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ABSTRACT

This thesis presents a methodology to simulate the forward and reverse characteristics of
realistic 4H-SiC pn junctions. The superior property of SiC and motivation of this work
are explained. The simulation models and parameters for forward and reverse
characteristics of realistic 4H-SiC pn junctions are reviewed. The physical bases behind
methodology of the simulation improvement are discussed. The extensive collection of
reported 4H-SiC pn junction diode data formed the basis of calibration of SYNOPSYS
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SUMMARY

Summary

The superior material properties of SiC such as high electric field strength, high
saturation drift velocity, and high thermal conductivity make SiC a very promising wide
band material in high power, high temperature and high frequency application area. The
unique feature of SiC, polytypism, is specially described and the motivation to choose the
polytype 4H-SiC for this work is explained. As the technology and research study in SiC
devices are progressing rapidly, a good simulation methodology to predict performance
of these devices will be very useful for the industry and researchers. A reasonably
accurate and predictive methodology to simulate the forward and reverse characteristics
of 4H-SiC pn junction diodes with varying doping concentration and junction depth has

been developed and presented in this thesis.

One main reason leading to the large mismatches of simulation results with reported
device characteristics is the immaturity of the fabrication process and the defects induced
by these processing techniques. The main process techniques for SiC pn junction diode,
such as bulk and epitaxial growth, ion implantation and annealing process, and the
defects caused are studied. Based on the study of the defects induced by each process, the
main defect affecting the SiC device performance is analyzed to be elementary screw

dislocation, which should be taken into consideration in simulation of SiC device.

There are two models should be specially incorporated in simulation of reverse state
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practical 4H-SiC pn junction diode, photogeneration and trap model. Photogeneration can
be applied to increase to carrier concentration at the pn junction at the beginning of the
simulation. Parameter Al can be used to adjust simulation current depending on 4H-SiC
doping concentration, substrate quality and fabrication environment. Another model is
TRAP model, which can take the influence of dislocations to the simulation into account.
The trap energy and density can be specified in the trap model. A collection of data of
reported 4H-SiC pn junction diodes of typical design are studied. An expression of trap
density as a function of drift layer thickness and doping concentration is obtained, which
is verified by applying the calculated trap densities to other reported 4H-SiC pn junction

diodes.

Models and parameters with physical values for simulation of forward conduction
characteristics of 4H-SiC pn junction diode are summarized. Two reported 4H-SiC pn
junction diodes are simulated by specifying the physical material parameters values. The
result shows that the forward characteristics of realistic 4H-SiC pn junction diodes can be
simulated in MEDICI by specified the parameters with material physical value and

without incorporating TRAP model.

At the end of thesis, it is considered that the physical mechanism of creating the defects
during fabrication process has not been studied in depth. Further study could be done on
this topic and incorporate this mechanisms into the simulation for its further

improvements.



CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Silicon carbide is a wide energy bandgap semiconductor material, which possesses a
combination of material and electrical parameters that make it advantageous for various
applications in the semiconductor industry. This introductory chapter will present the
material advantages of SiC and general review of current SiC devices. The motivation of

the work and the outline of this thesis will be presented as well.

1.1. Benefits of SIC Material in Power Devices

SiC has many superior physical properties such as high breakdown electric field, high
saturation drift velocity, and high thermal conductivity. These have made SiC a very
promising wide band material in high power, high temperature and high frequency
application area. Compared with other wide energy bandgap semiconductors, SiC has
great advantages because of rapidly maturing technology for single crystal substrates [1.1]

and the ability to form thermal SiO, on Si in a similar way with Si.
1.1.1. High power application

For power-device applications, the most important property of a semiconductor material
is the breakdown electric field strength. This property determines how high the largest
field in the material may be before material bulk breakdown takes place. Because of the

wide bandgap, the impact ionization energy is very high in SiC. This means that SiC can
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sustain very high field before onset of impact ionization. In Si, the critical electric field is
0.25 MeV/em [1.2]. For SiC, the critical electric field can be ten times higher than Si.
Hence the devices fabricated using SiC can have ten times higher breakdown voltage
than similar devices using Si that have the same drift region width. The exact breakdown
electric field marginally depends on the doping concentration and increases with

increasing doping in Si.

The second most important parameter besides critical electric field for power device
application is thermal conductivity of the material on which the devices are fabricated.
An increase in temperature usually leads to a change in the physical properties of the
device, which normally affects the device performance negatively. For example, the
carrier mobility decreases with increasing temperature reducing the device current.
Therefore, the heat generated through various resistive losses during operation must be
conducted away from the hot-spots in the device area to the package. The high thermal
conductivity of SiC allows high power density. The thermal conductivity of SiC is three
time higher than Si, which allows three times higher thermal flow to be accommodated
under the same temperature increase at the junction. Amazingly, the thermal conductivity
of SiC is higher than that of copper at room temperature and most of the metals at room

temperature [1.2].

1.1.2. High frequency application

From the description of section 1.1.1 to 1.1.3, the critical features for devices in SiC can
be made much smaller than those in Si for the same breakdown voltage. Therefore, the

device is faster, since the signal has a shorter distance to travel and reduction in features
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will also reduce various parasitic capacitances. The relative dielectric constant is also
lower for SiC than for most other semiconductor, which means that parasitic capacitances
will even be further reduced. However, for high frequency devices, the breakdown
electric field strength is not as important as the saturated drift velocity. The saturated
electron velocity in SiC is as twice as that of Si and GaAs. A high saturated drift velocity
is advantageous in order to obtain high channel currents for microwave devices.
Semi-insulating single crystal substrates are available in SiC like in GaAs which can

contain substrate losses in microwave applications.

1.1.3. High temperature application

In semiconductor, the bandgap energy is the minimum energy which is needed to excite
an electron from the valence band to the conduction band. Thermal energy through lattice
vibrations can create electron-hole pairs in the semiconductor even at room temperature.
If the temperature is high enough, thermally generated electron-hole pairs can exceed the
number of free carriers from the impurity doping. When this occurs, the material becomes
intrinsic and the devices fail, as there is no longer any p-n junction to block the voltages
because of the free carrier concentration increase. The threshold for this to occur is the
intrinsic temperature, where thermal generation is too high. Thus, the intrinsic
temperature depends on dopings. For high temperature devices, higher doping may be
used to raise the intrinsic temperature. Because of wide bandgap, SiC has a high intrinsic

temperature around 1000°C, which depends on polytype and doping. The SiC devices

will normally not reach such a high temperature as other failures, such as contact failure,

which will happen at much lower temperature.
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1.3. SiC polytypes

SiC has a unique feature, polytypism [1.3]. The polytypes are named according to the
periodicity of these layers and the overall symmetry of the crystal structure. Each bonded
Si-C bilayer can be situated in one of three possible positions with respect to the lattice.
These possible positions can be assigned by A, B, or C notation as shown in Figure 1-1.
Depending on the stacking order, the bonding between Si and C atoms in adjacent bilayer
planes has either a cubic or hexagonal symmetry. For example, one popular polytype
subject to extensive study is 4H-SiC, which is a hexagonal type lattice and has four Si +
C layers in one periodicity which will repeat afterwards, ABAC, ABAC,ABAC....... The

crystal structure of 3C-, 2H-, 4H- and 6H-SiC is also shown in Figure 1.

3C 2H 4H 6H

Figure 1-1. The crystal structure of 3C-, 2H-, 4H- and 6H-SiC

Of the numerous polytypes of SiC, initial work focused on 3C polytype due to the
superior transport properties. However, the technology for growing 3C-SiC bulk crystals

is not available and the material quality of 3C SiC heteroepitaxially grown on Si is poor.
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These make further advancement in 3C-SiC devices difficult. The availability and quality
of reproducible single crystal wafers in 4H- and 6H-SiC, make these polytypes the most
promising materials for the devices in some application area. The physical and electrical
properties for these three common polytypes and Si at room temperature are listed in

Table 1-1 for comparison.

In 4H-SiC, the carrier mobility is substantially higher compared to 6H SiC [1.4], which
make the 4H polytype to be the most suitable choice for most SiC electronic devices. In
addition, the inherent mobility anisotropy that degrades conduction parallel to the
crystallographic c-axis in 6H-SiC [1.4] makes 4H-SiC more favorable for vertical power
devices. The availability of higher mobility 4H-SiC single crystal substrate has largely
overshadowed the progress made in obtaining improved 3C-SiC heteroepitaxilly grown
on low-tilt-angle 6H-SiC substrates [1.5]. The higher mobility and more isotropic nature
of 4H-SiC properties compared to 6H-SiC has made 4H-SiC the polytype most popular in
the current device research activity. Therefore, the work in this thesis has been done on
4H-SiC polytype.

Table 1-1. Material properties of Si, 3C-SiC, 6H-SiC, and 4H-SiC at 300 K [1.2].

Property (unite) Si 3C-SiC | 6H-SiC | 4H-SiC
Dielectric constant 11.8 9.7 9.7 9.7
Energy bandgap(eV) 1.12 2.39 3.03 3
Critical Field (MV/cm) 0.3 1.5 32 3
Electron mobility (cm®/Vs) 1400 750 370 800
Hole mobility (cm™/Vs) 600 40 90 115
Electron saturation velocity (X 10”cm/s) 1 2.5 2 2
Thermal conductivity (W/cm K) 1.5 5 4.9 4.9
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1.3. SiC power devices

Generally, all SiC devices can be classified into two categories: Semi-conducting and
semi-insulating devices. The semi-conducting SiC power devices can also be categorized
into power rectifiers and power switches, while semi-insulating-based devices comprise
high power high frequency application devices, radio frequency transistors, as shown in

Figure 1-2.

seani-concheting semi-insvlating
SiC SHEC

Schcmk? blpﬁlﬂ'- wipola blpnlm.
dlﬁdﬂ wansistors twansistor

CDLCSI "= DE @ ED 68
[

Figure 1-2. Summary of the Silicon Carbide electronic devices.

RF
reains stoes

Many types of SiC power devices are still in the prototype demonstration phase while
some have demonstrated performance far superior to silicon. These devices, which have
demonstrated supereior performance, comprise the p-type intrinsic n-type (PiN) diodes,

the Schottky barrier diode (SBD), the merged PiN Schottky diode (MPS) operating with
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blocking voltages above 12 kV[1.6], the metal-oxide semiconductor field-effect
transistor (MOSFET) [1.7], the junction field-effect transistor (JFET), the bipolar
junction transistor (BJT) [1.8], the gate turn-off thyristor (GTO) with blocking ability
over 3 kV and switch frequency over 60 HZ [1.9], the metal-semiconductor field-effect
transistor (MESFET) and the static induction transistor (SIT) which demonstrate ultra
high frequency, power density and an associated power added efficiency (PAE) of
78% [1.10]. The best repeated SiC power device performance is listed in Table 1-2.

Table 1-2 Best reported high voltage SiC devices.

Device Polytype VB(:TSI;O(VS/) E;Blicmz) Group
Rectifiers

SBD 4H 4.9 48 Purdue [1.11,1.12]

PiN 4H 45 42 RPI[1.13]

PiN 4H 19.5 65 CREE [1.6]

JBS 4H 2.8 8 KTH-ABB [1.14]

MPS 4H 15 10 CREE [1.15]

Transistors

UMOSFET | 4H 5.05 105 Purdue [1.11]

UMOSFET | 4H 3.06 121 Purdue [1.11]

DMOSFET | 6H 1.8 46 SiCED [1.16]

DMOSFET 4H 2.4 42 CREE [1.17]

ACCUFET 4H 1.4 15.7 Purdue [1.11]

JFET 4H 5.5 218 CREE [1.18]

BJT 4H 1.8 10.8 CREE [1.8]

BIT 4H 0.5 50 Purdue [1.19]

GTO 4H 3.1 16.6 CREE [1.9]

1.4. Motivation for simulation improvements

Since the technology and research study in SiC devices are progressing rapidly, a good

simulation methodology to predict performance of these devices will be very important



CHAPTER 1. INTRODUCTION

and useful for the industry and researchers in this area. In principle, ideal SiC device can
be simulated in MEDICI [1.20], which is mostly used for Si device characteristics
simulation. Several models with their default parameters are available in the simulator
MEDICI. However, simulation of reverse characteristics of SiC pn junction using
MEDICI becomes challenging as the ideal equilibrium minority carrier concentrations in
SiC caused by wide bandgap are too low to yield meaningful minority carrier
concentration for calculation of the reverse characteristics in simulator. In addition, due
to the uncertainty of some parameters and high density of defects in SiC to be discussed
in Chapter 2, which are not incorporated in the default model at all, the disagreement of
simulation results with reported device characteristics [1.21] and reverse breakdown
voltage is extremely large, as shown in Figure 1-3. Some work has been done on the
simulation of 6H-SiC polytype [1.22] due to that most research activity were done for
this polytype at first, while little work has been done on 4H-SiC in this area. There are
more physical parameter measurement results available for 6H-SiC while there is less for
4H-SiC. In this thesis, the parameters with no conclusive measurement result will use Si

default value in simulation.
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1.E-06 ¢ —— Experimental data
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Figure 1-3. Comparison of reported experimental and simulation result of reverse
characteristics of 4H-SiC pn diode [1.21]. The large difference shows that the simulation
of practical SiC device needs improvement.

In this thesis, a reasonably accurate and predictive methodology to simulate 4H-SiC pn
junction diodes, applicable to a wide variety of 4H-SiC pn diodes with varying doping
concentration and junction depth will be introduced. This study will pave the way for
simulation of SiC MOSFETs and other devices in their conducting and blocking regions

of operation state.

1.5. Thesis outline

This thesis aims to present a thorough study on the improvement of simulation of
practical 4H-SiC pn junction diodes. It covers both the physical study and simulation of

practical 4H-SiC pn junction diodes containing defects. It is organized into six chapters,

as follows:

Chapter 1 introduces material advantages of SiC and reviews the current SiC devices.
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The motivation of the work is presented.

Chapter 2 presents the review of the process technology and theoretical analysis of the
defects induced by the fabrication process in practical 4H-SiC pn junction diodes, which

form the physical background for the work done in this thesis.

Chapter 3 describes and summarizes of the models and parameters for 4H-SiC device
simulation in MEDICI. The defects discussed in Chapter 2 will be modeled with the

models and parameters available in MEDICI.

Chapter 4 develops and verifies a reasonably accurate and predictive methodology to
simulate the reverse characteristics of practical 4H-SiC pn junction diodes with varying
doping concentration and junction depth, which will pave the way for simulation of SiC
MOSFETs and other devices in their reverse-bias state. The physical background for the

simulation methodology will also be discussed.

Chapter 5 develops and verifies a reasonably accurate and predictive methodology to
simulate the forward characteristics of practical 4H-SiC pn junction diodes with varying
doping concentration and junction depth. The physical background for the simulation

methodology will also be discussed.

Chapter 6 draws the conclusion of this work and suggests some recommendations for

future work.
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Chapter 2

Current process technology

Silicon carbide has shown superior trend in high power, high temperature and high
frequency application area since early 1950s. However, the fabricated devices show
large deviation from the ideal characteristics. Many devices are still in the prototype
demonstration phase. The main reasons are the immaturity of the fabrication process
and the various defects induced by these process techniques. In this chapter, the main
process technology for SiC material and the defects induced by these techniques are

reviewed.

2.1. SiC bulk growth technology
2.1.1. History of Bulk growth of SiC wafers

SiC was predicted by Shockley to replace Si semiconductor material in the early
1950s [2.1] because of its excellent material properties compared with Si.
Reproducible wafers of reasonable consistency, size and quality are a necessity for
commercial mass production of semiconductor electronic integrated circuit. However,
the difficulty in producing large-size SiC single crystal wafers had made it impossible
for SiC to even take over a small part of market from Si. Advanced SiC single crystal
growth technology developed in the 1980s has revitalized the research activity of SiC
electronic device. Now commercial availability of 2-, 3- and even 4-inch wafers have

made SiC technology a commercial reality.
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Many semiconductor materials can be melted and recrystallized into large
single-crystals with the assistance of a seed crystal in manufacturing silicon wafers.
This technology enables the mass-production of large size wafers. However, SiC
sublimes instead of melting under certain attainable pressures in the conventional
melt-growth techniques. Therefore, SiC can not be grown by the conventional

techniques, which held back the realization of SiC crystals for mass production

Prior to 1980, experimental SiC electronic devices were limited on the small,
irregularly shaped SiC crystal platelets grown as a by-product of the Acheson process
for manufacturing industrial abrasives [2.2] or by the Lely process [2.3]. In the Lely
process, SiC sublimes from polycrystalline SiC at temperatures near 2500°C and
randomly condenses on the walls of a cavity forming small-hexagonally shaped
platelets. The crucible in which this process takes place is shown in Figure 2-1. These
small, non-reproducible crystals provided the base for some basic SiC electronics
research activity. However, it is common that there are mixed polytypes within a
platelet. They were clearly not suitable for semiconductor mass production until the

late 1970s.
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SiC formed
in the process

graphite formed
in the process
original

SiC lumps

grown SiC
crystal plates

graphite crucible

Figure 2-1. A schematic of a crucible in Lely process for crystal growth

2.1.2. Seeded sublimation growth technology

The difficulty in controlling the polytypes in Lely process is overcomed in the seeded
sublimation growth or the modified Lely process by Tairov and Tsvetkov [2.4] in the
late 1970s. The seeded sublimation technique refers to heating polycrystalline SiC
source to sublime in a crucible similar to the one used by Lely process, and
subsequently condense onto a cooler SiC seed crystal. This technique produces single

crystal wafers for SiC successfully and is preferred for bulk crystal growth.

The typical equipment used for seeded sublimation growth consists of a water-cooled
quartz reactor enclosure, surrounding the graphite crucible, in which the process takes
place. The crucible is heated by radio frequency induction to about 1800~2400°C.
The volatile species of polycrystalline SiC source material will evaporate and
condense on the seed substrate. The seed can be arranged either to the lid of the

crucible by clamping or gluing, or to the bottom of the crucible, as shown in Figure
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2-2. The substrate forms a template for crystal growth, and a single crystal grows on

the substrate according to the template.

(b)

2100°C
SiC seed \—/
2000°C

@) »

growing
SiC _
SiC source
graphite graphite

crucible crucible

growing

993 45583 : sic
98483 \sﬁs@s‘ SiC source i

R
‘s SRR
?». st%h%’*f!

Figure 2-2. Cross section of crucibles for modified Lely process and typical

SiC seed

2000°C 2100°C

temperature profile. (a).Lid mounting of the seed. (b) Bottom mounting of the seed

2.1.3. Commercial SiC wafers

Of the numerous polytypes of SiC, initial work focused on 3C-SiC polytype. However,
it turns out the 3C-SiC single crystal wafer can only achieve poor quality while the
quality of reproducible single crystal wafers in 4H and 6H-SiC is very good, which

make these polytypes the most promising materials for SiC devices.

In 1989, Cree, Inc. became the first company to sell 25 mm diameter semiconductor
wafers of 4H- and 6H- SiC [2.5]. The development of the seeded sublimation growth
technique makes large and reproducible single crystal SiC wafers available, which
enables SiC electronics development to take place since 1990. Now in bulk growth of
4H- and 6H-SIC, the initial problems with inclusions of foreign polytypes are

basically solved, the doping concentration can be controlled over a wide range and the
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defect concentration is steadily decreasing, though more efforts are still needed for

further improvement of the defects density.

2.1.4. Bulk crystal defects

For cubic crystal like Silicon, three Miller indices, hkl, are used to describe directions
and planes in the crystal. These are integers with the same ratio as the reciprocals of
the intercepts with the x, y and z axes, respectively. For hexagonal crystal structures
such as 4H-SiC, four principal axes are commonly used: a;, a,, az and ¢, as shown in
Figure 2-3. Only three are needed to identify a plane or direction, since the sum of the
reciprocal intercepts with aj, a; and az is zero. For example, the three vectors a;, a,

and agare all in the plane (0001).

CA
az
a;
120°
as

Figure 2-3. Principal axes for hexagonal crystal
Despite of a major development effort on seeded sublimation growth, process
limitations still exist. These originate from the impurity and defect concentration in
the crystals, the non-uniformity within the crystal and the stress within the substrates.

The temperature distribution during the seeded sublimation growth should be
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homogeneous to reduce the thermal stress in the crystal. The level of impurities
determined by the purity of the ambient gas, of the source and of the crucible material

can be improved to a certain degree.

(c) Y
777777 2

o
T

T B, e

Figure 2-4. Possible defects a) Inclusion giving rise to a hollow core; b) Screw

dislocation c) Inclusion giving rise to two screw dislocations of opposite sign.

Possible defects induced by the bulk growth are shown in Figure 2-4. The low
stacking fault energy leads to the high probability of forming lattice defects and
inclusions of different polytypes. The inclusions will degrade the performance of the
device greatly. Therefore, polytype control is an important issue in one bulk growth.
This technology relates to control the small difference in formation energies between
the polytypes in SiC, and control that the (0001) lattice planes, on which most growth
is performed, do not contain the unwanted polytype. The exposed surface of the seed

and the growth conditions are usually more important parameters to control the
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polytype of the grown crystal, than the bulk polytype of the seed itself. Growth on the
(1100) or (1120) planes has also proven successful, as the polytype of the perfectly
matches the seed. This process also has the advantage that micropipes do not
propagate perpendicular to the c-axis, and hence the crystals are free from micropipes.
The main draw back is that the preferred (0001) oriented substrates must be cut
perpendicular to the boule, with a loss of material. Recently the density of polytype

inclusions has been greatly reduced to less than 5 cm™.

2.2. SiC epitaxial growth technology

2.2.1 General Epitaxial growth technology of SiC

Nowadays, several techniques for forming epitaxial layers in SiC are used, which are
vapor phase epitaxy, hot-wall epitaxy, sublimitation epitaxy, liquid-phase epitaxy,
molecular beam epitaxy, and chemical vapor deposition (CVD) [2.6]. Chemical vapor
deposition (CVD) is the only technique that is used for commercial applications of
SiC expitaxial growth for its merits of low-cost, reproducibility, high quality, and

suitability for mass production.

The principle of the CVD process is to transport reactive compounds (precursors) by a
carrier gas to a hot zone. Then the precursors will thermally decompose into atoms or
radicals of two or more atoms which may diffuse and solidify onto a substrate and
form an epitaxial film. The substrate is a piece of SiC single crystal in the desired

orientation, which is kept in a quartz tube, as shown in Figure 2-5. The tube is
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inductively heated with an RF coil to around 1450°C[2.7].

RF coil

Quartz
tube

O ﬂ> Susceptor with substrate
e
L

Figure 2-5. CVD setup for epitaxial growth of SiC [2.7].

Propane (C3Hs) is used as the source of Carbon, Silane (SiH,) is the source for Silicon,
and Methane (CH,) gas is used as the precursor for the reaction. At the given
temperature, these radicals disassociate and form a homoepitaxial film on the surface
of substrate on the graphite susceptor. This process continues until the desired

thickness of an expitaxial layer has been grown.

2.2.2 High temperature CVD (HTCVD)

Several different types of CVD exist. The CVD in cold wall reactor, which was most
commonly used in the past, is less frequently used and the CVD in hot wall reactor,
known as HTCVD, has replaced it. The hot wall reactors have become increasingly
popular due to the ability of obtaining high quality layer. This type of reactors made it
possible to grow very thick, low-doped layers of good morphology and high quality,
which are favorable for high voltage power devices. It also demonstrates a remarkably

high uniformity in both thickness and doping.
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In HTCVD, SiC CVD are carried out by heating SiC substrates in a chamber with
flowing gases containing silicon and carbon that decompose and deposit Si and C
onto the wafer allowing an epilayer to grow under well-controlled conditions.
Conventional SiC CVD epitaxial growth processes are carried out at temperatures
from 1450 to 1700 °C at about 0.1 to 1 atmosphere pressure, resulting in growth rates
in the order of a micrometer per hour [2.8]. Higher-temperature (up to 2000°C) SiC
CVD growth processes are being used to obtain higher SiC epilayer growth rates on

the order of hundreds of micrometers per hour [2.9].

2.2.3. Epilayer crystal defects

The SiC epilayer surface morphology is greatly improved as refined substrate
preparation and epilayer growth processes are developed. Many impurities and
crystallographic defects which exist in seeded sublimation grown SiC wafers do not
propagate into SiC epitaxial layers. Basal-plane dislocation loops from micropipes
and screw dislocations in seeded sublimation grown SiC wafers are generally not
observed in SiC epilayers. Unfortunately, however, screw dislocations (both
micropipes and elementary screw dislocations) which exist in commercial c-axis
wafers do replicate themselves along the crystallographic c-axis into SiC epilayers
grown on wafers [2.10]. Therefore, devices in commercial epilayers are still subject to
electrical performance and yield limitations induced by substrate screw dislocation

defects.
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Micropipes also known as hollow-core screw dislocation are major defects
detrimental to high field devices. They propagate parallel to the c-axis and generate
pipes through the SiC wafers. A device, which contains micropipes, shows glowing
microplasma around the micropipes when breakdown takes place at the micropipes
spot. And the breakdown voltage can be more than 50% lower than the bulk
avalanche breakdown voltage. In the past few years, the density of micropipes in SiC
wafers has been successfully reduced to less than 30 cm™. One-inch micropipe-free
wafers and 2-inch wafers with micropipe density as low as 1.1 cm™? have been

demonstrated [2.11].

Elementary screw dislocations, also known as close-core screw dislocations, are
formed from screw dislocations with a small Burgers vector. The difference between
elementary screw dislocations and micropipes is the core of the dislocations.
Elementary screw dislocations have closed cores while micropipes have hollow cores.
Elementary screw dislocations are reported as not as harmful as micropipes and
inclusion in terms of the influence on bulk avalanche breakdown. The breakdown
voltage reduction owing to elementary screw dislocations ranges from 10% to 30%.
Besides, breakdown caused by elementary screw dislocations does not permanently
damage devices. The density of elementary screw dislocations is several orders of
magnitude higher than that of micropipes and inclusions. The density typically ranges

from 10°cm™ to 10*cm™. Therefore, even though elementary screw dislocations are
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less harmful than micropipes, their density makes them the most detrimental defects

for SiC device today.

In addition, another defect at the moment subject to extensive study is the assumed
deep intrinsic defects that give semi insulating properties to SiC material. Normally
semi insulating properties can be obtained by introducing Vanadium. But in HTCVD
process, low doped and semi-insulating material can be obtained without intentional
introduction of deep impurities. The origin of the residual defects causing this is not
fully understood but the presence of deeper defect such as the Si vacancy and the
UD1 defect states has been observed using FTIR and PL spectroscopy. Some samples
with a dominating UD1 defect are thermally stable even up to a high annealing

temperature of 1600 C.

2.3. lon implantation and annealing in SiC

2.3.1 lon implantation in SiC

In semiconductor fabrication process, ion implantation is the key technology for
doping, especially for SiC. In SiC, thermal diffusion of the desired dopants is not
applicable because of their extremely low diffusivities at temperatures less than
1800°C, which makes ion-implantation the indispensable technique for selective area
doping of SiC devices. The technique of shooting ions into SiC crystals is similar to
the ion implantation used in other semiconductor processing. The difference is in

dopant activation and re-crystallization.
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In SiC, ion implantation is usually carried out at elevated temperatures (~500 to
1000°C) using a patterned high-temperature mask. The elevated temperature during
implantation promotes some lattice self-healing during the implantation. After the
irradiation with ions, the implanted atoms have occupied predominantly interstitial
lattice sites. These interstitial atoms do not affect the electrical material properties as
long as they are not part of more complicated defects. Silicon and carbon atoms are
kicked out from their lattice positions. The kicked out silicon and carbon atoms reside

mostly on interstitial lattice sites and leave vacant lattice places behind.

2.3.2. Defects induced by lon implantation

The ion implantation will lead to the generation of damage destroying the crystal
structure of SiC. The damage includes point defects caused by single collision
cascades at low ion doses and complete amorphization at high enough doses. The
postimplant annealing is necessary to restore the crystal structure and electrically

activate the implanted dopants by positioning them to substitutional sites in the lattice.

In addition, the irradiation will create an intrinsic defect with associated bound
excitons in the near bandgap region can sometimes also be seen in as-grown material.
These defects have hole attractive potentials and are temperature stable, which are

hard to be removed during annealing.
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2.3.3. Annealing

To activate implanted atoms and reduce the induced damage, a thermal annealing step
at a temperature of 1600 °C follows the irradiation step, which allows the
re-crystallisation of the material. The interstitial doping atoms will compete with
interstitial silicon and carbon for free lattice point. The atoms ending up at lattice
points become electrically active. Impurities consisting of isolated dopant atoms,

intrinsic defect centers and complexes of both are generated.

2.3.4. Defects induced by annealing

The knowledge of annealing SiC is still limited and high level of defects still exist in
the annealed SiC material, which make the annealing process still a scientific

challenge. The issues are illustrated (but not limited to) as the following:

a) SiC is a dense and stable material with a short bond length (about 1.9A) and a
high binding energy, as the atomic density is about twice that of Si. As a result,
intrinsic point defects in SiC are anticipated to be more stable, exhibiting a high
thermal stability.

b) In addition to interstitial configuration, implanted atoms can occupy either Si- or
C-sites and substitutional placement on the correct position to act as shallow
dopants is not as easy as in Si. And there are nonequivalent lattice sites of either
cubic or hexagonal symmetry in the different polytypes.

c) For common dopants Al, B, N, and P, high-temperature post-implant annealing
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d)

(1400-1800°C) is required to reach a reasonable amount of electrical activation.
At such temperatures, preferential evaporation of Si occurs and the surface
morphology deteriorates, which limits the maximum annealing temperature that
is used to repair the lattice damage and position the implant atoms into the
electrically active substitutional lattice positions. To minimize some of these
problems, different concepts have been applied, such as effective encapsulants
(primarily AIN) for protection of the SiC surface [2.12] and annealing in
CVD-reactors using Si overpressure. These concepts appear to be quite effective,
at least up to 1700°C.

During recrystallization of amorphous layers polytype transitions can happen,
which may cause dopant redistribution and deactivation. The polytype
transformation is in itself useful and can be used to obtain unstrained
heterostructures. However, it will be difficult in restoring the lattice quality back
to the original level, if the implanted lattice damage is of near-amorphous level.
Therefore, for optimized electrical activation of the dopants during implantation
annealing in SiC, it is advantageous to suppress amorphization by performing the

ion implantation at elevated temperatures.

Although a substantial part of the damage induced by implantation can be removed by

1200 °C annealing, annealing at temperatures higher than 1500°C should be

performed because of the high bonding strength of the SiC lattice in order to achieve

reasonable electrical activation. At such elevated temperature the SiC crystal surface
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may decompose due to selective out-diffusion of Si from the SiC material. Hence
some method to allow high temperature annealing of SiC implants while suppressing
the out-diffusion of Si from the surface is needed. In addition, higher annealing
temperatures also cause extended defects, such as dislocation loops, similar to the end
of range defects seen in implanted and annealed Si. This imposes further limits on the

annealing temperature.

2.4 Summary

In this chapter, the main reason that the disagreements of simulation results with
reported device characteristics are quite large is identified as the immaturity of the
fabrication process and the defects induced by these process techniques. The main
process techniques for SiC pn junction diode is studied in this chapter, such as bulk
and epitaxial growth, ion implantation and annealing process. Defects induced by
these techniques are analyzed in details. Based on the study of the defects most likely
to be induced by each process, the main defect affecting the SiC device performance

is analyzed to be elementary screw dislocation.
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Chapter 3

Models and Parameters for 4H-SiC Electrostatic Simulation

Numerical device modeling and simulation is a necessary tool for analyzing and
developing semiconductor devices. This chapter will introduce the models and
parameters for 4H-SiC device simulation. It will start with a brief introduction of
MEDICI. Secondly, reviews of models in simulator and recently published material
parameters of 4H-SiC applicable to MEDICI will be elaborated. Finally, the defects
discussed in Chapter 2 will be modeled with the models and parameters available in

MEDICI.

3.1 Introduction of MEDICI

Simulation tools help device community to gain an increased understanding of the
device operation and provide the ability to predict electrical characteristics and
behavior of the device. With the help of simulation tools, a better structure will be
designed, device performance will be estimated, worst case analysis will be
performed, and device parameters will be optimized to yield the best device
performance. The increased availability of low-cost, high performance computing has
made simulation widely used by device designer. To simulate semiconductor devices,

MEDICI is commonly used as a two-dimensional (2D) simulation tool.
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MEDICI is a widely used device simulation program. It can be used to simulate the
behavior of MOS and bipolar transistors and other semiconductor devices. MEDICI
models the two-dimensional (2D) distributions of potential and carrier concentrations
in a device. And it can be used to predict electrical characteristics for arbitrary bias
conditions. The program solves Poisson’s equation and both the electron and hole
current continuity equations in general semiconductor devices such as diodes and
bipolar transistors and also the effects in which the current flow involves both carriers.
MEDICI also analyzes unipolar devices, in which current flow is dominated by a

single carrier, such as MOSFETs and JFETS.

MEDICI analyzes the device by solving numerically the following five basic
equations:
¢ Poisson’s equation, which will govern the electrical behavior of semiconductor
devices:
Vi =—q(p-n+Nj—N;)-p, 3.1)

¢ Continuity equations for electrons and holes, which will also govern electrical

behavior:

@zlvjn_(Un_Gn):Fn(l//,n,p) (3.2)
ot ¢

0 1o =

EpzaV-Jp—(Up—Gp):Fp(t//,n,p) (3.3)

¢ Boltzmann transport theory, from which jn and J ,in (3.2) and (3.3) can be

written as:
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J, =—qu,nV, (3.4)

J, =—qu,pVe, (3.5)

Alternatively, J_ and jp in (3.2) and (3.3) can be written in functions ofy

nand p, with drift and diffusion components:

J, =—qunE, +qD,Vn (3.6)

J, =-qu,pE, +qD,Vp (3.7)
where pand nare hole and electron concentrations respectively, NS and N, are
the ionized donor and accepter concentrations respectively, ¢ is the dielectric
permittivity, y is the intrinsic Fermi potential, p, is a surface charge density that
may be present due to fixed charge in insulating materials or charged interface states,

— —

J, and J are vectors of the electron and hole current density respectively, U, and
U, are the electron and hole recombination rates respectively, 4, and ., are the
electron and hole mobilities respectively, ¢, and ¢, are the electron and hole

quasi-Fermi potentials respectively, and D, and D, are the electron and hole

diffusivities respectively.

MEDICI uses the finite element method to solve the five basic device equations.
According to the finite element method, the simulated device is discretized into
simulation grids. The five basic device equations are solved on these simulation grids.
This discretization process yields a set of coupled nonlinear algebraic equations which
are to be calculated for a number of grid points with the different potentials and

free-carrier concentrations.
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This set of coupled nonlinear algebraic equations must be solved by a nonlinear
iteration method. Two iteration methods, Gummel’s and Newton’s method are
available in MEDICI. No matter which iteration method is used, the solutions will be
carried out over the entire grid until a self-consistent potential () and free-carrier
concentrations (n, p) are achieved. Once the potentials () and free-carrier
concentrations (n, p) have been calculated at a given bias, it is possible to obtain the
quasi-Fermi levels (¢) and the hole and electron currents (J, and jp) from (3.4) —
(3.5). This is how MEDICI basically simulates the device operation and obtains the

data about the characteristics of the device.

The physical models and parameters used in MEDICI are critical for the results of
device simulations. A number of physical models are incorporated in MEDICI for
device simulations according to the characteristics of the semiconductor materials,
such as lifetime, generation, recombination, photogeneration, impact ionization,
energy bandgap narrowing, trap and mobility. Moreover, MEDICI also supports a
number of semiconductor materials including SiC besides the most commonly used

material Si.

All models and material parameters can be checked out in MEDICI manual and
modified through statements in the input file for a specified region. The quantitative

simulation of a device relies heavily on applicable device models and the values of the
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parameters. For Si, better models and reasonably accurate parameters are available in
MEDICI. For SiC, although several models with their default parameters are available
in MEDICI, some of their default parameters do not provide realistic characteristics of
SiC because of the limitation of the research progress; especially SiC material has
many polytypes, resulting difference parameter values. This thesis will introduce
some of the improvements for better realistic simulation of SiC device by adjusting
the parameters and incorporating new models, which will be elaborated in chapter 4
and 5. Before embarking on the exercise of parameter changes, the physical models
and parameter available for SiC will be summarized in the following sections so that

the approach will be clear and complete.

3.2 Intrinsic Carrier Concentration and Energy Bandgap

In semiconductors, the electron and hole concentrations are defined by Fermi-Dirac
distributions and a parabolic density of states. When these are integrated, we can get:
n=N.F(,) (3.8)
p=N,F(,) (3.9)
Based on above equations, the intrinsic carrier concentration can be obtained:

N (T) = /NN, e =" (3.10)
Where N.andN, are calculated by

3
2

Ne (T) = N, (300) x (;ﬁ) (3.11)

3
2

N, (T) = N, (300) x (;ﬁ) (3.12)
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N.(300) and N, (300) are specified as NC300 and NV300 in MEDICI
(user-specified parameters in MEDICI are written in capital and bold letters in this
thesis), which can be modified from the default values through the material statement
for different materials. From default values of MEDICI, NC300 and NV300 are 1.23
X 10" cm™ and 4.58 X 10"%cm™ respectively, which can be used for 4H-SiC

simulation.

E,is the band gap energy of the semiconductor, that is,E, = E. —E, . Energy
bandgap of 4H-SiC has been measured by absorption [3.1]. The value can be set as
3.26eV at 300K, which shows good agreement with the previous data in [3.2]. To
simulate 4H-SiC device, EG. MODEL on Material statement should be specified to
be 1, which means the following expression is chosen to calculate temperature
dependency of the energy bandgap in MEDICI:

300°  T?
300+4 T+

E, (T) = E, (300) + & x ( ) (3.13)

For 4H-SiC simulation, E(300) (EG300, Bandgap energy at 300K) can be set as
3.26eV. aand f (EGALPH and EGBETA) are formula constants, which are
4.59x10™ eV/K and 530 K for 4H-SiC, instead of the default value 4.73x10™* eV/K
and 636 K, respectively. The intrinsic carrier concentration as a function of

temperature for 4H-SiC and Si are shown in Figure 3-1.
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| AH SIC)

Intrinsic carrier concentration, i (cm™ )

00O/ Temperature (K

Figure 3-1. Intrinsic carrier concentration for 4H SiC and Si VS Temperature [3.3].

Usually at high doping levels, the interaction between carriers and overlap of the
electron wave functions will affect the value of energy bandgap [3.4] greatly.
Bandgap narrowing effects due to heavy doping are included as spatial variations in
the intrinsic concentration [3.5], which leads to the change of the electric field in the
transportation of carriers due to intrinsic Fermi potential. MEDICI takes the bandgap

narrowing effect into account as follows:

VE :VO 'q[ln Nigar (X, y)+ (In N e (X, y))2+C] (3.14)
g 2kT NO NO
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N (X, y) = n; exp(VE,) (3.15)

V,, N, and C (VO.BGN, NO.BGN, and CON.BGN) are constant parameters,
which can be adjusted from the default values in MEDICI. In the simulation of
4H-SiC semiconductor device, the default value in MEDICI will be used. VO.BGN,

NO.BGN, and CON.BGN are 9x10°V, 1.0x10"" cm™ and 0.5, respectively.

3.3 Carrier Mobility

In semiconductor device, the theoretical 1-V characteristics strongly depend on

physical mobility models and velocity saturation models. The carrier mobilities

u,and u, account for the various scattering mechanisms and effects in carrier
transport. The carrier mobilities x, and x, are a function of the total doping
concentration, the temperature, and the magnitude of electric fields. Lattice scattering
(acoustic phonons) and ionized impurity scattering, together with anisotropic
scattering [3.6], are the most important mechanisms which will limit the mean free
path of carriers at low electric fields in SiC [3.7, 3.8, 3.9 ]. Since free carrier mobility
is affected greatly by the value of electric field, the mobility model in MEDICI is

composed by low field and high field mobility components.
3.3.1 Low field mobility

For low field mobility, concentration and temperature dependent empirical mobility
functions for silicon given by the Caughey-Thomas equation [3.10] can be selected

for simulating 4H-SiC material. At room temperature, these are given by the

-33-



CHAPTER 3. MODELS AND PARAMETERS FOR 4H-SIC SIMULATION

expressions:

:umax,n - :umin,n
/UOn = /umin,n + N (316)
1_|_( total )an
Nref,n
Hmax,p ~ Hmin,
/UOp = /umin,p + F;\I : (317)
1+( total \Z%p
N

ref,p

where N is the local total impurity concentration, The parameters s .. .

total

and ..., (MUN.MAX and MUP.MAX) are the mobilities of undoped or

unintentionally doped samples, where lattice scattering is the main scattering

mechanism, while g, .and g, .(MUN.MIN and MUP.MIN) are the mobilities in

highly doped material, where ionized impurity scattering is dominant. The parameters

N and N (NREFN and NREFP) are the doping concentrations at which the

ref ,n ref ,p

mobility is between .. and ., . The parameters «, and «,(ALPHAN and
ALPHAP) are the measure of how quickly the mobilities switch from .. and z,,;, .
This analytic mobility model can be specified with the ANALYTIC parameter on the
MODELS statement. For 4H-SiC simulation, the values for these parameters are
summarized in Table 3-1. The data are coming from Medici Technical support, which
are universally used parameters for 4H-SiC simulations to date, summarized and
updated by Japanese researchers. Currently different experiment data are obtained for
one parameter, this data list has chosen the best result from these data and is

applicable to 4H-SiC simulations.
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Table 3-1. Parameters of low field mobility for 4H-SiC at 300K.

Parameters Values for 4H-SiC
MUN.MAX 947.0 cm?/Vs
MUP.MAX 124.0 cm*/Vs
MUN.MIN 0.0 cm?/Vs
MUP.MAX 15.9 cm’/Vs
NREFN 1.94x10" cm®
NREFP 1.76 10" cm®
ALPHAN 0.61

ALPHAP 0.34

3.3.2 High field mobility

When the electric field is high enough, the carrier velocity will be no longer
proportional to the field, and thus no longer can be described by a field independent
mobility. Field-dependent mobility model is developed to account for carrier heating
and velocity saturation effects. The saturated drift velocity is a consequence of
scattering mechanisms such as optical phonon scattering, phonon dispersion, phonon
absorption as well as emission, and the energy band non-parabolicity [3.11]. The high
field mobility model is based on the low field mobility model with further extensions

to take the high field effects into account.

The high field mobility model is given in an analytical expression as a function of the

saturation velocity and electric field in the direction of current flow. The expression is

as follows:
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v (E)

u(E) = =

(3.18)

The effect of parallel field on the low drift electron mobility model as described in
(3.16) and (3.17) can be expressed as following equations, which are used for

modeling the mobility field dependence of Si [3.10]:

Hsn

Hy = — (3.19)
HsnB s 15
1+(————)"]™
[ (Vsat,n) ]
Hs,
1, = SEP 1 (3.20)
/uS,p Bo1Bp
1+ ()"
L+ ()"

sat, p

where ug and ug , are the low field mobilities which may include the scattering

mechanisms, V and V.,  (VSATN and VSATP) are the saturation velocities,

sat,n sat, p

and g,and 8, (BETAN and BETAP) are constants that influence how quickly the

velocity rises up to saturation. E is the electrical field parallel to the current flow.

The knowledge about the high-field mobility of SiC is still limited. The only
experimental result was published by Khan and Cooper [3.12, 3.13]. They measured
the drift velocity (n-doped at about 10*” cm™) was measured as a function of electric
field in 4H-SIiC epilayers. All experimental results are referring to a current flow
perpendicular to the c-axis. The parameters used for 4H-SiC simulation are shown in

Table 3-2 and Figure 3-2.
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Table 3-2. Parameters of high field mobility for 4H-SiC at 300K and 593K [3.3]

Parameters Values for 4H-SiC at 300K | Values for 4H-SiC at 593K
Hs 450 cm?/V's 130 cm?/V/s
VSATN 2.2X10" cm/s 1.6 cm/s
BETAN 1.2 2.2
Us, 450 cm?/V/s 130 cm?/Vs
VSATP 2.2 10" cm/s 1.6X10"cm/s
BETAP 1.2 2.2
1085 L
o
)
v
=
O
p
=
O
o
[«}]
=
10° 10° 10° 108
Field (V/icm)

Figure 3-2. Drift velocity of electron in 4H SiC as functions of the applied field [3.3]

3.3.3 Anisotropy in Mobility

In 4H-SIC polytype, the carrier transport properties exhibit an anisotropic behavior
with regard to crystallographic orientation. In the wafer fabrication, 4H-SiC substrates
are usually cut perpendicular or offset a few degrees to the c-axis of the crystal.

Therefore, one should be aware that the carrier mobility is either perpendicular to the
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c-axis (in direction of the basal of the crystal) or parallel to the c-axis, depending on

the device structure and operation.

Experimental measurements of the electron mobility anisotropy in N-type 4H-SiC
using the Hall Effect and through MC calculations have been studied in [3.14,

3.15,3.16]. These studies show an agreement of a ratio value of 1,0, / #4001 =0.83

for 4H-SIiC, which is temperature independent [3.12].

In (3.19) and (3.20), the high field mobility model shows the dependence of carrier
mobility on the component of electric field in the direction of the current flow. Due to
anisotropy of 4H-SiC material, the effects caused by anisotropy to the mobility should
be included in the device modeling. In MEDICI, the so-called Anisotropic Material
Advanced Application Module (AM-AAM) can be used to account for the anisotropy

nature in 4H-SiC materials. To model the anisotropic mobility, the expression is given

as.
0 0 u@® 0 0
o= 0 O = o O ()0 (3.21)
0 0w, 0 0 03
u, 0 0 w@® 0 0
o= 0y, O =g o 0 1,20 (3.22)
0 0, 0 VTN €)
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Because the studied mention above are all done on N-type 4H-SiC, no available
experimental data is available for the hole anisotropic mobility, the default values of

which will be used in simulation. To simulate of 4H-SiC, u, (1), «,(2)and 4, (3)

(MU.N(1), MU.N(2) and MU.N(3)) are set to be 0.83,1 and 0.83, respectively.

3.4 Generation and Recombination

MEDICI models generation and recombination processes within the quasi-static
approximation according to various physical mechanisms. All the models to be
explained in this part evaluate the recombination rate. The rates will be summed to
obtain the overall recombination rate for the corresponding carrier type. Both eternal
optical generation and the band-to-band processes induced by defects can account for
auger recombination and impact ionization. When the overall rates are positive, they
refer to recombination, and when they are negative, they refer to generation.

The overall recombination rate is:

=U_ =Ugy +U, . +Uy (3.23)
SRH dir

Auger

3.4.1 Shockley-Read-Hall Recombination

The Shockley-Read-Hall (SRH) rate [3.17] is obtained from the balance equation for
each generation-recombination center within the quasi-static approximation. The
characteristics of each generation-recombination center vary with different process
technology. Therefore, there are several quantities like the effective electron and hole

lifetimes, which give rise to one effective single-level SRH rate:

-39-



CHAPTER 3. MODELS AND PARAMETERS FOR 4H-SIC SIMULATION

— _2
PN~ e (3.24)

trap

USRH = E
+ +n. ex
] z-n[p ie p kT

Etrap
n+n. ex
Toln o+ expe o

The parameter E.. (ETRAP) represents the difference between the trap energy

trap
level and the intrinsic Fermi level:

E,. =E, —E,

(3.25)

trap

In (3.24), n, is the effective intrinsic concentration. 7, andz are the electron and

hole lifetimes, which may be concentration dependent.

Ton N ioral N total

= A, +B, () +C ()" (3.26)
Tn NSRH n NSRH n

A -I-B ( total ) C ( total ) P (327)
Tp N sr P N srr P

The default values of A|,B,,C ,E , A,,B,,C andE in MEDICI can reduce (3.26)

and (3.27) into

z-On
r = (3.28)
total /NSRH n
Z-Op
ro= (3.29)
P 1+NtotaI/NSRH,p

For simulation of 4H-SiC, the default values for Si are used. z,, and z,,(TAUNO

and TAUPO) are both 107s. Nezn» @and Nggy , (NSRHN and NSRHP) are both 5

X 10" cm.
3.4.2 Auger Recombination

The Auger process, which only happens at high carrier concentrations, involves three

particles. The Auger recombination rate is proportional to the concentrations of the
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respective reaction partners [3.18] as follows:

U suger = (NCayqn (T) + PCayq » (M) (PN 1) (3.26)
where C,,..(T)and C,, ,(T)are the Auger coefficient of electrons and holes:
Cruga (1) = A () (3.27)
Augn 300 '
T \o,
CAug.p(T)=Ap(%) (3.28)

The values of the parameters in (3.28) have no available experimental results for
4H-SiC. Therefore, in the simulation of 4H-SIiC device, the default values of these

parameters for Si will be used.

3.4.3 Impact ionization

To understand of SiC power devices breakdown characteristics, it is important to have
a clear understanding of impact ionization. Impact ionization is one of the most
important factors which determines the maximum voltage that a device will sustain.
The impact ionization can be considered as the reverse process to the Auger
recombination [3.4]. A new electron-hole pair is generated by the impact of a high
energy hole or electron on an electron in the valence band. The knocked out electron
will generate more new electron-hole pair after being accelerated in a high electric
field. Impact ionization is a non-equilibrium process which requires high electric

fields.

The probability that electrons or holes will create electron-hole pairs is given by the

product of impact ionization rate and the electron/hole concentration. The maximum
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electric field and the breakdown voltage are determined by the impact-ionization rate
for electron-hole pairs. Therefore, impact ionization rates are the key parameters to

estimate the blocking ability of a power semiconductor device.

A first approximation of the breakdown voltage as function of doping was derived for
various materials [3.19]. However, the result of critical field by putting SiC band gap
into this approximation is much lower than it actually is [3.20]. Early report on
measurements of the breakdown voltage as function of the doping and temperature for
4H-SIiC was published by Palmour et al, who indicated negative temperature

coefficient for breakdown in SiC [3.21].

However, more recent publication by Raghunathan et al indicated positive
temperature and lower coefficients using the pulsed electron beam induced current
(P-EBIC) technique [3.22]. Besides experimental problems, the deviations of the
results might be caused by the presence of defects in the material. The experimental
results for the ionization coefficient from Raghunathan et al measurements will be
discussed in detail later in Chapter 4. Here the parameters set for simulation will be

briefly addressed.

MEDICI can perform impact ionization analysis in two ways: post-processing method
and self-consistent method. The generation rate for electron-hole pair due to impact

ionization in both ways can be expressed as:
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L
q

p (3.29)

p,ii

o]

where J and J_ are the electron and hole current densities, and a,; anda,; are
the electron and hole ionization coefficient, which can be express in terms of the

electric field as:

Ecr_i_t
A, = N.IONIZAexp[—(%) BN (3.30)

n

crit
ay; = P.IONIZAexp[—(EL‘") EXP1 (3.31)

p

where E, and E jare the effective driving fields for electrons and holes. In MEDICI

default simulation, the critical fields can be expressed as

ot E,(T.%) (3.32)
T a4,(T)

ot E,(T.%) (3.33)
T a4,(T)

If ECN.II and ECP.11 are specified, the critical field will be assigned with these
values without the calculation of (3.32) and (3.33). To simulate 4H-SiC device, the

parameters specified for the impact ionization model are listed in Table 3-3.
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Table 3-3. Parameters of impact ionization model for 4H-SiC

Parameters Values for 4H-SiC
N.IONIZA 1.66x10° cm™
P.IONIZA 3.25%X10% cm™
ECN.1I 1.273X 10" V/cm
ECP.II 1.71X10" V/cm
EXN.II 1
EXP.1I 1.568

3.4.4 photogeneration

In MEDICI, photogeneration model allows the simulation of the steady-state or
time-dependent injection of electrons and holes into the device. The generation rate of
photogeneration, which will apply to the continuity equation, depends on length,

radial distance and time.

G, (,1,1),G,(I,r,t) = L) x R(r)x T ) (3.34)

The time dependence represents how the photogeneration will change with time. It
can assume one of the four functional forms, Gaussian, delta or uniform in equation

(3.35).
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{7

Gaussian
T \/;erfc(— _lT_Oj
TM={ 5t-T) Delta (3.35)
1 Uniform

The radial dependence represents the distribution of generated carrier concentration in

horizontal direction. R is the characteristic radius of generated carrier

char

concentration.

R 0
exp[—( R r )2] char ~
R(r) = char (3.36)
1 R 0

char ~
The length dependence represents the distribution of generated carrier concentration
in vertical direction, which has the following forms:

L()=A + A, xI+ A, xexp(A, x1) +K[C, x(C, +C,x )% + L, (N] (3.37)
Parameters A, A,, A;and A, (Al, A2, A3, and A4) can be used to describe the length
dependence of the photogeneration rate. If carriers generated are defined to be of
constant length dependence, parameters A2, A3, and A4 which represent linear,
pre-exponential and exponential length dependence of charge generation separately,
are equal to zero. The value of parameter Al, which represents uniform carrier
generation everywhere, will determine the carrier generation rate of photogeneration,

and thus increase the carrier concentration in a device to which photogeneration is
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applied.

In the simulation of SiC pn junction, there is the no breakdown problem for reverse
simulation due to the low intrinsic carrier concentration at room temperature caused
by the wide bandgap. When the simulator has to cope with the majority carrier
concentration on the order of 10"®%cm™ and a minority carrier concentration of less
than 10%cm™, the numerical accuracy is not sufficient, and it is hard to get a accurate
result. To solve this problem, photogeneration can be applied to increase the carrier
concentration at the pn junction at the beginning of the simulation. This approach is to

be explained in detail in chapter 4.

3.5 Trap Model

In MEDICI, the Trapped Charge Advanced Application Module (TC-AAM) allows
the simulation of semiconductor devices containing traps. The TC-AAM allows the
analysis of important carrier trapping and de-trapping mechanisms within

semiconductor materials.

To analyze traps, the energy bandgap is divided in up to 50 discrete energy levelsE, .

Then, recombination and trapping processes in the semiconductor device are analyzed

at each trap energy level.

For recombination, the Shockley-Read-Hall (SRH) model is used. Trapping processes
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is also modeled using SRH model.

U= pn - N (3.38)
i z-pi[n+nti]+z-ni[p+pti] l
E,
n, =M, exp ﬁ /Dy (3.39)
E,
P, =N exp —k—T' /D, (3.40)

r, and z,, the carrier lifetimes for electrons and holes, are defined respectively as a
function of bandgap energy. Their values can be calculated from the parameters
TAUN and TAUP on the TRAPS statement. The parameter D, (DGEN) accounts
for degeneracy effects. The trap energy level E, is specified relative to the intrinsic
Fermi level. The effects of recombination including tunneling are also included for

each trap energy level.

The following expression shows the trap occupation function for electron traps, where

f has a maximum value of 1, indicating a completely full trap:

Tpin-+’Z'ni pti

- (3.38)
o (N4n)+7, (P+Pp,)

Poisson equation, the self-consistent solution of the standard device equation, is
modified to include the number of electrons that are trapped.

Vi =—q(p-n+Ny =Ny =D N, f)—p, (3.39)
where  is the intrinsic fermi potential. NJ and N, are the ionized impurity

concentrations. p, is a surface charge density that may be present due to fixed
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charge in insulating materials or charged interface states. N, is the total nhumber of
traps for the ith energy level. N, is obtained from the N.-TOTAL parameter on the
TRAPS statement and is also a function of energy and position. If the trap state is
specified as CHARGED, then the following form of the Poisson equation should be

used instead of (3.39).

&V =—a(p-n+ N =N, = > N, (f; -1) - p, (3.40)

If an electron trap level is specified to be charged, then an empty trap has a positive
charge. If the electron trap is filled by an electron, then the positive charge of the trap
will be compensated by the negative charge of the electron, and the net charge of the
trap will become zero. If a hole trap level is specified as charged, then an empty trap
has a negative charge. If the charged hole trap is filled by a hole, then the positive
charge of the hole cancels the negative charge of the trap, and the net charge of the

trap will become zero.

Because all of the defects discussed in chapter 2 will create traps in the bandgap, traps
will be incorporated, to include the effect of the defects to the 4H-SiC pn junction, in
the simulation work of this thesis. The trap energy and density can be specified in the
trap model, which will be discussed in detail in chapter 5. Thus the simulation results
are able to reflect the influence of defects on practical SiC device and the simulations

of current practical SiC device are improved.
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3.6 Summary

In this chapter, models of 2D numerical device modeling tool MEDICI are introduced
for 4H-SiC device simulation. The physical models and parameters used in MEDICI
are elaborated, such as generation, recombination, photogeneration, impact ionization,
trap and mobility. Parameters available for 4H-SiC have been summarized in the each
section. Two models should be specially incorporated in simulation of practical
4H-SIC pn junction diode, photogeneration and trap model. Photogeneration can be
applied to increase the carrier concentration at the pn junction at the beginning of the
simulation. Trap model will enable the simulation results to reflect the influence of

defects on practical SiC device.
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Chapter 4

Realistic Simulation of Reverse Characteristics of 4H-SiC pn

Junction Diode

Due to the superior property of high critical field, about one order of magnitude higher
than that of Si, SiC becomes a major candidate for high power device. A good simulation
methodology to predict performance of these devices will be very useful for the industry
and researchers in this area. In this chapter, a reasonably accurate and predictive
methodology to simulate the reverse characteristics of 4H-SiC pn junction diodes with
varying doping concentration and junction depth will be introduced. This study will pave
the way for simulation of SiC MOSFETs and other devices in their forward- and

reverse-bias state.

4.1 Reverse blocking ability and impact ionization in 4H-SIiC pn

junction

In order to fully understand the reverse characteristics of silicon carbide, it is necessary to
investigate its impact ionization process and avalanche multiplications. Impact ionization
is one of the most important factors which determines the maximum voltage that a device

will sustain.

The impact ionization can be taken as the reverse process to the Auger recombination. A
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new electron-hole pair is generated by the impact of a high energy hole or electron on an
electron in the valence band. The electron will be knocked out, and generate more new
electron-hole pair after being accelerated in a high electric field. Impact ionization is a

non-equilibrium process which requires high electric fields.

The probability that electrons or holes will create electron-hole pairs is given by the
product of impact ionization rate and the electron/hole concentration. The maximum
electric field and the breakdown voltage are determined by the impact-ionization rate for
electron-hole pairs. Therefore, impact ionization rates are the key parameters to estimate
the blocking ability of a power semiconductor device. The theoretical quantitative

calculation of reverse characteristics of 4H-SiC is now discussed as follows.

4.1.1. Basic equations

=
o
=
1

1 n+
1
(a)
E .
Emax
0 L X
(b)

Figure 4-1: Electric field for normal p-i-n diode under reverse bias
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In a pt+/n- junction of power device, the ability to block current flow at high voltages is
obtained by supporting the voltage across the pn junction with revere bias. It can sustain
high voltage without undergoing catastrophic avalanche breakdown. Consider a normal

parallel-plane, abrupt, p-i-n diode with a reverse bias of V, applied. The electric field

plot for this p+/n- junction under reverse bias is shown in Figure 4-1. The Poisson’s
equation in the n-region is given by:

d*V._ dE_ Q) _aN,

=
dx dx Esic Esic

4.1)

Where Q(X) is charge in the depletion region due to the presence of ionized donors, &g
is the permittivity of the silicon carbide, q is the electron charge, and N is the donor

concentration on the doped n-region. An integration of (4.1) with the boundary condition
that the electric field must decrease to zero at the edge (W) of the depletion region leads

to a solution for the electric field distribution:

£ =INo w —x) = E, —kx (4.2)
SiC

wherek = qN—D )
Esic

An integration of the electric field through the depletion region with the boundary

condition that the potential is zero in the p+ region leads to the potential distribution:

V=T nix- 2 (43)

Esic

The potential in the depletion region varies from 0 in the p.region to V, at the edge of

the depletion region.
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W = P‘;ilcva (4.4)
D

The maximum electric field occurs at x=0 for the abrupt junction:

E_ - |20NpVy @.5)
Esic

4.1.2. Multiplication coefficient M and breakdown criteria

Avalanche breakdown occurs when the total number of electron-hole pairs generated
within the depletion region approaches infinity, which also means the multiplication
coefficient M goes to infinity. The following equations show the derivation of the

calculations for avalanche breakdown in semiconductor pn junctions.

The variation of the electron current in the depletion region can be written as

%=an(X)Jn(X)+ap(X)Jp(X)+qG(X) (4.6)

Where q is value of the electronic charge, and G(x) is the generation rate of electron-hole
pairs by absorbed photons at position x in the depletion region.

The variation of the hole current is given by

A3,

=a,(X)J,(X) +a,(X)J ,(X)+9G(X) (4.7)
dx

The total current J is the sum of the electron and hole currents. Under DC conditions,

3 =3,00+J,(X)=CONSTANT (4.10)
Then,
% — [z, (X) - a2, ()13, (X) + @, ()3 + GG (X) @.11)
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dJ, (%)

i =[a,(X) =, ()N, (X) =, (X)J —qG(X) (4.12)

These expressions can be solved by using the integrating factor:

expl-|, (@, —,)dX 1=exp[-p(x) ] (4.13)

And integrating from x=0 to W, the total current can be obtained:

5 J,(W)+J,(0)exp[p(W)]+qexp[pW)] f:v G(x) exp[—p(x)]dx

1- L:N a, exp[—I;N (e, —ax,)dx Jdx G190
J_ S exp-p)1+3,(0)+0]; GO expl-p(1K s
1—jOW at, expl- | (e, — e, )dX Jdx
From (4.11) and (4.12), respectively.
The equivalence of (4.14) and (4.15) can be demonstrated by
—jow (e, ~a,)expl-] (e, ~ar,)dX Jdx = exp[—jow (@, —a,)dx 11 (4.16)

If the space-charge generation is taken as zero and hole injection at x=W and electron
injection at x=0 are considered separately, the multiplication factors for electrons and
holes can be obtained from (4.14) and (4.15).

3 exp[—_[:v (a, —a,)dx ] ~ 1
4,0 - I;N a, exp[.[;N (a, —a,)dx]dx 1 I:l a, exp[—joX (e, —x,)dx 1dx

(4.15)

n

_ J _ 1 _ exp[_I:V (an _ap)dx ]
JW) - L;N a, eXp[—j:v (e, — )X Jdx I—I:V a, exp[—.[ox(an —a,)dx Jdx

p

(4.16)

When an avalanche breakdown happens, multiplication factors M approach infinity.
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Therefore, the criteria for avalanche breakdown in pn junction can be determined when

the following two equations come into existence:

j;N a, exp[—joX (a,—a, ydx Jdx =1 (4.17)

jow o, expl jw (@, —a,)dx Jdx =1 (4.18)

4.1.3. Breakdown voltages and critical fields in 4H-SiC

Those effective impact ionization integral above can not be employed in 4H-SiC because

the hole impact ionization coefficient «is much higher than the electron impact
ionization coefficiente, in the broad region of electric field [4.1].Therefore, ¢, can be

set aso «,, in whichd is considerably small constant such as 0.05. The accurate hole

p>
impact ionization coefficient as a function of temperature has been obtained
experimentally in the form of « =aexp(-b/E(X)), and variation of impact ionization
coefficients has been measured as a function of temperature for 4H-SiC by

R.Raghunathan and B.J.Baliga [3.22]. Typical data are shown in Figure 4-2. The hole

impact ionization coefficient varies with temperature as given below:

a =(6.3*10°—1.07*10*T)e ' "10"/E (4.19)
p
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Figure 4-2. Hole impact ionization coefficients for 4H-SiC

Under room temperature, insert T=300K into (19) to obtain:
7 4-1.79*10" /E
a,=0.325*10"e (4.20)

However, this form is not appropriate for ionization integral due to the exponential term
including electric field. It is useful to use power law for the variation of the impact
ionization coefficients with electric field similar to that suggested by Fulop [4.2] for

silicon. The sixth order approximation of the impact ionization coefficient is:

a,=R E° (4.21)

(4.20) can be reformed by fitting into the form of (4.21):

a, =1.03*¥10°E° (4.22)

The original exponential form and the sixth order approximation are plotted as Figure 4-3,

which shows the two forms fit well and the reformation is an effective way for further

calculation.
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Figure 4-3. Two forms of hole impact ionization coefficients for 4H-SiC at 300K

By inserting (4.2) into (4.21), then inserting (4.21) into (4.18), the expression of critical

field and depletion width can be obtained:

1 1

7Ind &gc RN’

E. = [5 1( ) ] (4.23)
TInd  &qc 6 R o
=[ 5o 1( )] (4.24)

The breakdown voltage can also be obtained as following:

TS ege o2 = -
vBD:w*EC/z:[F(%)zyR N, 7 (4.25)

Where & =0.05.

Then the critical field can be calculated and expressed by:

E, =1.69*%10*N"’ (4.26)
The breakdown voltage can be expressed by:

Vg, =7.67%10" N7 (4.27)

where N is the impurity concentration of the drift region.
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Another theoretical dependence for hole ionization rates was proposed by Thornber [4.3]:

Ei
eF A(eFA/3E, +1)

a, =eE—|%exp[— ] (4.28)

For electrons, a modified form of (4.28) was used for breakdown condition derivation,
which retains only the high-field asympthotics:

eE E

e Pl egny /3E,

a ] (4.29)

n

Konstantinov et al. [2] provided E'=7eV, Ef =10eV, 4, =3.25nm, 4,=2.99nm, E,=0.12¢V

for 4H-SiC by photomultiplication measurements. By taken the data into (4.29), the hole

and electron impact ionization coefficients can be expressed as followings:

E 1

o =—exp(— 4.30

P ( 4.2*10’14E2+0.46*10’7E) (4.30)
E 0.4*%10"

a. =—exXpl————— 4.31

"= 10 pl £ ] (4.31)

The hole and electron impact ionization coefficients at room temperature are plotted as
Figure 4-4, which shows the hole impact ionization coefficient is much higher than

electron impact ionization coefficient.
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Figure 4-4. Hole and electron impact ionization coefficients for 4H-SiC at 300K

The form of (4.30) and (4.31) is not appropriate for ionization integral due to the

exponential term including electric field. They can be modified into polynomial by curve

fitting:
a, =3*10"E*—0.0917E +70977 (4.32)
a, =2*10"E*-0.0873E +114176 (4.33)
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Figure 4-5.Impact ionization coefficients and their poly form for 4H-SiC at 300K

With (4.18), (4.32) and (4.33), the breakdown voltages and fields can be calculated

numerically. Theoretical dependence for critical field and breakdown voltage can be
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achieved through the curve fitting.

The critical field can be obtained as following expression:

% 6
£ 249710 (434)

N
1.2-0.1335log(—
og(loé)

The power-law approximation for breakdown voltage is as following expression, which

has been plotted in Figure 4-6:
Vo =1976.6 ”‘(l)"o'76 (4.35)
BD — * 1016 *
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Figure 4-6. Breakdown field VS doping concentration in 4H-SiC

4.2 Challenge and consideration in simulation of reverse characteristics

of SiC pn junction in MEDICI

The above calculations of the breakdown voltage, critical field, and depletion width can
be used as useful tools in SiC power device field and refer only to defect free bulk
material. Simulation tool MEDICI simulates the ideal device characteristics of SiC device
by incorporating these calculation models for ideal devices by default. However, in real

devices, avalanche breakdown may take place earlier than the defect free SiC device.
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Therefore, MEDICI, which has only incorporated model for defect free material by

default, can not predict the characteristics of the practical devices with defects.

The low intrinsic carrier concentration at room temperature caused by the wide bandgap
raises one difficulty in the SiC device simulation in MEDICI, the reverse voltage no
breakdown problem. When the simulator has to deal with the majority carrier
concentration on the order of 10'®cm™ and a minority carrier concentration of less than
10"¥em™, the numerical accuracy is not enough. In addition, ideal minority carrier
concentrations in SiC are too low to give meaningful calculation of impact ionization

rates, which will make the simulation hard to converge.

Another one is, due to the uncertainty of some parameters and the high density, the
mismatches of simulation results with reported device characteristics such as reverse
breakdown voltage are extremely large, taking the data extracted from [4.4] for example,
as shown in Figure 1-3. This problem will be solved by the methodology discussed in the

following section.

4.3 Simulation methodology of breakdown voltage of 4H-SIiC pn

junction diode

4.3.1 Physical analysis

The simulation can not reflect the characteristics of practical 4H-SiC pn junction diode
mainly because of the high density of defects in practical 4H-SiC pn junction diode.

Therefore, the physical characteristics of the main defects which influence the
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performance of 4H-SiC pn junction diode should be analyzed.

The common defects in SiC epi-layers can be classified into two types: surface defects
and crystal defects [4.5]. The surface defects, such as small growth pits and scratches,
mainly affect the Schottky junction devices. There are mainly three types of crystal defect
detrimental to pn junctions which have been identified, namely, micropipes, inclusions,
and elementary screw dislocations. Figure 4-7 shows the top view and cross section of

the common SiC epilayer defects that may affect the breakdown voltage.

Top View
‘a Closed Core <]
Screw Dislocation 1 T
| | |
Triangular Small Growth Pit
i 3C Inclusion !
+ v ;
— - Ll Ll
/ SIC Epilayer
SiC Substrate
Side View

Figure 4-7. The schematic diagram of some common SiC epilayer defects[4.6]

Among these three defects, micropipes have been studied in more research activities.
Micropipes are the major defect detrimental to the breakdown of SiC junction. Owing to
the low stacking fault energy, SiC is also prone to inclusions of different polytypes. As

has been introduced in Chapter 2, although the breakdown voltage reduced by these two
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kinds of defect can be 50% or lower than the ideal bulk avalanche breakdown, their
densities have been reduced to less than lem™ and 5cm™ [4.5], respectively. Hence the

focus turns to the study of elementary screw dislocations.

Dislocation deserves more consideration because of its stability determined by its
structure and its influence on the bulk material of 4H-SiC. Screw dislocation is very
common in many processes, especially in the crystal growth, mentioned in Chapter 2.
Higher annealing temperatures after implantation also cause dislocation loops. The screw
step of dislocation leads to smooth deformation in the lattice along a spiral path. In
describing dislocations, a very important parameter, the Burgers vector b, is used to
describe the state of slip that generates a dislocation. It specifies the direction and
distance by which atoms in one plane have moved from the atoms in another place.
Burger vector is defined as a closure failure arising in a cycle surrounding the dislocation.
A spiral ramp of a screw dislocation with the mark of the Burger vector is shown in
Figure 4-8 and Figure 4-9. Elementary screw dislocations, known as close-core screw
dislocations, are formed from screw dislocations with a small Burgers vector. They have

closed cores in contrast to the hollow cores of micropipes.
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Figure 4-8. Spiral ramp of a screw dislocation with Burger vector b [4.7]

Figure 4-9. Model of ideal screw dislocation.[4.7]

Elementary screw dislocations are not as harmful as micropipes and inclusions to bulk
avalanche breakdown. The breakdown voltage reduction owing to elementary screw
dislocations ranges from 10% to 30% compared to the ideal breakdown voltage. However,

the density of elementary screw dislocations is several orders of magnitude higher than
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that of micropipes and inclusions, ranging from 10° cm? to 10*cm™ [4.5]. This high

density makes them the most detrimental defects for 4H-SiC pn junction diode.

The impact of the elementary screw dislocations on the electrical characteristics of SiC
devices containing such defects is analyzed as follows. It has been reported that the
variation of SiC diode reverse characteristics is determined primarily by the enhanced
impact ionization process due to the dislocation defects [4.8]. The presence of
dislocations leads to the creation of states within the band gap due to the crystallographic
mismatch between two adjacent atoms. Charge trapping at these sites modifies the
internal electric field. Since the impact ionization rates are exponentially dependent on
the distribution of the electric field, such changes in the electric field under a certain
reverse bias voltage can dramatically influence the device breakdown voltage and
leakage current. The modified breakdown voltage due to this mechanism should depend
on the energy levels and density of the states. The state levels of dislocations are reported

in [4.9] to be at (Ec - 0.3 eV) and (Ey+ 0.4 eV).

One other important defect subject to extensive study is deep intrinsic defects that cause
semi insulating properties to SiC. Normally semi insulating properties can be obtained by
introducing Vanadium. But in HTCVD process, low doped and semi-insulating material
can be obtained without intentional introduction of deep impurities. The origin of the
residual defects causing this is not fully understood. However, the presence of deeper
defect such as the Si vacancy and the UD1 defect states has been observed using FTIR
and PL spectroscopy. Samples with a dominating UD1 defect is thermally stable up to

annealing temperatures of 1600 C.
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In addition, the irradiation during ion implantation will create an intrinsic defect with
associated bound excitons in the near bandgap region, which has also been subject to
extensive study and can sometimes also be seen in as-grown material. These defects are
temperature stable and have hole attractive potentials, which are hard to be removed

during annealing.

The influence of the defect to avalanche breakdown, other than the defects discussed
above, has not been identified. However, Zheng et al. [4. 8] has reported that deep traps
introduced by other defects may also influence the breakdown voltage. The higher the

trap density is, the lower the breakdown voltage will be.

In summary, the various defects in 4H-SiC pn junction diode can influence the
breakdown voltage substantially. The main defects which are influencing the breakdown
voltage of the 4H-SiC pn junction diode are the dislocations and some deep traps created
by some other defects. As the trap levels created by other defect is uncertain and the trap
levels created by dislocations has been known already, in the simulation work of this

thesis, only the trap levels of the dislocation will be considered and incorporated.

4.3.2 Simulation methodology

To simulate the practical 4H-SiC pn junction diode, the simulations of this work take the
existence of all the defects into account by using model TRAP in MEDICI. To analyze

traps, recombination and trapping processes are analyzed at each trap energy level in
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MEDICI. For recombination, the Shockley-Read-Hall (SRH) model is used. Trapping
process is also modeled using SRH model. The following expression is the trap
occupation function for electron traps, where f has a maximum value of 1, indicating
completely filled traps:

Tpi|’1+2'ni pti

", (n+n)+7, (P+P,)

(4.36)

Poisson equation, normally used in the self-consistent solution of the standard device

equation, is modified to include the number of electrons that are trapped.

&’y =-q(p-n+Ny =N, - > N, f)-p, (4.37)

where i is the intrinsic fermi potential. pand nare hole and electron concentrations,
respectively. NJ and N, are the ionized impurity concentrations. p, is a surface

charge density that may be present due to fixed charge in insulating materials or charged
interface states. N, is the total number of traps for the ith energy level. N, is
calculated from the N.TOTAL parameter on the TRAP statement and is also a function

of energy and position. If the trap state is specified as CHARGED, then the following

form of the Poisson equation is used.

&V =—a(p—n+Ng =N, =3 N, (f,-1)-p, (4.38)

Because all the defects discussed above will create traps in the bandgap, this work will
incorporate these as traps in the simulation. The trap energy identified in [4.9] for

dislocations, which is the main factor influencing the breakdown voltage, will be
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considered and density can be adjusted by adjusting the charged trap density parameter
N.TOTAL in TRAP model. Thus the simulation results are able to reflect the influence

of defects on practical SiC device.

Since most of the defects occur during growth and implantation, defect density should be
a function of the parameters associated with these processes. According to the physical
analysis of defects above, we can assume that the trap density created by defects is
related to drift layer concentration and thickness. Higher concentration of implantation
will lead to a larger defect density. Thicker drift layer will increase the implantation dose,
depth and energy, which will lead to a larger defect density. Moreover, the thicker the
drift layer is, the longer time it is exposed to high temperature in HTCVD when
fabricating the original wafer, which will also lead to larger defects density. Therefore, a
linear expression for trap density (cm™) is assumed as:

D, =axN+BxW (4.39)

trap

where N (cm™) is the drift layer concentration, and W (um) is the thickness of drift layer.

a and S should account for parameters of trap density induced by implantation. S

should account for parameters of intrinsic trap density induced during growth. The value

of these parameters will be empirically obtained by simulation and curve fitting.

A collection of data of reported 4H-SiC pn junction diodes [4.11-4.14] of typical design
are studied. The breakdown voltage reductions of these diodes are 30% ~ 50% lower
compared to theoretical prediction. The simulations of these reported 4H-SiC diodes were

done by including the TRAP statement in MEDICI and adjusting the charged trap
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density parameter N.-TOTAL to match the reported breakdown voltage. The dislocation
levels are at Ec - 0.3eV and Ey+ 0.4 eV [4.9]. The influence range of one dislocation can
reach a diameter of 50um [4.10]. So in the simulation the trap model is applied for the

whole region of a device.

As mentioned in the last section, ideal minority carrier concentrations in SiC are too low
to give meaningful calculation of impact ionization rates. Therefore, photogeneration is
added at pn junction to emulate higher carrier concentration in reverse characteristics
simulation. Here we set Al in photogeneration model to be 10% of the doping
concentration of the drift layer. Simulated breakdown voltage will not be affected when
Al is limited to the range between 1x10"*cm™ and 1x10"®cm™. The changes of simulated
breakdown voltage of diode [4.11, 4.14] with the changes of trap density and temperature
are shown in Figure 4-10 and Figure 4-11 for low doping and high doping. The points in
the following figures represent breakdown results of different trap density, and the lines

are obtained by curve fitting to show the trend of the change.
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Figure 4-10. Breakdown voltage of 4H-SiC pn junction diodes [4.11] vs. Trap density.
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Figure 4-11. Breakdown voltage of 4H-SiC pn junction diodes [4.14] vs. Trap density.

Simulation results of trap density are summarized in the Table 4-1.

Table 4-1. Reported data of 4H-SiC pn junction diodes and simulation result with
adjusted trap density

Drift-Layer
Concentration
(cm™) and
Thickness(pm)

2x10"[4.11] 150
4x10"[4.121 60
1.6x10"[4.13] 35
1x10'[4.14] 22

Reported
breakdown
Voltage(V)

10000
8300
3600
300

Simulated  Simulated

breakdown breakdown

voltage voltage
without traps (V)
traps (V)

19710 10011
9006.6 8299.8
5040.1 3598.5
316.6 299.1

with

Adjusted
Trap
Density by
Simulation
(cm?)
1.258x10"
0.5x10"
0.735x10"

0.08x10"

The data in Table 4-1 are used for curving fitting in Matlab. They can be fitted into the

linear expression (4.39) for trap density very well. The unknown parameters in (4.39) can

be obtained. The expression for trap density is given by

D, =0.06675xN +0.89x10" xW

trap
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where N (cm™) is the drift layer concentration of the 4H-SiC pn junction diodes, and W

(um) is the thickness of drift layer.

To verify the above expression, a set of new experimental results of the 4H-SiC pn
junction diodes [17-20] are extracted and listed below. The simulation of these diodes
with traps will show whether (4.40) can be applied to the general simulation of other
4H-SiC pn junction diodes. The trap densities calculated from (4.40) were applied to the
4H-SiC pn junction diodes reported in [17-20] in the simulation trap model. Other
parameters for trap model remain the same. The simulation results of breakdown voltages

are compared to reported data, as shown in Table 4-2.

Table 4-2. Verification for simulation result

n-Layer Concentration Reported Trap Simulated Simulated
(cm™) and breakdown Density breakdown breakdown
Thickness(pm) Voltage(V) (cm™)  voltage without voltage (V)
traps (V)
2x10"4.15] 100 8600 14272 8.9432x 10'¢ 9710.7
3x10"°[4.16] 35 3500 3953.9  3.1497x 10 3346
9.3x10"[4.17] 13 1267 1682.1  1.2245x10'¢ 1294 .4
1.3x 10'7[4.18] 2 280 270.7 1.0466x 10'®  270.5

The breakdown voltages simulated without applying trap models are also obtained, which
show large difference with the data reported. The differences between simulated
breakdown voltages with trap density calculated by (4.40) and reported data are much
smaller. It should be noted that the default MEDICI simulations are reasonably accurate
for device with small drift layer thickness indicating marginal role played by traps as

expected. This confirms that to realistically simulate the 4H-SiC pn junction diodes
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nowadays, trap model should be incorporated in Medici and (4.40) can be used to set the

trap density.

4.4 Simulation methodology of reverse current in 4H-SiC pn junction

diode

4.4.1 Physical analysis

In SiC, the intrinsic carrier concentration at room temperature is quite low caused by the
wide bandgap, shown in Figure 3-1. This causes one difficulty in the SiC device
simulation in MEDICI, the reverse voltage no breakdown problem. When the simulator
has to cope with the majority carrier concentration on the order of 10"%c¢m™ and a
minority carrier concentration of less than 10'®cm™, the numerical accuracy is not
enough. In addition, ideal minority carrier concentrations in SiC are too low to give
meaningful calculation of impact ionization rates, which will make the simulation hard to
converge. One way to solve this problem is to conduct simulation by adding
photogeneration at 4H-SiC pn junction to artificially increase minority carrier

concentration and remove it once the avalanche condition has been achieved

4.4.2 Simulation methodology

In MEDICI, photogeneration model allows the steady-state or time-dependent injection
of electrons and holes into the device. The generation rate of photogeneration depends on

length, radial distance and time as in (3.34).

The time dependence represents how the photogeneration will change with time. It may
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be one of the four terms, Gaussian, delta, uniform or pulse. Here, we leave it to be default
uniform, for the simulation is in steady state. In this case,

T(t)=1 (4.42)

The radial dependence represents the distribution of generated carrier concentration in

horizontal direction.

r2
R(r) = eXP[‘l(ﬁ) ] zzg (4.43)

The characteristic radial distance R of charge generation can be defined as zero, which
means the generated carrier concentration does not change with the radial distance and is

specially uniform.

The length dependence represents the distribution of generated carrier concentration in

vertical direction as in (3.37).

Parameters Al, A2, A3, and A4 in the expression can be used to describe the length
dependence of the photogeneration rate. We can define carriers generated in the
simulation to be of constant length dependence. In this case, parameters A2, A3, and A4
are equal to zero. The value of parameter Al, which represents uniform carrier generation
everywhere, can determine the carrier generation rate of photogeneration, and thus

increase the carrier concentration in a device to which photogeneration is applied.
According to the study by simulation, Al should be high enough to overcome MEDICI
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noise level and at the same time should not mask the breakdown phenomena. When Al is

3

set in a range between 1x10”cm™ and 1x10'%cm™, simulation results of breakdown

voltage should not be affected by the photogeneration added.

In the simulation of the practical 4H-SiC pn junction at reverse bias here,
photogeneration is added at pn junction to emulate higher carrier concentration. The
change of parameter Al in photogenration model of MEDICI will affect the carrier
concentration and thus the leakage current at reverse bias voltage. The influence of Al to
the leakage current of a 4H-SiC pn junction diode [4.19] is shown in Figure 4-12.
Experimental work in [4.19, 4.20, and 4.21] reported 4H-SiC pn junction diodes with
reverse current characteristics. Hence, we fit leakage current curves from [4.19, 4.20]
through simulation by adjusting the Al parameter. The value of reverse current is rather
small, which make it hard to measure the value precisely. And the value can be affected
by various factors, such as dopings, defects, and fabrication techniques. Thus, we only fit

the reported curves approximately with adjusted parameter Al.
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Figure 4-12. Influence of A1 to reverse current

4.4.2 Simulation result and verification

Simulated leakage current curves with adjusted Al to fit reported curves are shown in
Figure 4-13 and Figure 4-14. The Al value set for diode [4.19] with drift layer
concentration 9.7x10"”cm™ is 2x10" cm™. The Al value set for diode [4.20] with drift

-3

layer concentration 3x10°cm™ is 1x10'* cm™. As mentioned above, simulated

breakdown voltage will keep constant when Al is limited in the range between

1x10"”cm™ and 1x10"cm™. According to these data, the value of Al can be optimized to

be about 10% of drift layer doping concentration.
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Figure 4-13: Experimental and simulated reverse current characteristics of 4H-SiC pn

junction diodes [4.19].
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Figure 4-14: Experimental and simulated reverse current characteristics of 4H-SiC pn

diodes junction [4.20].
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This optimized Al can help to adjust reverse current depending on 4H-SiC doping
concentration, substrate quality and fabrication environment. If the substrate quality,
and/or fabrication environment are relatively good, a slightly lower value below 10% of

doping concentration can be picked up for simulation. And vise versa.

Reported leakage current for diode reported in [4.21] with drift layer concentration
1x10"%cm™ is simulated with the optimized Al of 1x10" ¢cm™. Very good match of the
simulated leakage current with reported experimental data as shown in Figure 4-15

verifies that the methodology is well applicable to 4H-SiC pn junction diodes.
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Figure 4-15: Application of the methodology to predict reversed current characteristics of

a reported 4H-SiC pn junction diode [4.21].

4.5 Summary

In this chapter, the impact of the elementary screw dislocations on the reverse
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characteristics of SiC devices containing such defects has been analyzed. Simulation of
the reported 4H-SiC pn junction diode takes the existence of all the defects into account
by using trap model in MEDICI and adjusting the charged trap density parameter
N.TOTAL to match the reported breakdown voltage. Simulation result of trap density is
summarized and analyzed by curve fitting in MATLAB. An expression of trap density
(4.40) as a function of drift layer thickness and doping concentration is obtained. The
leakage current curves from two experimental works have been fitted through simulation
by adjusting the Al parameter in photogeneration model. The value of Al can be
optimized to be about 10% of drift layer doping concentration. Simulation of other
reported diodes by using the methodology match the experimental results very well,
which verifies the methodology can be well applied to general simulation of 4H-SiC pn

diode.
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Chapter 5

Realistic Simulation of Forward Characteristics of 4H-SiC

pn Junction Diode

For power devices, on-state characteristics also play an important role in power
application and thus simulation of forward characteristics is useful for research in
4H-SiC device area. In this chapter, forward characteristics of 4H-SiC pn junction and
relevant calculation will be introduced. Models and parameters with physical values
for simulation of forward conduction characteristics of 4H-SiC pn junction diode will

be presented.

5.1. Forward characteristics of 4H-SiC pn junction

Before doing the simulation, to understand the details of all the components of the
forward current of 4H-SIC pn junction diode is necessary. Considering a p+/n-
junction, the injection of minority carriers plays a major role in the forward
characteristics of the basic pn junction. Therefore, the nature of the forward

conduction current depends strongly upon the current level.
5.1.1. Recombination without injection

At the beginning of forward characteristics under low forward bias, the current is

dominated by recombination within the space charge layer of the pn junction due to
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the existence of deep levels. The minority carrier concentration on the P+ side can be

expressed as:

n’ qVv
n=—"-exp(— 5.1
e 61)

Based on the Shockley-Read-Hall theory for recombination via a deep level impurity,

the recombination rate can be expressed as:

f— _2
_ np—n; (5.2)
7 (N+p+2n,)
Substituting (5.1) into (5.2), the recombination rate could be
n, qVv
U=—[exp(=—=)-1 5.3
> [ p(sz) ] (5.3)

Every carrier within the depletion region will participate in the conduction current

creating a current flow:

aqnWp qVv
J=11"0D0 SR 5.4
2t [EXp(ZkT) ] G4

where W, is the depletion width. This form of current-voltage expression is

applicable at very low current level.
5.1.2. Low level injection

As the forward bias increases, the current is determined by recombination of minority
carriers injected into the neutral regions. The minority carrier density injected into the
neutral regions is below the majority carrier density, which refers to low level
injection. In this case, the effect of majority carrier concentration can be neglected.

Under steady state conditions in deal diode, assuming that there is only drift and
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diffusion in forward conduction, the forward current density in pn junction diode can

be calculated as:

1=3,00+3. (% (5.5)
where

3, = Gu,NE +D, (5.6)
32 () = qut, PE 4D, 5.7)

1 :
p-region j n-region

— E~0 | E£0Q| EX0 [—
A 4 o
x, | x
Depletion
regicn

Quasi-neutral
regions

Figure 5-1 A scheme of a pn junction diode under low injection condition

As shown in Figure 5-1, the minority carrier equations for the p and n quasinetrual

regions are
d*An,  An,
OZDN dT—? XS—Xp (58)
d®Ap.  Ap
0=D L —1 X > X 5.9
P dXz r n ( )

p

In low level injection,

E=0 (5.10)
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an, _ dp,

=0 _ 5.11
dx dx ( )

From (5.10) and (5.11), current density in these two quasinetral regions can be
calculated:

J =qD dAj <- 5.12
N(X)_q N dX2 Xs Xp ( )

dAp
—n X=X 5.13
0 ; (5.13)

Jp(X) =-0D,
According to continuity equations:

0=1><d‘]N +8—n|R_G
q dx ot

(5.14)

1 W o
g dx ot

0= oo (5.15)

In ideal diode, it can be assumed that thermal recombination and generation current is
negligible. So the following can be obtained:

Iy (=%, <x<x) =y (=x,) (5.16)
Jp (=X, <X<X,)=Jp(X,) (5.17)
Then, the total current density in the depletion region can be calculated as

J =3 (=x,)+3p(x,) (5.18)
According to law of injection, continuity equation (5.8) and (5.9), and the boundary
condition,

Ap,(X=0)=0 (5.19)

The following can be obtained,

Ap, (X) = A exp(‘L—X> A, exp(Li) (5.20)

p p
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Where

L, =yD,7,

A = Ap,(x=-X,)

A, =0

Therefore,

J,(X)=-aD, dﬁs” =q E p[\r: Z {exp(%j —1} exp(— )[():1”)

Similarly, it can be obtained that

dAn D n? qVv —X—X
J (x)=-qgD P —gq——"|exp| — |—1[ex P
. (x)=-aD, o anNA{ p(ij } p( > )

p-p

Thus,

D n? qV
J X=X = P! expl — _1
p(X=%) =0 ND{ p(ij }

p

D,n? qVv
J,(x=-x)=q——|exp| — |-1
”( P) anNA|: p(ij :|

The whole current under low injection condition should be

D_n? 2
J=q 4+ D, exp(ﬂ)—l
LN, LN, KT

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

It should be noted that the minority carrier diffusion current decrease with the

distance x from the junction, while majority carrier drift current increases with the

distance x from the junction. Moreover, the rate of change in forward conduction

current with forward voltage bias changes from that for recombination current in the

depletion region.
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5.1.3. High level injection

During on-state conduction, as the current density increase, the injected carrier
density increases as well and exceeds the low doping concentration of n- region,
which is known as high level injection. Under steady state conditions, both minority
and majority carrier concentrations adjacent to the depletion region are influenced.
The majority carrier concentration must increase to maintain approximate charge
neutrality in the quasineutral regions. While the low level injection current vary as
exp(%) according to (5.28), detail analysis of high-level injection leads to a current
varying as exp(%) as in (5.29), where a is a constant. The current changes with

the voltage under low level and high level injections are shown in Figure 5-2.

J= qa{exp(%} —1} (5.29)

log(h

&~

)(mdh}r

b\ high-level injection
/2T slope

. ldeal
region

> ¥

0
Figure 5-2. Different slop of forward characteristics caused by high level injection
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5.2 Realistic simulation of forward characteristics of 4H-SIiC pn

junction diode
5.2.1 Simulation considerations

In MEDICI, the default model parameters can not simulate the realistic forward
characteristics of 4H-SiC pn junction diode because of uncertainty of some physical
value of 4H-SiC material and most of the default parameters for SiC are not for 4H
polytype. In this section, physical model and parameter for simulation of forward
characteristics of 4H-SiC pn junction diode are summarized, especially recombination

and generation model, and the mobility model under low field and high field.

5.2.2 Simulation models and physical parameter values

To simulate forward characteristics of 4H-SiC pn junction diodes, EG300 for 4H-SiC
bandgap energy at 300K can be set as 3.26eV, and EGALPH and EGBETA as in
(3.13) is 4.59x10™ eV/K and 530 K, instead of the default value 4.73x10™ eV/K and
636 K, respectively. To simulate 4H-SiC device, default values in MEDICI 1.23X
10" c¢m™ and 4.58 X 10*cm™ can be the values of NC300 and NV300 in (3.11) and
(3.12) respectively. MEDICI takes the bandgap narrow effect into account as in (3.14)
and (3.15), where the default values of VO.BGN, NO.BGN, and CON.BGN are used
in 4H-SiC simulation, 9x107 V, 1.0x10* cm™ and 0.5, respectively. For low field
mobility model, concentration and temperature dependent empirical mobility

functions for silicon given by the Caughey-Thomas equation [5.1], can be selected for

simulating 4H-SiC material. The parameters MUN.MAX and MUP.MAX (#max) are
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the mobilities of undoped or unintentionally doped samples, which could be specified
as 947.0 cm?/Vs and 124.0 cm?/Vs for simulation 4H-SiC device. MUN.MIN and
MUP.MIN (#min) are the mobilities in highly doped material, where ionized impurity
scattering is dominant, which can be specified as 0 and 15.9 cm?/Vs. The parameters
NREFN and NREFP are the doping concentrations at which the mobility is between

Hmax and #min | which can be specified as 1.94x10"" cm™ and 1.76x10* cm™. The

parameters ALPHAN and ALPHAP are the measure of how quickly the mobilities
switch from #max and#min | which can be specified as 0.61 and 0.34. This analytic
mobility model can be specified with the ANALYTIC parameter on the MODELS

statement.

When the electric field is high enough, the carrier velocity will be no longer
proportional to the field, and thus no longer can be described by a field independent
mobility. Field-dependent mobility model is developed to account for carrier heating
and velocity saturation effects as in (3.19) and (3.20). g ,and ug , are the low field
mobilities which may include the scattering mechanisms. VSATN and VSATP are
the saturation velocities, which can be both specified as 2.2X 10" cm/s for 4H-SiC at
300K. And BETAN and BETAP are constants that influence how quickly the
velocity rises up to saturation, which can be both specified as 1.2 for 4H-SiC at 300K.
The knowledge about the high-field mobility of SiC is still limited till now. The only
experimental result was published by Khan and Cooper [5.2, 5.3]. They measured the

drift velocity (n-doped at about 10" cm™) was measured as a function of electric field
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in 4H-SIiC epilayers. All experimental results are referring to a current flow

perpendicular to the ~-axis.

In 4H-SiC polytype, the carrier transport properties exhibit an anisotropic behavior
with regard to crystallographic orientation. In MEDICI, the so-called Anisotropic
Material Advanced Application Module (AM-AAM) is used to account for the
anisotropy nature in 4H-SiC materials. Because the studied mention above are all
done on N-type 4H-SiC, no available experimental data is available for the hole
anisotropic mobility, the default values of which will be used in simulation. To
simulate of 4H-SiC, MU.N(1), MU.N(2) and MU.N(3) are set to be 0.83,1 and 0.83,

respectively.

In forward characteristics, generation and recombination processes are modeled
within the quasi-static approximation according to various physical mechanisms. All
the models evaluate the recombination rate. When the overall rates are positive, they
refer to recombination, and when they are negative, they refer to generation. The
characteristics of each generation-recombination center vary with different process
technology. Therefore, there are several quantities like the effective electron and hole

lifetimes, which come up with one effective single-level SRH rate as in (3.24), where

n, is the effective intrinsic concentration. z,and z, are the electron and hole

lifetimes, which may be concentration dependent as in (3.26) and (3.27). For
simulation of 4H-SiC, the default values for Si are used. TAUNO and TAUPO are both

10”’s. NSRHN and NSRHP are both 5% 10 cm™,
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5.2.3. Simulation result and discussion

With the physical data summarized above, simulation of the forward characteristics of
reported 4H-SiC pn junction diodes [5.4], [5.5]are done. The measured experimental
characteristics and simulation results are shown as Figure 5-3 and Figure 5-4,

respectively.

Forward current Vs woltage

. B8@
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I

1
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I Anode? (Amps/un? *1@71-6
1
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.
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A

.aa

.60 1.00 PNT 3.8 1.0 s.00
V (Anodes (Valle)

Figure 5-3. Reported forward characteristics [5.4] and Simulation result

Figure 5-4. Reported forward characteristics [5.5] and Simulation result

As shown in the above Figures, the simulated result can reflect the forward
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characteristics of the 4H-SiC pn junction diodes. As mentioned in last chapter, in real
4H-SiC pn junction diodes, there are various defects. Simulations with trap model
incorporated have also been done for 4H-SiC pn junction diodes [5.4], [5.5], shown in

Figure 5-5 and Figure 5-6.

Forward current Vs vaoltage
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Figure 5-5. Result of forward characteristics simulation with defects of 4H-SiC pn

junction diode reported in [5.4]
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Figure 5-6. Result of forward characteristics simulation with defects of 4H-SiC pn

junction diode reported in [5.5]
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It can be seen that the defect levels have little influence on the forward conduction
current. The simulation can save time 1-2 minutes, 25-50% of whole simulation time.
Therefore, to simulate the forward characteristics of realistic 4H-SiC pn junction
diodes, simulation can be done in MEDICI without incorporating TRAP model, which
is needed in simulating the reverse characteristics of realistic 4H-SiC pn junction
diodes. The influence of the parameters to the forward current is also simulated as

following figures.

Forward Current Vs Voltage

. . . 1 —
i;: /ﬂ F/ |

EG300=3.06eV

EG300=3.26eV

EG300=2.86eV

log (I<Anode) (Amps/umd

T T T T T
8.0 9.50 1.98 1.59 2.09 2.58 3.08 3.59  4.09
¥ {Anode) {Volts)

Figure 5-7. Influence of bandgap energy to the forward current reported in [5.5]
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Forward Current Vs Voltage
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Figure 5-8. Influence of lifetime to the forward current reported in [5.5]

Forward Current Vs Voltage

] T T T

104

log(l{Anode) (Ampa/um)’

MUP .MAX=(50~350)m%/ Vs

0.08 0.0 100 1.5 2.08  2.50 300 3.50 4.00
¥ (Anode) {¥olie)

Figure 5-9.Influence of hole mobility to the forward current reported in [5.5]
Other parameters show no influence or slightly influence to the forward current.
Therefore, to simulate the forward characteristics of realistic 4H-SiC pn junction
diodes can be performed in MEDICI by specified the parameters with material

physical value and without incorporating TRAP model.
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5.3. Summary

In this chapter, forward characteristics of 4H-SiC pn junction and relevant calculation
have been introduced. Models and parameters with physical values for simulation of
forward conduction characteristics of 4H-SiC pn junction diode are summarized. Two
reported 4H-SiC pn junction diodes are simulated by specifying the physical material
parameters values. From the simulation results, it can be seen that the defect levels
have little influence on the forward conduction current. Therefore, to simulate the
forward characteristics of realistic 4H-SiC pn junction diodes, simulation can be done
in MEDICI by specified the parameters with material physical value and without

incorporating TRAP model.

-92 -



CHAPTER 6. CONCLUSION

Chapter 6

Conclusion

This thesis has sought to make contributions towards improvement of simulation of SiC
pn junctions. A reasonably accurate and predictive methodology to simulate the forward
and reverse characteristics of 4H-SiC pn junction diodes with varying doping

concentration and junction depth has been developed and presented in this thesis.

The superior material properties of SiC make SiC a very promising wide band material.
Due to the uncertainty of some parameters and high density of defects, the disagreement
of simulation results with reported device characteristics. These are the motivation for
this work. The main process techniques for SiC pn junction diode is studied, such as bulk
and epitaxial growth, ion implantation and annealing process, which cause the
disagreements of simulation results with reported device characteristics. Models of 2D
numerical device modeling tool MEDICI are introduced for 4H-SiC device simulation.

Material parameters of 4H-SiC for these models are extracted.

In chapter 4 and 5, a reasonably accurate and predictive methodology to simulate the
forward and reverse characteristics of 4H-SiC pn junction diodes with varying doping
concentration and junction depth is developed. Impact ionization process, along with
their calculation are presented. The impact of the elementary screw dislocations on the

reverse characteristics of SiC devices has been analyzed. To take the defects influence
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into account in simulation, the trap density created by defects is assumed to be a function
of drift layer concentration and thickness. The simulations of reported 4H-SiC diodes
were done by including the TRAP statement in MEDICI and adjusting the charged trap
density parameter N.TOTAL to match the reported breakdown voltage. Simulation result
of trap density is summarized and analyzed by curve fitting in MATLAB. An expression
of trap density (4.40) as a function of drift layer thickness and doping concentration is
obtained. To verify the above expression, the trap densities calculated from (4.40) were
applied to the 4H-SiC pn junction diodes reported in other literatures for simulation. The
good result confirms that to realistically simulate the 4H-SiC pn junction diodes
nowadays, trap model should be incorporated in Medici and (4.40) can be used to set the

trap density.

To solve the reverse no breakdown problem and to improve the simulation of reverse
current of practical 4H-SiC pn junction, photogeneration model is incorporated in
MEDICI. According to the study by simulation, Al should be high enough to overcome
MEDICI noise level and at the same time should not mask the breakdown phenomena.
When Al is set in a range between 1x10"cm™ and 1x10*®cm™, simulation results of
breakdown voltage should not be affected by the photogeneration added. The leakage
current curves from two experimental works have been fitted through simulation by
adjusting the Al parameter. The Al value set for diode with drift layer concentration
9.7x10%cm™ is 2x10" cm™. The Al value set for diode with drift layer concentration
3x10%cm™ is 1x10" cm™. According to these data, the value of Al can be optimized to

be about 10% of drift layer doping concentration. Very good match of the simulated
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leakage current with another reported experimental data verifies that the methodology is
well applicable to 4H-SIiC pn junction diodes. This optimized Al can help to adjust
reverse current depending on 4H-SiC doping concentration, substrate quality and

fabrication environment.

Forward characteristics of 4H-SiC pn junction and relevant calculation have been
introduced. Models and parameters with physical values for simulation of forward
conduction characteristics of 4H-SiC pn junction diode are summarized. Two reported
4H-SiC pn junction diodes are simulated by specifying the physical material parameters
values. From the simulation results, it can be seen that the defect levels have little
influence on the forward conduction current. Therefore, to simulate the forward
characteristics of realistic 4H-SiC pn junction diodes, simulation can be done in MEDICI
by specified the parameters with material physical value and without incorporating TRAP

model.

More considerations could be studied in future as followings.

a) The physical mechanism of producing the defects in fabrication process has not been
studied in depth. Further study could be done on this topic and incorporate this
mechanisms into the simulation for its further improvements.

b) The methodology is obtained after the problem is simplified, because the types of
defect in SiC are various and the mechanisms of influencing the performance of the
device caused by defect are complex to quantify. More factors will be considered in

future improvement of the simulation methodology.
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