Dy i
My, M -
| Mg, Mg | Vi, Cg ss A 78 | Yzl Dgp | irec Pgrec
Rpc Re | I'sh 7 ijbd Pbd Vbd

Figure 3.10: Parameter extraction flow for multi-channel Al1GaN/GaN SBD.

Step I: C-V: (Figure 3.11) From the CV plot, Vp, of transistors in five channels are
found at the five transition point (e.g V1, Vine). C, of transistors are calculated from the
change of capacitance at each V. SS controls the slope of the C-V curve near each Vpy,
transitioning from OFF to ON.

Step II: (Figure 3.12) From the forward IV plot, Vj, of Dg; is determined from the turn-
on voltage and the I-V slope is determined by v,, u from the two transistors M4, Mp and
re,Tsp from two series resistors R¢, Rpc.

Step III (Figure 3.13) From the reverse IV plot, parameters related to Dgp, Dg are
determined. Current partition at negative Vspp is also shown in Figure 3.13 (b). Ispp
is dictated by the reverse saturation current from Dg at small negative Vspp, and by the
leakage and breakdown current from Dgp at large negative Vsgp.
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Figure 3.11: Step I in SBD parameter extraction flow
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Figure 3.12: Step II in SBD parameter extraction flow
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Figure 3.13: Step III in SBD parameter extraction flow
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3.5 Results and Significance

Following the extraction flow discussed in the last subsection, Figure 3.14a-c illustrates
model benchmarking against experiments, proving the model’s accuracy in all three (for-
ward, reverse and breakdown) operational modes, as well as good scalability with Lresurr-
Solid lines correspond to experimental data reported in Xiao et al. [21], and dashed lines
are used to represent model simulation results. Figure 3.15 shows key parameter values
used for Figures 3.14.

In Figure 3.14a, the turn-on voltage Voy of 0.7V is from the Schottky-contact (Dg).
After Vopp > Von, M4 + Mp behave like diode-connected transistors, and the overall
current is modulated by Lrgsurr. In Figure 3.14b, depletion voltage of each 2DEG channel
is marked, matching the value assigned to V7;, of each channel. In Figure 3.14c, reverse
[-V characteristics showing device breakdown voltage scaling with different Lrgsyrr.

‘ -3
(@) 10° (b) C 9% @
0.2 1 Lrgsurr = 111pum 02 —111pm in
G Lggsurr = 36 = Cy Cs/ | g 4 25um steps
E —111um in E1o' L =1~ £10
3 25um steps = <
o 041 S a)
& o10° L e — et O
Experiment Experiment Experiment
0 ‘ - = = = Simulation 107 - = = = Simulation . = === Simulation
0 1 2 3 4 5 -100 -80 -60 -40 -20 0 -12 -8 -4 0
Vspp[V] Vsep[V] VspplkV]

Figure 3.14: (a) Forward I-V characteristics with different Lrgsyrr. (b) C-V character-
istics of the SBD with Lgrpsyrr = 111um (c) Reverse I-V characteristics showing device
breakdown voltage scaling with different Lrgsurr.

A major advantage of introducing p-GaN RESURF layer is to increase BV, which shows
a linear increase with Lrrsyrr (Figure 3.16). As lateral electric field is significantly larger
than that in the vertical direction, increasing Lrrsurr effectively improves BV in a linear
fashion [20].
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Figure 3.15: Key parameters used to generate Figures 3.14.
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BV [kV]

40 80
LRESURF [#m]

Figure 3.16: Reverse I-V characteristics showing device breakdown voltage scaling with
different LRESURF-

Figure 3.17 (solid line) shows TCAD results, demonstrating the effect of varying GaN
or AlGaN layer thickness on depletion rate [26]. Solid line is TCAD results and dashed line
is model simulation results. The proposed model is able to match well with it using the
parameter extraction flow described in Figure 3.10. It further demonstrates the scalability
of the proposed SBD model.

Proposed model’s scalability with device geometry makes it a convenient tool for device

FoM projection (Figure 3.18). FoM; = showing a longer Lrgsyrr is preferred from

BV?
RonQG ’
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Figure 3.17: C-V plots for devices with different GaN thickness and AlGaN thickness.
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Figure 3.18: FoM projection using the calibrated SBD compact model

The proposed model is also capable to model multi-channel transistor with minimum
changes to accommodate the different device structure (e.g. separate source and gate
terminals, and ohmic contacts on both source/drain ends). Cross-section of a depletion-
model multi-channel AlGaN/GaN transistor with ohmic contacts at both source and drain,
with its equivalent circuit model is shown in Figure 3.19 (a). Simulated Ips vs Vpg
is shown in Figure 3.19 (b). The principle of model formulation and equations remain
unchanged. This showcases the potential of adopting the proposed modeling approach for
future development of multi-channel AlIGaN/GaN transistor compact models.

26



(b)

Vos = —1V VThl = —0.5V
~4V in1V
. steps
3
Vps [V]

Figure 3.19: (a) Cross-section of a depletion-model multi-channel AlGaN/GaN transistor
with ohmic contacts at both source and drain (b) Simulated Ipg vs Vpg of a multi-channel
depletion mode transistor.

3.6 Summary on Multi-channel SBD Compact Model

In summary, a compact model is proposed for multi-channel AlGaN/GaN SBDs with the
flexibility to account for p-GaN RESURF, which is able to accurately captures the device
behaviors in forward, reverse and breakdown regions, with benchmarking to measurements.
The model is (i) simple - applying modular formulation approach, (ii) scalable - with
respect to Lrpsurr and (iii) flexible - accounting for different GaN and AlGaN thickness.
This model also provides insights on technology optimization and scaling projections for
designers. It also works to model multichannel AlGaN/GaN transistor with minimum
adjustment.
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Chapter 4

Literature Review on SiC MOSFET
Model

Various compact models for SiC MOSFET have been reported and has been surveyed in
[12] [27] [28]. Tt can be categorized into behavioral/empirical model and physics-based
models.

4.1 Behavioural/Empirical Model

Angelov model is a widely used empirical non-linear IV equivalent circuit model that is
well-suited for Gallium Arsenide (GaAs), GaN, SiC, and even CMOS technologies [29]
[30] [31]. The core in this model is to capture the ‘bell-shaped’ transconductance (g,,)
observed in GaN, GaAs and other material technologies, illustrated in Figure 4.1. The
current equation is shown in Equation 4.1.

Ips = B+ (14 tanh(p))(1 + AVps)tanh(aVpg) (4.1)

The use of the tanh() formulation ensures that the current expressions possess infinite
derivatives, making the model particularly well-suited for harmonic-balance simulations.
I, is the drain current at maximum transconductance. A is the channel length modulation
parameter and « is the saturation voltage parameter. ¢ is a power series, centered at Vi,

to take account the V,, dependence, shown in Equation 4.2
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Figure 4.1: I-V and the ‘bell-shaped’ transconductance g,, characteristics used in Angelov
model [32]

0 =P (Vas — Vo) + Po(Vas — Vir)? + Ps(Vas — Vir)? (4.2)

Py, Py, P are empirical fitting parameters for current Vg dependence. It is clear that
the model is empirical in nature and parameters do not have physical meanings. There
are around 90 parameters in this model [29], which can accurately capture the non-linear
behavior and harmonics in power circuits. However, the model has to be re-fitted with
any change to device dimension or process technology since the model is not scalable with
respect to geometry, which will take large time and effort. Another drawback is not the
model could not provide any physical insights to device engineers or circuit designers due
to the lack of scalability.

In terms of compact model developed specifically for SiC MOSFET, some researches
model the intrinsic region with inverted channel using the Angelov model and then add
more modules to take into account other unique physical effect in SiC MOSFET such as
voltage-dependent Cgp, body diode current to capture 3"¢ quadrant IV behaviour and
non-linear drift region resistance.

Hsu et al. proposed a behavioral SPICE model for SiC MOSFET [33][34]. with the
equivalent circuit shown in Fig. 4.2. The intrinsic region uses the Angelov model, which
can accurately capture the 15 quadrant IV behaviour.

In order to model the 3" quadrant I-V curve, a PN-diode and an N-type JFET model
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(a) (b)
Figure 4.2: Subcircuit model of SiC MOSFET used in behavior model proposed by Hsu et

al. [33]
[34]

is used. Referring to the device structure shown in Fig. 4.2, when Vi;g = 0V, the area
Pwell — N~ — N7 forms a partial pinch-off JFET with some leakage current. When
applying a negative Vg, the field effect pinches-off the channel and is purely body diode
effect.

To model the CV characteristics, Cgg is modelled as a constant parameter Cggo. Cpg
formulation is shown in Equation 4.3. Vj; is the built-in voltage across the P/N drift region.

Vii
Cps = Cpso - (%+—l)‘/a9)M (4.3)

Cep (Equation 4.4) also uses hyperbolic function. It is calculated using a transition
voltage parameter (Vogpr), depletion width (tgpaep,) and oxide thickness (,,).

esic - Aap
Crp = 222 =2 4.4
“p tox + tGDdep ( )

2€SiC‘VCGDT7VGD (4 5)
qMdope

1
tGDdep = 51 — tanh(Vep — VCGDT)\/
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kT ope - 1016
Vi = ——In(dore ) (4.6)

q n;

The model shows a good fit in terms of both current and capacitance curves and is
easy to use. However, the model is not scalable since the intrinsic region uses the empirical
Angelov model discussed before. It needs more effort when fitting for a device with different
dimension /specifications. In terms of C'pg modeling, it only considers the depletion charge,
but the reverse recovery charge is not captured, which is an important metric for diode
switching from on to off-state.

Yang et al. proposed a nonsegmented empirical SPICE model for SiC MOSFET [35].
The cross-section along with the proposed subcircuit model is shown in Fig. 4.3. This
work mainly improves the Ips and Cyy formulations.

Source Metal

oo

e e e

D4
SiC N- Drift Layer I
ds
SiC N* Substrate s
» Drain N
(a) (b)

Figure 4.3: Cross section, with subcircuit model, used in [30]
To model the 1°* quadrant I-V behaviour, the current formulation (Equation 4.7) is

very similar to Angelov model. tanh(x) function is used. Voltage difference between two
sides of the surface inversion channel is represented as Vpgys.
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[DS = Kn . (VGS — Vth)a . tanh(ﬁ . VDdS) (47)

When tanh(x) equals to x (x close to 0), Vpgs is small, the equation describes the
MOSFET in linear region.

Ips =K, (Vas —Vin)* - B Vpas (4.8)

On the other hand, when tanh(x) is close to 1 (x is large), the current equation be-
comes the following, which describes the saturation region. In this way, non-segmented
equations can be used to describe the channel current, with smooth transition from linear
to saturation region.

To model the JFET region, which is the region between p-wells, the voltage dependence
of JFET resistance is shown as the following, where Vp;g is the voltage between the internal
node D; and source electrode. R} is the JFET resistance when Vp,;s = 0, and m is a fitting
parameter. However, this equation is not differenciable at Vp;s = 0, so it does not pass
the Gummel symmetry test.

Rj = Rjo . (1 +m- \/ VDiS) (49)

For C-V modeling, Cgg, Cps are similar to other models. Cgp is carefully modeled
especially at low drain bias to capture the immediate drop. Accurately modeling the

nonlinear capacitance Cyq is crucial for simulating the switching characteristics of SiC
MOSFETs.

Traditional capacitance model for Cy; describe two capacitors in series (Copy Caep).[37]
[38] [39]. Therefore, Cyq is expressed as

Coa: : ng,dep

Coa =
g Ooac + ng,dep

(4.10)

Cya_dep 1s the depletion capacitance under the gate. It depends on permittivity of SiC
(€), width of the depletion region (d) and capacitance area (A).

e-A
d
It can be re-formatted as in Equation 4.12, with Cyq_gepo being the p-n junction depeltion
capacitance at zero drain bias and 7 is a fitting parameter.

ng,dep = (4 1 1)
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Ogd,depO

Coidep = —————
ga-dep V1+v-Vpa

This equation could accurately predict Cpg at Vpg = 0 or high Vpg. However, at low
Vps, p-well provides a strong shielding effect on the gate oxide, as shown in Figure 4.5.
Cyq drops faster due to the shielding effect. To capture this effect, a hyperbolic function
(Equation 4.13) is used for Cy4, where 71,72, 73 are fitting parameters. Cyqo represents the
Cor when tanh(z) = 0. Cyy becomes to Equation 4.12 for high Vpg and tanh(z) approaches
unity. Cygmin is to ensure that Cyq will saturate to a constant value for high drain bias.

(4.12)

oo Cyao - (1 — 71 - tanh(ye - Vpa))
gd —

+ Coamin (4.13)

V1+73Vba

)
l cgd-dnp-maln : J- o
________ 0 cgd-dep-side ng.dlp;p.-ﬁi-d:-------

4H-SiC Drift Layer

(£}

Figure 4.4: Cyq when V4 = 0. The depletion width in accumulation and JFET region is
small, C,, dominates

This model achieves an accurate C'yq modeling, but the other modules are over simplified
such as the JFET and drift region. The model is not comprehensive enough to cover all
the critical physical effects such as temperature dependence, 3" quadrant behaviour and
reverse recovery effect. It is also not scalable with structural and technology parameters.
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Figure 4.5: Cyq when Vj, is low. The depletion width in accummulation and JFET region
increases, Cyq drops faster due to the shielding effect from the adjacent p-wells.
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Figure 4.6: C,q when Vg, is high. The depletion width in accummulation and JFET region
is large, Cyq_qep dominates.
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4.2 Physics-based Model

Mukunoki et al. introduced a model featuring adjustable channel mobility in [10] [11].
Schematic and extraction flow are shown in Fig 4.7. The physical structure consists of
intrinsic channel, depletion region, JFET stage and drift stage connecting in series. Voltage
drop at each stage is calculated and then compare with the measurement to get a correct
mobility based on the fact that mobility decreases as Ip increasing.

Initial channel mobility

—»| 0 = v )
Channel Stage
ek Sttt St
Ly Lo ¥ v )
L Y, ? Source Depletion Stage
n 1 Waept
: Wep by (3)
: D = I
Gate Oxid JFET
oo once | ] JFET stage
U | R [ Moty © ]
P / (Nyrer) @— =— ! J9%petiony .. = = ] S melsmmesy T
/ | Q) H Virin ] Drift
4 Depletion / driftt Waepo rift stage
/ ......... .
| Channel mobility
adjustment

Static characteristics part @ Drain

(@) (b)
(a) cross-section and subcircuit model (b) Parameter extraction flow

Figure 4.7: Cross-section, subcircuit model and extraction flow proposed by Mukunoki et
al., from [10]

The voltage drop at each stage is calculated in Equation 4.14 - Equation 4.20. The
notation of variables/parameters can be found in [10] [11]. The current depends on p at
different position in the inverted channel. Wye,1, Wiepo calculate depletion width at sidewall
and bottom junction respectively, which models the non-linear behavior of JFET and drift
regions.

AV

[D = Co:r(VGS - ‘/th - %h(x)):u’chﬂ (414>
E2 EsiC

Vigep = —M20 4.15

P 2gNyppr (4.15)
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2ESiC’V:iep
Waept = \ [ ———— 4.16
dert qNjrET ( )

]DDJFET

Vorer = qNJFETQ(LJFET - W(depl))z,ubulk <4'17)

Wiy = \/25&0(‘/&@ + Vi + Virer (4.18)
qNagire

Virig = quriftQ(LJlIf;z/iep;/deplZ,ubulk) (4.19)

Vipisio — Ip(Darift — Wdep2) (4.20)

qNaript Aftbuik

Additionally, the Cqp is calculated through gate-charge measurements under various
bias conditions. Finally, an exponential function is used to describe C'pg in terms of both

VGS and VDS-

Overall, parameter i helps to reduce the computational complexity of the conduction
branch without significantly compromising accuracy. However, the total number of pa-
rameters are still not enough to capture all the critical physical behaviors such as short
channel effects, velocity /mobility saturation and temperature dependence. It also requires
iterations of fitting to get the calibrated model. It accurately models the non-linearity in
JFET and drift regions through calculating the depletion width, but the model still lacks
a complete picture of the SiC MOSFET such as third-quadrant current behavior and body
diode reverse-recovery charge.

Shintani et al. presented a model based on surface potential [37] [12]. The vertical
double-diffused MOSFET structure, along with the equivalent circuit of the proposed model
is shown in Fig. 4.8a, 4.8b respectively.

Considering the carrier trapping at the SiC/SiO2 interface, the model could accurately
capture the electron mobility due to interface traps. It consists of the device current
through the MOSFET channel (1), and three internal capacitances (Cys, Cys, Cya). The
surface potential of the MOS structure is used to derive I.,. I., equation is shown in
Equation 4.21 and Ipp is expressed in terms of surface potential. The detailed equations
can be found in [37] [12].
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Figure 4.8: Cross-section and subcircuit model proposed by Shintani, from [37]

[ch:L',Ueff'[DD (421)

Cyq is also derived using surface potential. The mobile charges resulting from capacitive

coupling are calculated by surface potential at the channel. The MOS capacitance C,q are
then derived from the mobile charge.

The terminal current I, is computed as Equation 4.22. The charge terms (Qgs, Qga)

are from taking integral of their corresponding capacitance equation (Clye,), which are also
computed from surface potential.

st Q d
T d—‘z (4.22)

Since the model is physically accurate, the I-V and C-V fit shows excellent fit over a wide
voltage and temperature range. It uses surface potential for all the current, capacitance
and charge calculations, resulting self-consistency between sub-modules. However, this

model does not include all the critical physical effects such as drift region, body diode
current and reverse-recovery charge.

Ij= 1o +
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Yan et al. demonstrated a compact model that extends the BSIM3 model for SiC
power MOSFET [13]. BSIM3 family models are proven to be highly accurate, scalable,
continuous and computationally robust for standard CMOS logic devices. Therefore, it is
chosen to be the core channel model. Adding on to the core channel model, body diode
and drift region resistance models are developed to suit for power MOSFETs. The drift
resistance consists two parts. (1) accumulation and JFET region Ry, (2) deep drift region
and drain substrate region R4y

Source

Rs : :
: : :
TN T T E3 : Package Thermal Model :
P- Base * E \ \_P-Base Tj : Rt Rin :
B I
e BSIM3 Model /d( Vs, Vgs, Tj, : [ I\/\/\/ : TC
,?Rao('ﬂ) N- Drift Region Pr(t) @ ——Cm T mz_‘, Cirn <>¢

N+ Substrate

Figure 4.9: Cross section, including both subcircuit model and thermal subcircuit proposed
by Yan et al. [13]

Varise 1s the voltage across the drift region and Rg.f4 is the initial constant drift re-
sistance. Velocity saturation is captured in ovusat, Vsar r- Gace takes into account the gate
voltage bias.

( ‘Zd;—;{;/)avsat

1 + eacc : "/gs‘

Rach = Rarifeo| ] (4.23)

The Cyy and body diode formulations are taken from existing models in BSIM3 with
slight modifications. Lumped-charged based analytical model is used for model diode
current and charge, which has complicated definition and lots of model parameters. It
could potentially cause convergence problem.

This model shows good effort in modeling the intrinsic channel region, but the regions
outside of the intrinsic channel (e.g. JFET, accumulation regions) are treated with empir-
ical description. It lacks scalability and robustness in the JFET and accumulation region
by using overly simplified physical model.
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4.3 Summary on Current SiC MOSFET Compact Model

There have been lots of compact models proposed for SiC MOSFET, both empirical and
physics-based models. The empirical models use a large number of fitting parameter to fit
the device under specific geometry, bias and temperature to the measurement data. It lacks
physical insight and scalability, but is computationally efficient and simple to implement
in circuit simulators.

On the other hand, physics-based models use equations from semiconductor physics.
Most parameters have clear physical meaning, facilitating the calibration process and pro-
viding a way to validate the extracted parameters. It also achieves self-consistency since
current, charge and capacitance are based on same physics origins. The main limitation is
those equations could be computational intensive, which needs extra care for approximat-
ing the equations to make the solution close-form. It might also need detailed process or
structure information of the device, which is not available for most commercial devices.

Both empirical and physics-based models demonstrate accurate modeling for the intrin-
sic channel with inverted layer. Besides that, the capacitance (Cyq), body diode, JFET,
and drift region are usually added as separate modules and most of the models use similar
forms. The main limitation on the current the compact model is that they do not cover
all the aspects in SiC MOSFET. Most of them lack one or several aspects such as accurate
C,q4 modeling, 3" quadrant behavior through body diode modeling, reverse recovery charge
in body diode and scalability /temperature dependence/velocity saturation with non-linear
drift region.
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Chapter 5

SiC MOSFET Compact Model

This chapter introduces the second application using modular formulation approach -
WAVSIC, a comprehensive and user-friendly physics-based compact model for SiC MOS-
FETs. Compared with the first application of a multi-channel SBD, it uses completely
different semiconductor material with different device structures, but the same method
could still be applied.

The model formulation, including details of the modular approach and construction
of each basic module are explained. The model can automatically account for scalabil-
ity with device channel-length and other dimensions, as well as critical effects from body
diode, JFET depletion, and non-linear drift resistance. Good agreement has been achieved
between simulation using fitted model and experimental measurements, for both a com-
mercial 650V device and a commercial 1200V device, showing the accuracy, scalability and
flexibility of the proposed model. The model has also been validated for computational
efficiency and robustness, circuit simulator compatibility, and is ready for PDK adoption.

5.1 Motivation

The PE field has been rapidly growing, accelerated by a massive adoption of electric vehicle
with a market size exceeding $2 Billion. SiC is actively employed as the next generation
PE technology, due to its inherent strengths of high breakdown voltage, high electric field,
high-operating temperature, high-switching frequency and low losses [2]. To facilitate
circuit design with SiC transistors and development of PDKs, there is a growing demand
for compact models that are accurate, scalable, robust and standardized.
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5.2 Model Formulation

We propose Waterloo Virtual-source SiC MOSFET Model (WAVSIC), which is a physics-
based compact model for SiC MOSFET inheriting the virtual source concept from the
original MIT Virtual Source Compact Model, known for its simplicity to capture essential
physics with a very small number of parameters (~ 20 parameters per transistor, most of
which have clearly defined physical meanings).

WAVSIC is applicable for both planar-gate and trench-gate SiC MOSFETSs, which are
currently adopted by industry. The cross-section of typical planar-gate and trench-gate
SiC MOSFET is shown in Figure 5.1.
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Figure 5.1: Cross section of typical SiC MOSFETs with dimensions labeled for (a) planar-
gate and (b) trench-gate structures.

The model is constructed through a modular formation, by mapping each physical
region in the device into one of the basic modules. The equivalent circuit accounting for
current terms is shown in Fig. 5.2, with some charge terms. The shades are color-mapped
to the specific physical regions in its cross-section. Using this subcircuit model, we can
trace the channel current path at ON state. The carriers travel through source contact
(Res), heavily-doped source region (Rg), intrinsic core region with inverted channel (M
closely modulated by Vi), accumulation region (M, loosely modulated by Vi), vertical
JFET region (M1, My, modeled as implicitly-gated transistors and can be deactivated
if negligible), non-linear drift resistance from the epi regions (Rpgr1, Rpr2), heavily doped
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substrate region (Rp), and drain contact (Rcp). The junction body diode (D) and side-
wall body diode (Dgw) account for third-quadrant behavior. The breakdown current is

implemented through Dgp.
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Figure 5.2: (a) The equivalent circuit of the proposed model, with the shades color-mapped
to the specific physical regions in Fig. 5.1.

Fig. 5.3 lists the mapping of key dimensional parameters for each element in the netlist
(e.g. channel length for each transistor, length and depth for two non-linear resistors). This
model is able to model both planar-gate and trench-gate structures by correctly passing
the dimensional data following the label in Fig. 5.1. The main difference between two
structures is in the JFET region. Some trench structures might not have it. The model is
able to deactivate the JFET region, by setting its channel length to 0, to account for that

situation.
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Figure 5.3: Key dimensional parameters for transistors (M, M4, M ;) and drift resistors
(Rpr1, Rpre) linked to device physical dimensions defined in Fig. 5.1 (a) and (b). M, is
deactivated in this case.

All the transistors in the equivalent circuit (M, M, M1, M j5) use the T-Module equa-
tions and all the diodes (Dgp, D, Dsw ) use the D-Module equations. Rpr1, Rpre are two
non-linear drift resistors, which are newly added named as R-Module. C';, Csy, are the cor-
responding capacitance components for two body diodes which are updated in this model.
Lastly, voltage-dependent Cpp is computed separately. Such modular model formation
approach where most of these basic modules have been proven efficient, scalable and com-
putationally robust in the family of MVSG compact models developed for Gallium-nitride
(GaN) devices (including GaN HEMTs for both radio-frequency and PE applications [21],
kilo-volt multi-channel GaN diodes [!], GaN-based transmission-line non-linear resistors
[23]). The MVSG GaN HEMT model has been approved and supported as an industry-
standard model by Compact Model Coaltion (CMC) [15].

The complete list of charge components are presented in Fig. 5.4. The intrinsic chan-
nel capacitances (Cgg and Cgp) are computed self-consistently with the channel current
through the core transistor. C'pp accounts for voltage-dependent charges in the accumula-
tion and JFET regions. Body-diode related charges are accounted for by C; (for junction
diode) and Cgy (for side-wall diode), each of which captures both junction depletion
charges (for reverse bias condition) and reverse-recovery charges (for forward bias con-
dition). Bias-independent overlap capacitance (Covprrap) and bias-dependent fringing
capacitance (Copg) are also included.
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Figure 5.4: Tlustration of capacitances included in the proposed WAVSIC model for (a)
planar-gate and (b) trench-gate structures.
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5.2.1 T-Module

The transistor module: (key equations presented in Chapter 2) It is used to model all
regions with transistor-like behaviors. This includes the intrinsic core region and accumu-
lation region, both modulated by the gate terminal. The current and charge/capacitance
terms in T-Module follows drift-diffusion transport, with smooth transitioning between sub-
threshold and above-threshold and between linear and saturation regions. The module is
able to capture (1) scalability between long channel and short channel, (2) non-linear effect
such as velocity saturation and self-heating, (3) channel charge computed self-consistently
with channel current, (4) temperature dependence, and (5) other short channel effects such
as Drain Induced Barrier Lowering (DIBL). T-Module is also used to describe JFET re-
gion (M) by assigning an implicit gate, following [23]. A second JFET transistor (M s,
deactivated by default) is included to provide flexibility to account for two different dop-
ing levels in the overall JFET region. Both M, and M, can be deactivated (shorted) for
those trench structures where JFET region is negligible. Using T-Module for accumulation
and JFET regions allow comprehensive physical effects (such as voltage and temperature
dependence, velocity saturation, short channel effects, etc) to be properly accounted for.

5.2.2 D-Module

The diode module: (key current equations presented in Chapter 2 and capacitance equa-
tions are newly added) It is used to model all diode related behaviors. The current in the
D-Module has components computing forward junction current (including high-injection
effect), reverse-recombination current, and breakdown effect. Pairing charge equations in
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D-Module (schematic shown in Figure 5.5) account for junction depletion charges (Qgep)

and reverse-recombination charges (Q,) [11] (Equation 5.1).
IDwde
N
L1
||
N
+  Vbiode —

Figure 5.5: Junction diode with its paring capacitor

QJ/SW = er + Qdep (51)

Reverse recovery charge When diode switches from on to off-state, the charges
initially stored (exponential relationship with applied voltage) in the depletion region have
to leave before the reverse-recombination current dominates. The formulations are inspired
from [15]. @, (Equation 5.2) is calculated with unit-area reverse recovery charge at zero
bias (¢rr0) and diffusion length (Id). High injection effect is realized through kpin;. Kwdep 1S
proportional to exp(%f”m) , with equation in Equation 5.3. Depletion width at zero bias
is wdepO and wdepy;,, ensures that the depletion width would be capped at the maximum
depletion width w;, shown in Equation 5.4. The depletion width wdep is calculated in
Equation 5.5, where the maximum voltage across the diode is also capped at v;, shown in
Equation 5.6.

Qrr = qrr0 - ld - kpinj - Kwdep (5.2)
—wdepiim —wi
exp( =LELLm ) _ op
by = Pt = PG (5.3)

exp( 1d )_exp(iltlvi)

wdepyim = min(wdep, wi) (5.4)
vb — Vdiode_lim
wdep = wdep( - \| ————— (5.5)
vbi
Vdiode 1im = MAN(Vdiode; V) (5.6)
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The effect of reverse recovery charges is demonstrated for a turning-off process of a
single diode, shown in Fig. 5.6. When the diode is switching from on to off-state, the
current has to first drop to negative and then return to 0.
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Figure 5.6: Reverse recovery current vs voltage during a turning-off process of a single
diode. ¢rr0 is a fitting parameter to describe the amount of reverse recovery charge.

Depletion charge: It is the charge stored in the device under reverse bias. @Qep
(Equation 5.7) is relevant to zero-bias unit area junction capacitance c;o and built-in po-
tential vbi. Vgiode rim takes the minimum between diode turn-on voltage v, and voltage
across the diode vg;o4e, which ensures the depletion charge has a maximum value.

. Vdiode_lim
Qdep:2cj0'w‘ngf'vb2'\/1_ 1—% (5.7)

5.2.3 R-Module

A third resistance module (R-Module) is newly added for the drift resistance in Region
B and C of Fig. 5.1. The key equations are developed following approximation and
approaches in [10] [47] [18]. A schematic is shown in Fig 5.7 to help explain the equations.
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Figure 5.7: Schematic of two drift resistors in series

Rpr1 (Equation 5.8) is calculated following a constant-angle («) current spread model,
computed by integration of the elemental resistance in Region B. w - ngf is the total
device width, p,1 2 is the resistivity reflecting doping level and carrier mobility including
temperature dependence, « is a fitting parameter determining the spread angle. Velocity
saturation effect is included in E; 5, where E. 9 = ”;‘jt indicates the critical E-field for
on-set of velocity saturation.

lp
Via = pn - oz tane) - In(1 4 - — o %) (5.8)

Rpr2 (Equation 5.9) is calculated using a transmission line model, including velocity
saturation (through E.y), resistivity pyo. Its width is l..; and depth is wgyipr — I, - tan(c).

In Warift — lp - tan(a)

wngf lcell _IR'%

Vra = pro - (5-9)

5.2.4 Additional Modules

Temperature dependence are implemented in all three basic modules (e.g. through temper-
ature coefficients for mobility, saturation velocity, threshold voltage, bandgap, etc.) In ad-
dition to the three basic modules and voltage-independent lumped resistors (Ros, Rep, Rs, Rp,
R¢) and capacitance (Coyverrap), two bias-dependent capacitance are also introduced.

Cpp calculates the capacitance from gate oxide above the accumulation region (Cox)
in series with the capacitance of the depletion of JFET region (Cy4) (Fig. 5.8. With high
drain bias, depletion width increases, C,q; dominates, while with more negative drain bias,
C,: dominates. C,, is a fitting parameter representing the oxide capacitance above Region

A.

Cors is the gate-to-source fringing capacitance with an option to include the slight
depletion of the source region near the gate at very low Vg, following [10].
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Figure 5.8: Voltage-dependent charge in the accumulation and JFET region versus Vpg.

Overall, different modules explained above are connected together to formulate the
equivalent circuit shown in Fig. 5.2. The model is capable of describing both planar
(Fig. 5.1 (a)) and trench (Fig. 5.1 (b)) structures by mapping the dimensions of the
corresponding basic module according to Fig. 5.2 (¢). A preliminary thermal subcircuit
(Fig. 5.2 (b)) is used to account for the internal (self) device heating and also allowing
thermal coupling from adjacent components to be defined at the netlist level. Further
additions to the thermal network can be easily done to account for different system-level
thermal and cooling capabilities by introducing separate thermal R-C network for different
regions of the device. Computational robustness, such as convergence, continuity, and
Gummel symmetry near zero drain bias, have been verified.

5.3 Extraction Flow

To get the calibrated physical compact model that can be used in circuit simulations,
an extraction flow is shown in Fig. 5.9. Required data (Ip — Vg, Ip — Vp,Qq,C — V)
and key parameters in certain modules to be extracted are listed for each step. WAVSiC
model inherits the advantage from MVS and MVSG that most parameters have clear
physical meanings (such as threshold voltage, mobility, saturation velocity, DIBL, etc).
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Modular formation of WAVSIC also allows the user to clearly link the specific regions in
the measurement results with parameters of certain modules. For example, I — V' curves
with lower Vgg/higher Vpg are dominated by the core transistor M;, while those with
higher Vs /lower Vpg are more influenced from the rest of the device; contribution from
different capacitance/charge terms in different regions of C'— V' data can also be traced.

From I;V: From IV, (Vps>0 and Vpg<0 ): From Qg: From CV:
On-state M;: Vrp, 1, Cg, Lower Vs Higher Vs Off- | Coverlap | G | Cogai
Vps > 0 [ M;: i, Cg, vsat, |Rpri,Rppo:p, E state P
ss(n) DS 1t e DRI 2DR2:e #ﬂ C Cpp: ¢j0, vesh0
: DIBL, thermal On- M.:C.. V- rss pp- Y,
Subthreshold | Dsw, Dj: irec, Pg, 2 . 1: g VTh —
e Vps < 0 | Dsw, Dy: ij, pg M), Ma: 4, Cg, Vrn state | Cpp: Cox | Coss | Cy, Csw: €i0

Figure 5.9: Summary of parameter extraction flow.

Step I: In terms of Ip — Vg curve, it is easy to extract the threshold voltage of the
core transistor My, together with its mobility and unit-area gate capacitance. For the sub-
threshold current, which is not shown in Figure 5.10, it is relevant to subthreshold slope
in M; and also reverse-recombination current parameters in two body diodes.

From I, Vg:

On-state M;: Vp, i, C
ss(n)

g

Subthreshold | Dsw, Dy: irec) Pgrec

Ves \4

Figure 5.10: Step I in parameter extraction for WAVSiC.

Step II: For Ip — Vp curve, if we first look at the 1%* quadrant behavior when Vpg is
positive, it can be separated into two regions (low Vgg and high Vgg). At low Vgg, the
core transistor M; dominates the overall on-state resistance, therefore mobility, unit-area
gate capacitance, velocity saturation parameters could be extracted for M;. At high Vg,
the two drift resistors will contribute more, so the slope is determined by resistivity and
maximum electric field for Rpgri, Rpre. At higher Vpg, short channel effects and thermal
effects related parameters could be extracted. Afterwards looking at the 3™ quadrant
behavior when Vpg is negative. It can also be separated into low/high Vs regions. When
Vas is low (e.g. 0V), the transistor is in off-state, current is due to the forward current
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of the two body diodes. When Vg is high (e.g. 10, 15V), the transistor is in on-state.
The transistor branch will contribute to the overall current, which is related to parameters
for My, Rpri, Rpre. When Vpg is larger up to several hundred volts (not shown in the
Figure), JFET and Accumulation region will block larger voltage drop. The current will
become more relevant to parameters of M, My .

°
From IV, (Vips>0 and Vpg<0 ): 10 Vgg =0,10,15
Lower Vg Higher Vg

Vps > 0 [ My: , Cg, vsat, |Rpg;,Rproip, Ec
DIBL, thermal

Vps < 0 | Dsw, D]: ij: Pg M]. Ma: i, Cg. V1n

°
-10 -8 -4 -2 0

Vos(V]

Figure 5.11: Step II in parameter extraction for WAVSiC.

Step III: The circuit schematic for simulating the Vggvs@Qqg is shown in Figure 5.12.
A constant current is applying to the gate and the transistor will switch on. During the
off-state, all the current will be charging Cy;. When Vig hits the miller plateau, the
current starts charging the miller capacitor C'op, then parameters related to C'pp could be

projected. It can also be used to validate if the Cy, V), parameters extracted before are
correct.

(@)

From Qg:
Oft- Coverlap
state

On- | M;:Cg, Vip
state | Cpp: Cox

0 5 20 25

10 15
Q¢[nC|
Figure 5.12: Step III in parameter extraction for WAV SiC.

Step IV: Lastly, The capacitance curve will help to determine the charge component
parameters. Cjg,, Cpss Which has already been extracted before. C,ss = Cyq 4+ Cgs, which
helps to determine the charge components for two body diodes.
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Figure 5.13: Step IV in parameter extraction for WAVSiC.

Several rounds of tuning might be needed to get a calibrated model covering all the
measurement data since lots of parameters appear several times in the complete parameter
extraction flow.

5.4 Results: Model vs Measurement

Following the parameter extraction flow summarized in Fig. 5.9, the model is fitted to the
measurement of a commercial 650V planar-gate SiC MOSFET. The model shows excellent
fit for 1" quadrant I-V at three temperatures - 25°, —40° and 175°. It takes the advantage
that most parameters in T-Module and D-Module have temperature coefficients. The
model also shows excellent fit for third-quadrant I-V and IpsVgs curve, shown in Figure
5.15.

(@)

40

Ips[A]
IoslA]

8 10 12

VDGS V]

Figure 5.14: Comparison between proposed model simulation results (solid lines) and de-
vice measurement results of a commercial 650V SiC power MOSFET (circles).
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Figure 5.15: Third quadrant current and IpsVas

Comparison between proposed model simulation results (solid lines) and device mea-
surement results of a commercial 650V SiC power MOSFET (circles). The proposed model
shows excellent match for Cj, Cpss, Crss, shown in Fig. 5.16.

Crss

0 200 400 600

Vps[V]

Figure 5.16: Capacitance fitting

Using the fitted model, gate charge simulation also matches well with the measurement
performed using the set up shown in Fig. 5.17. The transition and Miller plateau is
accurately captured.
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Qg[’nC]
Figure 5.17: Gate charge measurement schematic and Vg versus Qg

The key parameters used to generate the fitting in Figure 5.14, 5.15, 5.16 and 5.17
is shown in Figure 5.18 and 5.19. The diode parameters are not shown here, due to
the existing problem in modeling the third-quadrant IpVp curve when Vg is near the
threshold voltage. The body diode module still needs to be modified to accommodate the
Vas dependence.

M, M, | M
L [um] 0.5 0.1 1 Rpp1 Rpr2
Vrn [V] -4 -5 | -640 | | Wyt [pm] 10
Cg [F/m"2] 1.7e-2 5e-2 | 7e-4 a ] 45
SS[V/dec] | 0.12 32 | 03 p[Q-m] 2e-4 | 2e4
vy [m/s] les 1.2¢5 | 1e5 E¢ [V/m] 3e6 3e6
u [m?/(Vs)] 4e-3 4e-3 | Se-2

Figure 5.18: Key parameters for transistors and drift region resistors used to generate
fitting for 650V SiC MOSFET

The contribution of each region to total resistance Rpg is illustrated at different bias
conditions, matching expected trends and composition. The composition of the Rpg of
the 650V power MOSFET predicted by the proposed model with Vgg from 9 to 17V
and Vpg at 2V (solid shade, in linear region for ON resistance) and 10V (striped shade,
in/approaching saturation region). Rpg is contributed by channel region (purple), accu-
mulation and JFET regions (green), and other resistive regions including epi, substrate,
source/drain (grey). With relatively low Vg, the gated transistor M; contributes to most
of the resistance. When Vg increases, the resistance of the non-linear resistors in the epi
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Figure 5.19: Key parameters for diode charges and voltage-dependent Cpp used to generate

fitting for 650V SiC MOSFET
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Figure 5.20: Rpg contribution due to intrinsic transistor, accummulation, JFET, drift
resistor region for 650V SiC MOSFET

layers (Rpr1, Rpr2) increases due to velocity saturation. At higher Vg, the resistance due
to core is significantly higher due to current saturation, and the accumulation and JFET
regions is higher due to the depletion in the JFET region.

Double Pulse Test (DPT) is also fitted with the proposed model. Photo of DPT test
setup is shown in Fig. 5.21. The power loop consists of a DC power supply (Vpe), 10uF
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DC input capacitance (Cp¢), 5mH inductor (L), 1200V /10A free-wheeling diode (FWD),
and the 650V SiC MOSFET as device under test (DUT). The gate driver circuit is used
to generate +18V/-4V gate trigger signals. A 0.1 Q current shunt and a 1.0kV passive
voltage probe are used to capture the current and voltage waveforms.

Cpc ——

Figure 5.22: DPT circuit schematic

Circuit schematics shown in Fig. 5.22 is used to simulate the DPT test.

Comparison of model simulation results (line) with the measurement (circles) for voltage
and current through DUT. Good agreement has also been achieved with a DPT for both

voltage and current.

Zoom-in waveforms around 20us and 30us also show excellent fit for both hard turn-off
and hard turn-on conditions.
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Figure 5.23: DPT current and voltage up to 40 us

500 8
400 6
300 =
N = 4
"5 200 Q
Q N
= 100
0 0
100
19.9 20 20, 20.2 19.9 20 20.1 20.2
Time [ps] Time [ps]
500 2
400
15
300 =
= 5 ’
%200 ]
Q ~
> 100
0.5
0
-100 0
29.5 30 30.5 29.5 30 30.5
Time [ps] Time [ps]

Figure 5.24: Zoom-in waveform at turn-on and turn-off point.

To demonstrate the scalability, the model has also been fitted to a commercial 1200V
SiC MOSFET. Similar high quality has been achieved, with excellent agreement between
simulation and measurement for I-V, C-V, and gate charge (Fig. 5.25), including (a)
forward Ip —Vp (b) 3" quadrant Ip —Vp (c) Ip— Vg, (d) C-V, and (e) gate charge Qg, all
at 25°. The predicted contributions from different regions to the total resistance in linear
and saturation are shown in (f), following the same legend as Fig. 5.20 (h). The drift region
resistance contributes more to the overall on-state resistance since the drift region is longer
for 1200V device, which matches our expectation. This proves the accuracy and scalability
of the proposed model. With good scalability, the proposed physics-based model can also
serve as a useful tool for technology projection, benchmarking, and device optimization.
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Figure 5.25: Comparison between proposed model simulation results (solid lines) and de-
vice measurement results (circles) of a commercial 1200V SiC power MOSFET

5.5 Summary on SiC MOSFET Compact Model

WAVSIC is constructed with a balance of rich physics and user friendliness. It accounts
for comprehensive physical effects (e.g. voltage dependent capacitances, current/charge
from body diodes, temperature dependence, non-linear effects and short channel effects in
channel /JFET /epi regions, etc), and also shows excellent scalability, accuracy and com-
putational efficiency and robustness. The model and parameter extraction is easy to un-
derstand and use by the designers, given each module has a clear mapping to one of the
physical region and most of the model parameters also carry clear physical meanings.

With the modular approach, the model is flexible to adapt for different device structures
and processes. For regions outside of the channel (e.g. JFET, accumulation and epi
regions), proper physics are implemented to account for dependence on dimensions, bias,
and temperatures. Verilog-A code package has been developed for WAVSIC, compatible
with major circuit simulators (such as Spectre®, ADS®, and HSPICE®) and ready for
PDK implementation. As a candidate being considered for SiC industry standard model,
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the model has been implemented following CMC-recommended Verilog-A practice, with
proving computational robustness and efficiency. The model has been validated across
several mainstream circuit simulators and is ready for PDK integration.
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Chapter 6

Summary and future work

6.1 Conclusions

To facilitate the circuit simulation using GaN/SiC transistors with innovative device archi-
tectures, a coherent modular formulation approach is used to model a multi-channel SBD
and a SiC MOSFET. Since both T-Module and D-Module equations are from MVSG,
which is an industry-standard model by CMC, it inherits the advantages of the model’s ac-
curacy, completeness, scalability and computational robustness. The benefit also includes
that most parameters have clear physical meanings, such as threshold voltage, mobility,
saturation velocity and DIBL. It allows users to clearly link the specific regions in the
measurement results with parameters of certain modules. Parameter exaction flow are also
defined for both compact models.

In terms of the Multi-channel AlGaN/GaN SBD, T-Module is applied for the region
under the gate electrode and the RESURF region. D-Module is used for Schottky contact
between drain contact and all five channels, reverse-recombination current and channel
breakdown. Unique physical effects are captured through setting threshold voltage of
transistors in each channel to be the depletion voltage, reflected on the CV graph. Effective
gate voltage of transistor in each channel is set to be the minimum between applied voltage
and the threshold of the transistor above it in order to capture the charge screening effect.

In terms of SiC MOSFET, T-Module is used to describe the intrinsic core region with
inverted channel, accumulation region with loose gate control and vertical JFET region. D-
Module is used to describe the junction body diode and side-wall body diode to capture the
third-quadrant current behaviour and channel breakdown. Charge terms from body diode,
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including junction depletion charges and reverse-recovery charges are newly developed.
R-Module is also developed to take into account the bottom drift region.

With the understanding of the device strcuture and operation, parameter extraction
flow are developed for both models. Both models show excellent fit with measurement
results. The multi-channel SBD is validated via IV, CV, breakdown and show good scal-
ability with RESURF' length. It is also used as a tool for technology optimization and
scaling projections through simulations on (1) the impact of barrier/channel thickness on
device capacitance and (2) the effect of RESURF length on the Baliga Figure-of-Merit
(FoM) and area-scaling FoM. The SiC MOSFET is fitted to both a commercial 650V pla-
nar and a 1200V power device, both showing excellent agreement between simulation and
measurement, for IV, CV and gate charge. Good agreement has also been achieved with
a double-pulse test (DPT) for both voltage and current in hard turn-off and hard turn-on
conditions.

6.2 Future work

6.2.1 Multi-channel SBD Compact Model

Figure 6.1 illustrates the cross-section of a multi-channel transistor, where the Multi-
Channel section is the same as the SBD structure. The proposed multi-channel SBD
model could serve as the starting point with minimal adjustment such as separating source
and gate terminals, ohmic contacts on both source/drain ends and connecting a series
single-channel transistor. The cascading connection of another single-channel transistor
also enables E-mode operation.

FinFET structures is another popular candidate to further improve power devices per-
formance, with Figure 6.2 shown the cross-section of an n-channel Fin-MOSFET and Fin-
JFET. Modular formulation approach could also be used, where the region under each
fin-shape gate could be modeled as a gated-transistor or an implicitely-gated transistor
(JFET) with different parameters. This method is very similar when modeling the multi-
channel SBD. Unique physical effects such as self-heating and strain effects for FinFET
should be studied and accounted for in the new compact model.
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Figure 6.1: 3-D schematic of the AlGaN/GaN MC? — HEMT, fabricated in [25].
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Figure 6.2: Cross-section of an n-channel (a) Fin-MOSFET and (b) Fin-JFET. [19]

6.2.2 SiC MOSFET Compact Model

There are still several problems in the current SiC MOSFET model, firstly, the model has
a bad fitting for 3" quadrant behavior at low Vg , when the transistor (M) is in off-
state and the current is due to the forward current of two body diodes. Vg dependence
needs to be added to the body diode. Secondly, when plotting CopvsVpg in log scale,
the capacitance does not show a sharp drop at very low Vpg, which is clearly shown in
measurement. The charge formulations still need to be updated. Thirdly, in order for it to
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also model a p-type transistor, another parameter Type should be added, which will flip
the voltage. The body diode should be flipped under the p-type condition.

Besides the problems, existing in the current model, there are also lots of future direc-
tions that could be explored. Firstly, the model is able to account for both planar-gate
and trench-gate devices. However, only planar-gate devices fitting is demonstrated. The
trench-gate structure still needs to be verified using the current compact model.

Secondly, the proposed SiC MOSFET compact model is able to predict the composition
of the Rpg from gated transistor, non-linear resistors in the epi layers, accummulation and
JFET regions. If the model predicts the correct physical behavior, this voltage drop should
match the TCAD simulation results using the same dimensions. The TCAD simulation
could further verify the physics in the model. If the model is able to predict the physics
accurately and correctly, then it can serve as a useful tool for technology projection, bench-
marking, and device optimization. Besides having accurate fitting with measurement data,
it also helps the device-designers to further optimize/innovate on device-design using this
model as a tool. The model has physical parameters which can be changed to preview how
a modified device would look and how other device-metrics would change as a consequence.

Thirdly, lots of modules in the current model use empirical functions, which are sepa-
rated to the core transistor module, such as breakdown effect and drain-to-gate capacitance.
The breakdown voltage now is a fitting parameter and the current model could not predict
it. Semiconductor physics could be explored to also change those modules into physics-
based model. The trade-off is between accuracy, scalability and the computational efficient.
Including more physics equations will make the model more difficult to converge but greatly
enhance its physical meaning, which makes it useful as a projection/optimization tool for
device/circuit engineers.
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