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ABSTRACT

The thesis work carried out here on 6H-Silicon Carbide Double Implanted Power MOSFET has
been an attempt to understand the analysis of the depletion region width and breakdown voltages
for various types of doping profiles in the drift region of the device. The doping profiles used are
primarily uniformly doped and linearly graded doping profile in the drift region.

The ultimate aim for making this study is to provide a graded profile in the drift region of
the MOSFET with lower doping at the top of the device near the source to a higher doping near
the drain. This type of profile will help in increasing the breakdown voltage. Breakdown voltages
selected for the purpose of analysis ranges from 1kV to 20 kV. It has been established that the
linearly graded device can be used easily to obtain much higher values of critical electric field
than uniformly doped device. For linearly graded devices with precalculated device heights, it
was found that Punch through and Avalanche breakdown voltages were almost equal for all
values of gradients and Nes for linearly graded DIMOSFETSs. This can be verified from Table
5.6. However this type of tally is not seen in the case of uniformly doped devices as shown in
Table 4.4. Here breakdown voltages Ve and Vpay are found to be nearly equal only in the case of
doping level of 10™ /cc for Vp, of 5kV, 10kV and doping level of 10 /cc for Vyy of 1kV.
Equivalence of these two breakdown voltages have not been established for other doping levels

and breakdown voltages.

It has been shown that at the expense of an increase in the depletion region width of
uniformly doped drift region devices of 6H-SiC DIMOSFET, the magnitude of critical field E.
and Vpp and Vpay can be significantly increased by decreasing the magnitude of the concentration

gradient in the drift region.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Power semiconductor devices are a key component of all power electronic systems.
Large number of electric appliances and large amount of electricity are used in our daily life.
The conservation of the global environment have been demanding the ecological appliances
which are small, light, and also consume very little electricity. The switched-mode power-
conversion (SMPC) circuits such as converters and inverters have been widely applied to
power electronics (PE) applications, such as motor-control systems and home appliances,
because of their high conversion efficiency. Carrier frequencies of typical SMPC circuits for
home appliances are ranging from 1 kHz to 100 kHz [1]. The semiconductor switches and
diodes are the key devices for the SMPC circuits. It is estimated that at least 50 percent of the
electricity used in the world is controlled by power devices. With the wide spread use of
electronics in the consumer, industrial, medical, and transportation sectors, power devices
have a major impact on the economy because they determine the cost and efficiency of
systems [2]. Modern society is increasingly dependent upon electrical appliances for comfort,
transportation, and healthcare, motivating great advances in power generation, power
distribution and power management technologies. These advancements owe their allegiance

to enhancements in the performance of power devices that regulate the flow of electricity.

The power devices, which are based on Silicon, have long dominated the power
electronics and power systems applications. Devices such as bipolar, unipolar, controlled,
uncontrolled, and metal oxide semiconductor (MOS) - gated Si devices that are widely used
by power electronics and power systems designers. Examples of such devices are diodes ( p-
i-n and Schottky rectifiers), bipolar junction transistors (BJTS), insulated-gate bipolar
transistors (IGBTSs) ,thyristors, gate turn-off thyristors (GTOs), and power metal-oxide—
semiconductor field-effect transistors (MOSFETS). Large-area devices that are capable of

handling thousands of amperes and kilovolts such as IGBTs are now able to handle voltages



up to 6 kV and currents up to 1200 A [3]. IGBTs are being widely used for motor drives,
resonant converters, and power supplies. GTOs and thyristors are still widely used for very
high power applications, such as power systems conditioning equipment, dynamic voltage

regulators, transfer switches, and large direct-current rectifiers [4]-[7].

Silicon offers multiple advantages to power circuit designers, but at the same time suffers
from limitations that are inherent to silicon material properties, such as low bandgap energy,
low thermal conductivity, and switching frequency limitations. Wide bandgap
semiconductors, such as silicon carbide (SiC) and gallium nitride (GaN), provide larger band
gaps, higher breakdown electric field, and higher thermal conductivity. Power semiconductor
devices made with SiC and GaN are capable of higher blocking voltages, higher switching
frequencies, and higher junction temperatures than silicon devices. SiC is by far the most
advanced material and, hence, is the subject of attention from power electronics and systems
designers. Silicon Carbide is fast becoming a material of reckoning for manufacturing of high
temperature high power integrated circuits. In addition to a large bandgap, high thermal
conductivity and a very high breakdown field, the main characteristic that sets SiC apart from
other wide bandgap materials, is its ability to grow a natural oxide. Like silicon, it is possible
to grow silicon dioxide on a silicon carbide substrate. This characteristic of SiC makes it easy
to manufacture SiC MOSFETSs and other devices which have been traditionally made using
silicon. Through the years since the first integrated circuit, silicon based devices have been
able to meet the need for smaller, faster, cheaper, more reliable, and more diverse electronic
circuits. But all silicon based ICs have faced limitations in terms of operating temperatures
(<150°C) and usable power. SiC based devices and integrated circuits will work at much
higher temperatures, and much higher power, as compared to Si based devices.

Among all power-device structures, the metal-oxide—semiconductor (MOS)-controlled
devices are favorable due to their high input impedance and low switching losses, which
make power electronic circuits more controllable with higher efficiency [8]. MOSFETS have
high conduction losses due to their high on-state resistance, Rgson. AS the blocking voltage
increases, so does their on-state resistance Rgson, hence, making MOSFETS less attractive for
high-voltage applications (beyond 600 V). Recent enhancements in power MOSFET

technology such as the CoolMOS allow for substantial reduction of the conduction losses [9].



Silicon carbide MOSFETSs are more efficient than silicon MOSFETSs because devices can
have smaller area and thus smaller capacitance due to the higher doping densities and higher

current density of the SiC material.

1.2 MOTIVATION

The high electrical breakdown field strength and the indirect band gap make it possible to
design high voltage devices with low power losses. SiC based devices can operate at higher
temperatures than Si devices due to the wide band gap and the high thermal stability. Heat
produced by power losses is efficiently dissipated since the thermal conductivity of SiC is
high, better than Cu. The high saturation drift velocity makes SiC attractive for high
frequencies devices. In addition, SiC is chemically inert which allowing the device to operate
in very harsh environments [10]. It is an ideal semiconductor material for implementation of
devices used in high power switching and high power microwave applications. Devices used
in these applications require high inversion layer electron mobility, low on-resistance and
high breakdown voltage. Inversion layer nobilities obtained in 6H-SIiC MOSFETS were
about 10-50 cm? per V-sec, even lower in the case of 4H-SiC MOSFETS.

Dc-dc converters and ac drives are extensively used in power electronics, power
systems, traction drives, and hybrid electric vehicle (HEV) applications, where diodes and
MOSFETSs are used as switching devices. These devices have to carry large currents during
the ‘on’ state and have to sustain large blocking voltages during the ‘off’ state. The
performance of the silicon- (Si)-based switches is approaching the theoretical limits in high
power applications due to its intrinsic material properties. SiC is an alternate material that
can be used to overcome the limitations of the Si-based switching devices. In case of SiC
UMOS-based devices severe enhancement in high-field stressing in the gate oxides at the
bottom of the etched trench, poor inversion channel mobility and low blocking voltage

capability has seen.

Vertical structure is chosen because there was no problem of oxide breakdown at
etched trenches and channel length of the vertical MOS transistor is not defined by

lithography. This means no requirements for post-optical lithography techniques such as



x-ray, extreme ultra-violet, electron projection lithography, ion projection lithography or
direct write e-beam which are possibly prohibitively expensive.

Vertical MOS transistors are easily made with both front gate and back gate which
doubles the channel width per transistor area. This leads to an increase of packing density of
at least a factor of four as compared to horizontal transistors. Vertical MOSFET prevents
short channel effects from dominating the transistor by adding processes that are not easily
realized in horizontal transistors, such as a polysilicon source to reduce parasitic bipolar

effects or a dielectric pocket to reduce drain induced barrier lowering (dibl).
1.3 THESIS ORGANISATION

In the Chapter 1 applications and requirements of power devices has been introduced
and requirements of Silicon Carbide has been discussed. This chapter also describes

motivation behind this thesis.

Chapter 2 focused on the study of literature surveys of Silicon carbide and power
semiconductor devices. In this chapter need of wide band gap semiconductor, need of silicon
carbide as power semiconductor device material, crystal structure of Silicon carbide,
transport properties, comparison of electronic properties of different semiconductor. A brief
description about different poly types of silicon carbide, applications and benefits of SiC
electronics has been presented.

In chapter 3 introductions of different silicon carbide devices has been nicely given.
This chapter also reviews need of silicon carbide Power MOSFETS, types of SiC MOSFETS

and their device structures has been given.

In Chapter 4 a brief description of 6H DIMOSFET has been discussed. Structure of
6H DIMOSFET, device theory, interface physics, breakdown voltage, model of Vertical
DIMOSFET, device equations to calculate breakdown voltage and depletion region width
using uniform doping profile, calculations, tables and related graphs for uniform doping

profile has been presented.



In chapter 5 device equations to calculate gradients, depletion region width, electric
field, breakdown voltage, effective doping for linearly graded profile has been given.
Calculations have been made by varying drift region doping density (low doping density at
source side and higher towards drain side). Also tables and related graphs for linearly graded

profile have been presented.

Chapter 6 presents general conclusions and scope of future work of this thesis.



CHAPTER 2

LITERATURE SURVEY

Power semiconductor devices made from materials with bandgap energies larger than in
Si have been touted for many decades. The potential advantages of these wide bandgap
devices include higher achievable junction temperatures and thinner drift regions (because of
the associated higher critical electric field values) that can result in much lower on-resistance

than is possible in Si [11].
2.1 WIDE BAND GAP SEMICONDUCTOR

Some semiconductors are classified as “wide-bandgap” semiconductors because of
their wider bandgap. Silicon has a bandgap of 1.12 eV and is not considered a wide-bandgap
semiconductor. The bandgaps of WBG semiconductors are about three times or more that of
Si as can be seen in Table 2.1. Generally, a wide band gap (WBG) semiconductor is a
semiconductor with an energy band gap wider than about 2 eV. Fig 2.1 shows the energy
band diagram of a semiconductor. Examples of WBG semiconductors are Aluminum Nitride
(AIN, E, = 6.2 eV), Gallium Nitride (GaN, E, = 3.4 eV), and Silicon Carbide (SiC, E,
between 2.2 eV to 3.25 eV depending on polytype). Polytype mean 3C, 4H, 6H, 15R —
Silicon Carbide [12].

A E s
=

Conduclion
band E
c
Energy
bandgap Eg B
¥

Fig.2.1 Energy band diagram where the energy band gap, Egy, valence band edge, E,, and the

conduction band edge, E. The vacuum level, Ey,cuum, and the electron affinity, y [12]
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2.1.1 ADVANTAGES OF WBG

It is already proven that even the first WBG semiconductor-based (SiC-based) power
devices surpass Silicon’s theoretical limits. WBG semiconductor power devices, with their
superior characteristics, offer great performance improvements and can work in harsh
environments where Si power devices cannot function. Some of the advantages compared

with Si based power devices are as follows [13]:

e WBG semiconductor-based unipolar devices are thinner and have lower on-
resistances. Lower R, also means lower conduction losses; therefore, higher overall

converter efficiency is attainable.

e WBG semiconductor-based power devices have higher breakdown voltages because
of their higher electric breakdown field; thus, while Si Schottky diodes are
commercially available typically at voltages lower than 300 V, the first commercial

SiC Schottky diodes are already rated at 600 V.

e WBG devices have a higher thermal conductivity (4.9 W/cm-K for SiC and 22 W/cm-
K for diamond, as opposed to 1.5 W/cm-K for Si). Therefore, WBG-based power
devices have a lower junction-to case thermal resistance, Rth-jc . This means heat is
more easily transferred out of the device, and thus the device temperature increase is

slower. GaN is an exception in this case.

e WBG semiconductor-based power devices can operate at high temperatures. The
literature notes operation of SiC devices up to 600°C. Si devices, on the other hand,

can operate at a maximum junction temperature of only 150°C.

e Forward and reverse characteristics of WBG semiconductor-based power devices

vary only slightly with temperature and time; therefore, they are more reliable.

e WBG semiconductor-based bipolar devices have excellent reverse recovery

characteristics. With less reverse recovery current, switching losses and



electromagnetic interference (EMI) are reduced, and there is less or no need for
snubbers. As a result, there is no need to use soft-switching techniques to reduce

switching losses.

e Because of low switching losses, WBG semiconductor-based devices can operate at
higher Frequencies (>20 kHz) not possible with Si-based devices in power levels of

more than a few tens of kilowatts.

Since the electronic properties of a semiconductor are dominated by the highest partially
empty band and the lowest partially filled band, it is often sufficient to only consider those

bands. This leads to a simplified energy band diagram for semiconductors.

2.2 THEORY OF SILICON CARBIDE

Silicon carbide is older than our solar system, having wandered through the Milky Way
for billions of years as generated in the atmospheres of Carbon rich red giant stars and by
supernova remnants [14]. SiC never attracted a special fascination on man, as, for example,
diamond did, due to the nearly total absence of its crystals in nature .Silicon Carbide is,
however, better suited than diamond for electronic purposes. Silicon Carbide (SiC) was
discovered in 1824 by the Swedish scientist Jons Jacob Berzelius [15], Silicon carbide (SiC)
is a very promising material for use in high performance semiconductor devices. SiC is a
wide band gap semiconductor with an energy gap wider than 2 eV and possesses extremely
high power, high voltage switching characteristics and high thermal, chemical and
mechanical stability. It is so thermally stable that dopant impurities cannot be diffused at any
reasonable temperature; so chemically stable that it is impervious to any known chemical
etchant; and so mechanically stable that it is used as a coating for drill bits and saw blades.
Silicon Carbide is rapidly maturing as a semiconductor material system since the commercial
availability of single crystal substrates of 6H- and 4H-SiC poly types. Considerable progress
has been reported in wafer size, epitaxy, and in discrete device and integrated circuit
technologies for silicon carbide [16]. The wide bandgap of silicon carbide (3.0 eV for 6H-
SiC and 3.25 eV for 4HSiC), its high avalanche breakdown field (2-3 MV/cm), and high



thermal conductivity (4.9 W/cm K) make it especially attractive for high-voltage, high-
power, and high-temperature applications.
Silicon carbide is the only stable binary compound of silicon and carbon existing in a solid
phase. It crystallizes in three bravais lattices

¢ Close packed cubic (zinc blende structure)

e Hexagonal (wurtzite structure)

e Rhombohedral
Single-crystal SiC forms in the hexagonal lattice, with alternating hexagonal planes of silicon

and carbon atoms, as shown in Fig.2.2.

Fig. 2.2 Primitive crystal structure of SiC [12]

Each silicon atom bonds to four nearest-neighbor carbon atoms, and each carbon
atom bonds to four nearest-neighbor silicon atoms (bonds are not shown). Note that the
atoms in the second silicon plane are offset with respect to the atoms in the first silicon plane.
As successive planes are added, each plane must be offset with respect to the plane below.
This stacking sequence leads to different flavors, or polytypes, of the basic SiC crystal. There
are a large number of possible polytypes, but the most important are 3C, 4H, and 6H. The

9



polytypes differ in band gap energy, carrier mobility, and breakdown field. For example, the
Eg=2.2,3.25,and 3.0 eV for 3C, 4H, and 6H-SiC respectively [12].

Silicon atoms (blue) and carbon atoms (red) form alternating hexagonal planes. The
sticks in this rendering are intended to emphasize the hexagonal lattice arrangement, and do
not represent bonds. Each carbon atom bonds to three silicon atoms in the plane below and to
one silicon atom in the plane above (bonds not shown). Note that the silicon atoms in the top

plane are offset with respect to the silicon atoms in the bottom plane.

2.2.1 NEED OF SILICON CARBIDE

Silicon carbide is the only Wide Band Gap semiconductor that possesses a high-
quality native oxide suitable for use as an MOS insulator in electronic devices. Thermal
oxidation of Silicon Carbide produces a layer of SiO; (silicon dioxide) on the surface, while
the carbon atoms from the Silicon Carbide form CO, which escapes as a gas. Therefore it is
possible to make all the devices found in silicon IC technology in Silicon Carbide, including
high quality, stable MOS transistors and MOS integrated circuits. The breakdown field in
Silicon Carbide is about 8 times higher than in silicon. This is important for high-voltage
power switching transistors. For example, a device of a given size in Silicon Carbide will
have a blocking voltage 8 times higher than the same device in silicon. Important thing is
that, the on-resistance of the SiC device will be about 100 times lower than the silicon device

[12].

Thermal generation of electron-hole pairs is many orders of magnitude lower at any
given temperature due to the wider band gap of silicon carbide than silicon, This makes it
possible to build "dynamic" memories (DRAMSs) in Silicon carbide that only need to be
refreshed about once every 100 years at room temperature. This also makes it possible to
operate Silicon carbide devices at temperatures as high as 650°C without degradation in

electrical performance.
2.2.2 TRANSPORT PROPERTIES

In general the transport parameters give silicon carbide devices better performance than
comparable silicon devices. Among the most important transport parameters for electronic
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devices are the mobility (p), saturation velocity (Vsar), breakdown electric field (Ecrit), and
thermal conductivity (A). The mobility describes the mean velocity that the electrons and
holes travel with when an electric field is applied. At low electric fields the velocity increases
proportional to the field. At higher fields the proportionality is lost and the velocity is
saturated at vsat. When the electric fields exceed Ecrit, the impact ionization becomes large,
rapidly increasing the current, which destroys the material if the current is not limited [17].
The thermal conductivity does not directly affect the performance, but with a good thermal
conductivity it is easier to conduct the heat away from the chip to a heat sink. As the mobility
and saturation velocity are reduced at high temperatures, a high thermal conductivity
indirectly gives better performance for power devices. The advantages of SiC over Si are the
twofold increase in saturation velocity, tenfold increase in breakdown fields, and the more
than doubling of thermal conductivity. The carrier mobility in silicon carbide is somewhat
lower than in silicon, but in general the transport parameters give silicon carbide devices

better performance than comparable silicon devices.
2.2.2.1 MOBILITY

The mobility defines that how easily the electrons and holes can be moved in an electric
field. Due to random scattering within the crystal, the velocity does not increase with
constant acceleration as in a vacuum. The electron velocity rather quickly reaches an
equilibrium mean-velocity proportional to the mobility and the electric field. The mobility in
SiC is somewhat lower than for silicon and much lower than in high mobility materials, such
as GaAs. The low mobility in SiC devices is compensated by operation at larger electric
fields taking advantage of the higher carrier velocity. To some extent the mobility can be
described using the same models as those used for silicon. The parameters for the mobility

models are collected from measurements for a temperature dependent mobility model [18].
2.2.2.2 SATURATION VELOCITY

At high electric fields the velocity ceases to be proportional to the electric field, due
to increased scattering. The velocity saturates at vsat, which for SiC is approximately twice
the value for silicon. A high saturation velocity allows faster devices with shorter switching

times.
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2.2.2.3 BAND GAP

The band gap is a forbidden zone in the energy spectra for a crystal. Without a band-
gap the crystal is a metal, and with a large band-gap the crystal is an insulator. A
semiconductor has a band-gap up to a few eV. For some traditional semiconductors the band
gaps are: 1.11 eV for Si, 0.7 eV for Ge, and 1.4 eV for GaAs. Many of the favorable
transport parameters in SiC are related to the large band-gap, which is of the order of 3 eV.
For such a large band gap the intrinsic carrier concentration is negligible at temperatures up
to 600 degrees Celsius. The intrinsic carrier concentration is responsible for the thermal
noise, and also partly responsible for the leakage current, which are both very small in large
band-gap materials. The minimum energy required to create an electron-hole pair is equal to
the band-gap that in SiC falls within the 3 eV range corresponding to a photon with
wavelength close to 400 nm. SiC devices are thus also insensitive to the main part of the
visible spectrum, making SiC suitable as a detector material for UV radiation with minimal

noise from the visible background
2.2.2.4 CRITICAL ELECTRIC FIELD

For high electric fields the carrier energy is increasing, and, as the energy exceeds the
band-gap, the probability of an impact ionization event increases. In an impact-ionization
event the carrier knocks out one electron from the valence-band, creating an electron-hole
pair (EHP). As the energy must be conserved, the energy for the incident carrier is reduced
by the band-gap energy plus the initial energy for the created electron and hole. The critical
electric field is related to the impact ionization rate, which increases as the carrier energy
exceeds the band-gap. Due to the large bandgap the critical electric field is thus about 10
times higher in SiC than for small band-gap materials, such as Si and GaAs. With high Ecrit
devices can be much smaller for the same voltage, alternatively operate at much higher

voltages.
2.2.3 THERMAL CONDUCTIVITY

The thermal conductivity for SiC is close to that for copper, a quality that is very

important in power semiconductor devices in order to transport the heat from the power
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dissipated in the device. For high power devices the thermal effects constitute one of the
main limiting factor of the performance. One of SiC’s competitors is gallium nitride (GaN),

which is a material with similar properties to those of SiC but which are less mature.
2.2.4 SURFACE MOBILITY

The surface mobility describes the transport in the inversion layer of a MOSFET
device and is critical for device performance. Pioneering experiments have given very poor
values for the surface mobility in SiC devices in the range of 10 cm?/Vs [17]. The low

mobility is related to the high defect density in the oxide-semiconductor interface.
2.2.5 COMPARISION OF ELECTRONIC PROPERTIES OF Si, SiC & GaAs

Silicon Carbide (SiC) has superior properties for power devices as compared to
silicon. Silicon carbide (SiC) device development is increasing due to the need for electronic
devices capable of operation at high power levels and high temperature. The main strength of
silicon carbide is that it can resist high field strengths, it offers better heat-conducting
capacity than copper at room temperature and it has a large energy band gap, which means
that electrical components continue functioning even when the mercury starts climbing. With
very high thermal conductivity (~5.0 W/cm), high saturated electron drift velocity (~2.7 x
107 cm/s) and high breakdown electric field strength (~3 MV/cm), SiC is a material of choice
for high temperature, high voltage, high frequency and high power applications. Table 2.1
lists electrical properties of the common SiC polytypes in comparison to that of Si and GaAs

[19].

The most important SiC property of all is the large bandgap, which is nearly three
times larger than that of silicon. The large S-C bonding energy makes SiC resistant to
chemical attack and radiation. Silicon carbide belongs to a class of semiconductors
commonly known as wide band gap semiconductors, where conventional semiconductors
like Si and GaAs cannot adequately perform under extreme conditions. The wider band gap
of SiC also enables one to design smaller, higher density devices that will withstand high
voltages. The high thermal conductivity of SiC decreases the need for special packaging and

system cooling for device operation [19].
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Properties Si GaAs | 6H-SIC |4H-SIC| 3C-SiC
Energy Bandgap (eV) 1.1 1.42 3.0 3.2 2.3
Breakdown Field @10" (MV/cm) 0.6 0.6 32 3.0 >1.5
Electron Mobility @ 10°° (cm*/V-s) 1100 | 6000 | 370 | 800 | 750
Saturated Electron Drift Velocity (cm/s) 107 107 2x107 | 2x107 | 2.5x107
Thermal Conductivity (W/cm-K) 1.5 0.5 4.9 4.9 5.0
Hole Mobility @ 10" (cm®/V-s) 420 320 90 115 40

Table 2.1 Comparison of properties of SiC with Si and GaAs at room temperature [19]

2.2.6 SILICON CARBIDE POLYTYPES

Silicon carbide exists in hundreds of different polytypes, the most common being 3C-
, 4H- and 6H-SiC. Furthermore, islands of 15R can be found on 4H and 6H wafers, and small
crystals of 2H-SiC have been grown. The digit in the name is the number of double layers
(one Si and one C layer) in the primitive lattice cell; and the character gives the type of

crystal symmetry. H stands for hexagonal, C for cubic and R for rhombohedral.

Depending on the stacking sequence (steps to the right and to the left), a lone cubic
polytype denoted 3C- or B-SiC, a great number of hexagonal polytypes denoted 2H-, 4H-,
6H-SiC etc., and a great number of rhombohedral polytypes denoted 15R-, 21R-, 27R-SiC
etc. are obtained (see Fig. 2.3). Altogether more than 200 different SiC polytypes are
identified by Laue patterns. The hexagonal and rhombohedral polytypes are collectively
referred to as a-SiC. Depending on the particular polytype, a different number of non-
equivalent lattice sites exists either with cubic (see hatched areas in Fig. 2.3) or with
hexagonal (see cross-hatched areas in Fig.2.1) environment (3C: one cubic site (k), 4H: one

cubic site (k) and one hexa-gonal site (h), 6H: two cubic sites (k1, k2) and one hexagonal site

(h).

The stacking sequence is shown in Fig 2.3 for the three most common polytypes 3C,

4H and 6H-Silicon carbide. Silicon carbide cubic, hexagonal and rohombohedral crystal
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structures are shown in Fig.2.3. If we designate a Si-C atom pair in an A-plane in a close
packed lattice as A, and in the B-plane as B, and in the C-plane as C, then we can generate a
series of lattice unit cells by variation of SiC plane stacking sequence along the principal

crystal axis [19].

The ABCABC... stacking, will generate the 3C-SiC zinc-blende or cubic lattice, and
ABAB... stacking, will generate the 2H-SiC wurtzite lattice. Other stacking sequences, such
as ABACABAC..... will generate 4H-SiC; and ABCACB..... Will generate 6H-SiC. The
number of atoms per unit cell varies from polytype to polytype, significantly affecting the
number of electronic energy bands and vibrational branches possible for a given polytype.
This diversity in electronic and vibrational band structures profoundly affects the physical

properties of the different polytypes.
2.2.6.1 6H-SIiC

6H-SiC has a large anisotropy due to the long repetition length in the crystallographic
lattice. Compared with Si the mobility in 6H-SiC is about 25% in the direction perpendicular
to the c-axis, and 7% in the direction parallel to it. The saturation velocity for 6H-SiC is 2*
10’cm/s in the direction perpendicular to the c-axis, but only 0.6¥10 cm/s in the direction
parallel to it.

2.2.6.2 4H-SiC

The low-field mobility for 4H-SiC is about half that of silicon with a small
anisotropy. The anisotropy in 4H-SiC depends on the electric field, and at high electric fields
the saturation velocity is 20% lower in the c-axis direction. 4H-SiC and 6H-SiC are the most

mature polytypes and they are the ones which have been characterized most thoroughly.
2.2.6.3 3C-SiC

3C-SiC has an advantage as it is able to be grown on silicon substrates, however at
the moment with reduced quality. This allows for the possibility in the future of integration
of 3C-SiC devices with silicon technology on the same chip. Another advantage is that 3C-
SiC does not suffer from stacking faults growth, as these tend to grow towards 3C-SiC. 3C-
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SiC has larger electron mobility than for 4H-SiC but has reduced hole mobility. The main
disadvantages when compared to other polytypes are the lower band-gap and breakdown

field and the advantage of replacing existing silicon devices is strongly reduced.

| SIC-POLYTYPES 15R

B
- c
S cubic lattice sites .
— Cc
i hexagonal lattice sites
9 4H 6H A
A
c
B B
3C 2H B 2
B A A
c c c [
= B B B 8 B
A A A A A
ABCABCAB ABCABCAB ABCABCAB ABEABCAj ABCABCAB
\ A 4
cubic hexagonal rhombohedral
band gap energy at RT (eV)
2.35 3.35 3.28 3.08 3.03

Fig. 2.3 SiC polytypes; the non-equivalent lattice sites are schematically indicated by the
hatched (k) and cross-hatched (h) areas [20].

2.2.6.4 15R-SiC

15R-SiC is very complex, namely 15 atomic layers ordered in a rhombohedral
structure. A few years ago, much attention was focused on 15R-SiC, owing to improved
experimental MOSFET performance when compared to the other polytypes. These devices
have been manufactured on 4H- or 6H-SiC, where pieces of 15R-SiC were found. Mono-

crystalline 15RSiC wafers are however not a reality in the near future.
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2.2.6.5 2H-SIiC

2H-SiC is not a commercially available substrate, but small mono-crystalline pieces
have been grown. Monte Carlo simulations predict that the performance perpendicular to the
c-axis direction is similar to 4H-SiC, but the mobility is better in the parallel to the c axis

direction (similar to silicon) [17].
2.3 APPLICATIONS AND BENEFITS OF SiC ELECTRONICS

Two most beneficial advantages that SiC-based electronics offer are in the areas of
high temperature device operation and high-power device operation. The specific SiC device
physics that enables high temperature and high power capabilities will be examined first,
followed by several examples of revolutionary system-level performance improvements

these enhanced capabilities enable.
2.3.1 HIGH TEMPERATURE DEVICE OPERATION

There are a number of factors both inside and outside the semiconductor that limit the
high-temperature operation of semiconductor electronic devices and circuits. Proper
understanding of these factors is crucial in determining which high-temperature applications
can be met with mature technologies like silicon and silicon-on-insulator (SOI) versus which
applications will be met with wide bandgap semiconductors. This section will briefly
examine the main device physics limits of operating semiconductor devices at high
temperature, with a particular emphasis placed on the most fundamental limits of silicon that

wide bandgap semiconductors could be used to overcome [21].

The wide band gap energy and low intrinsic carrier concentration of SiC allows
maintaining semiconductor behavior at much higher temperatures than silicon, which in turn
permits SiC semiconductor device functionality at much higher temperatures than silicon.
The temperature dependence of intrinsic carrier concentration for silicon, 6H-SiC, and 2H-
GaN is given in Fig 2.4. Semiconductor electronic devices function in the temperature range
where intrinsic carriers are negligible so that conductivity is controlled by intentionally

introduced dopant impurities.
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Fig.2.4 Semiconductor intrinsic carrier concentration (n;) versus temperature for silicon, 6H-

SiC, and 2H-GaN [21].

Furthermore, the intrinsic carrier concentration niis a fundamental prefactor to well-
known equations governing undesired junction reverse bias leakage currents. As temperature
increases, intrinsic carriers increase exponentially so that undesired leakage currents grow
unacceptably large, and eventually at still higher temperatures, the semiconductor device
operation is overcome by uncontrolled conductivity as intrinsic carriers exceed intentional
device doping [22,23]. Depending upon specific device design, the intrinsic carrier
concentration of silicon generally confines silicon device operation to junction temperatures
less than 3000C. SiC’s much smaller intrinsic carrier concentration theoretically permits
device operation at junction temperatures exceeding 800°C, and 600°C SiC device operation

has been experimentally demonstrated on a variety of SiC devices [24].
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2.3.2 HIGH POWER DEVICE OPERATION

The high breakdown field and high thermal conductivity of SiC coupled with high
operational junction temperatures theoretically permit extremely high power densities and
efficiencies to be realized in SiC devices. Figures 2.5 and 2.6 demonstrate the theoretical
advantage of SiC’s high breakdown field compared to silicon in shrinking the drift-region
and associated parasitic on-state resistance of a 3000 V rated unipolar power MOSFET
device [23]. The high breakdown field of SiC relative to silicon enables the blocking voltage
region to be roughly 10X thinner and 10X heavier-doped, permitting a roughly 100-fold
decrease in the dominant blocking region (N-Drift Region) resistance Ry, of Figure 2.5 for the

SiC device relative to an identically rated 3000 V silicon power MOSFET.

1000

SiC FET B ——

Breakdown Voltage = 3000V
Temperature = 300K

'
0.0 lﬂ,ﬂﬂ ]E 2.00 EI.EI] la[l N rﬁl_elﬂ
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Fig: 2.5 Forward conduction characteristics of ideal Si and 6H-SiC power MOSFET's and
Schottky rectifiers at room temperature with a breakdown voltage of 3000 V [23]
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Fig: 2.6 Cross section of a power DMOSFET showing various internal resistances

Associated with it [Ref.23].

Significant energy losses in many silicon high-power system circuits, particularly
hard switching motor drive and power conversion circuits, arises from semiconductor
switching energy loss. Switching energy loss is often a function of the turn-off time of the
semiconductor switching device, generally defined as the time lapse between when a turn-off
bias is applied to the time that the device actually cuts off most current flow. The faster a
device turns off, the smaller its energy loss in a switched power conversion circuit. For
device-topology reasons, SiC’s high breakdown field and wide energy bandgap enable much
faster power switching than is possible in comparably volt-amp rated silicon power-
switching devices. Therefore, SiC-based power converters could operate at higher switching
frequencies with much greater efficiency (i.e. less switching energy loss). Higher switching
frequency in power converters is highly desirable because it permits use of proportionally
smaller capacitors, inductors, and transformers, which in turn can greatly reduce overall

system size and weight.

While SiC’s smaller on-resistance and faster switching helps minimize energy loss
and heat generation, SiC’s higher thermal conductivity enables more efficient removal of
waste heat energy from the active device. Because heat energy radiation efficiency increases
greatly with increasing temperature difference between the device and the cooling ambient,
SiC’s ability to operate at high junction temperatures permits much more efficient cooling to

take place, so that heat sinks and other device-cooling hardware (i.e., fan cooling, liquid
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cooling, air conditioning, etc.) typically needed to keep high-power devices from overheating

can be made much smaller or even eliminated.
2.4 POWER MOSFETS

The breakdown electric field of SiC is approximately 8 times higher than silicon. This
makes it possible to design power switching devices having correspondingly higher blocking
voltages than their silicon counterparts. More importantly, the specific on resistance (i.e.
resistance-area product) of a power device scales inversely as the cube of the breakdown
field, so the on-resistance of SiC power MOSFETs are 100-200 times lower than comparable

devices in silicon [12].
2.5 BREAKDOWN VOLTAGE

The most unique feature of power semiconductor devices is their ability to withstand
high voltages. In transistors designed for microprocessors and semiconductor memories, the
pressure to reduce their size to integrate more devices on a monolithic chip has resulted in a
reduction in their operating voltage. The desire to control larger power levels in motor drive
and power distribution systems has encouraged the development of power devices with larger
breakdown voltages. Depending upon the application, the breakdown voltage of devices can
range from 20 to 30 V for voltage regulator modules (power supplies) used to deliver power
to microprocessors in personal computers and servers to over 5,000 V for devices used in

power transmission networks.

In a semiconductor, the ability to support high voltages without the onset of
significant current flow is limited by the avalanche breakdown phenomenon, which is
dependent on the electric field distribution within the structure. High electric fields can be
created within the interior of power devices as well as at their edges. The design optimization
of power devices must be performed to meet the breakdown voltage requirements for the
application while minimizing the on-state voltage drop, so that the power dissipation is

reduced.

21



2.5.1 AVALANCHE BREAKDOWN

The maximum voltage that can be supported by a power device before the onset of
significant current flow is limited by the avalanche breakdown phenomenon. In power
devices, the voltage is supported across depletion regions. Mobile carriers are accelerated in
the presence of a high electric field until they gain sufficient energy to create hole—electron
pairs upon collision with the lattice atoms. This impact ionization process determines the
current flowing through the depletion region in the presence of a large electric field. An
impact ionization coefficient was defined as the number of electron—hole pairs created by a
mobile carrier traversing 1 cm through the depletion region along the direction of the electric
field. The impact ionization coefficients for electrons and holes are a strong function of the

magnitude of the electric field.
2.5.2 PUNCH-THROUGH BREAKDOWN

It occurs in devices with relatively short channels when the drain voltage is increased
to the point that the depletion region surrounding the drain region extends through the
channel to the source. The drain current then increases rapidly. Normally, punch-through
does not result in permanent damage to the device. Punch-through occurs when the depletion
region on the Source side of the body-drift p-n junctions reaches the source region at drain
voltages below the rated avalanche voltage of the device. Trade-offs for this phenomenon
involves the following: 1) on-resistance requiring shorter channel lengths and 2) punch-

through avoidance requiring longer channel lengths.
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CHAPTER 3
AN INTRODUCTION TO SILICON CARBIDE DEVICES

SiC electronic devices can be broadly classified into two categories: Semi-
conducting- and semi-insulating-based 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.

It should be noted that many types of SiC power devices are still in the prototype
demonstration phase while others have demonstrated performance measures far superior to
silicon. These include the PiN (positive-intrinsic-negative) diodes, the Schottky barrier diode
(SBD), the merged PiN Schottky diode (MPS) operate with blocking voltages above 12 kV ,
the metal-oxide semiconductor field-effect transistor (MOSFET), the junction field-effect
transistor (JFET), the bipolar junction transistor (BJT) with performance figures 100 times
higher than in silicon, the gate turn-off thyristor (GTO) blocking over 3 kV and switching
over 60 kW, the metal-semiconductor field-effect transistor (MESFET) and the static
induction transistor (SIT) which show ultrahigh frequency, power density and an associated
power added efficiency (PAE) of 78%[25] .Silicon carbide has several unique properties
(higher breakdown field, wider band gap, lower thermal generation rate and lower intrinsic
carrier concentration) to enhance performance in devices. Some of devices will be described

in detail In following sections.
3.1 SCHOTTKY BARRIER DIODES

Schottky barrier diodes (SBDs) have many benefits compared to other rectifying
devices, such as fast switching speeds and relatively easy fabrication. Couple this with the
large amount of data that can be extracted through measurements and SBDs provide a great
research platform. The formation of an ideal Schottky contact depends on the work functions
of the two materials being brought into intimate contact with each other. When a metal and a

semiconductor are brought together two outcomes are possible: either a Schottky contact or
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an ohmic contact can form. Both types of contacts are extremely important to solid state

research.

However, due to the difficulty in the formation of well-controlled metal/SiC interface,
the Reverse leakage current of Schottky barrier diodes can be significantly increased prior to
junction breakdown [26]. An increase in reverse leakage current of SBDs leads to higher
power loss and premature breakdown. It is therefore important to reduce reverse leakage

current of Schottky barrier diodes.

Schottky barrier diodes (SBD) are unipolar devices, i.e. they do not inject minority
carriers into a neutral region as do PN diodes. Since there is no minority charge storage, the
turn of event is fast and the transient reverse current is small. As a result, the switching
energy dissipated during turn-off is minimal. Hence, Schottky diodes eliminate the switching
losses. SiC Schottky barrier diodes are attractive because the breakdown field of SiC is 8 to
10 times higher than for silicon. Hence, these are capable of operation at much higher

temperatures than silicon devices.

Schottky barrier diodes (SBD’s) are used as high voltage rectifiers in many power
switching applications. Whenever current is switched to an inductive load such as an electric
motor, high-voltage transients are induced on the lines. To suppress these transients, diodes
are placed across each switching transistor to clamp the voltage excursions.PN junction
diodes could be used for this application, but they store minority carriers when forward
biased, and extraction of these carriers allows a large transient reverse current during
switching. Schottky Barrier Diodes are rectifying metal-semiconductor junctions, and their
forward current consists of majority carriers injected from the semiconductor into the metal.
Consequently, SBD’s do not store minority carriers when forward biased, and the reverse
current transient is negligible. This means the SBD can be turned off faster than a PN diode,

and dissipates negligible power during switching.

SiC Schottky Barrier Diodes are especially attractive because the breakdown field of
SiC is about 8x higher than in silicon. In addition, because of the wideband gap, SiC SBD's

should be capable of much higher temperature operation than silicon devices. They have
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fabricated SBD’s on 4H SiC using both Ni and Ti as Schottky metals. The cross-sections of

the experimental device is shown in Fig.3.1

mplanted Edge Anode Schottky

Terminakion

Cathode

Fig. 3.1 Cross-section of an implant-edge-terminated Schottky barrier diode in SiC [12]

Forward and reverse I-V characteristics for the Ti and Ni SBD's are shown in Fig. 3.2. The
barrier heights for Ti and Ni on 4H-SiC at room temperature are 0.8 and 1.3 V, respectively.
The lower barrier height Ti gives lower forward voltage drop but higher reverse leakage
current as compared to the Ni barrier. The reverse blocking voltages are 1480 and 1720 V,

respectively. The blocking voltage of the Ni SBD is the highest yet reported for any SBD on
SiC.

Current (Afem?)

-2000 -1000
Yoltage (YY)

Fig 3.2 Forward and reverse current-voltage characteristics for Ti and Ni Schottky barrier
diodes on 4H-SiC at room temperature [12].
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Ni Schottky diodes recently fabricated on a 50 um epilayer of 4H-SiC [27]. These
diodes exhibited blocking voltages as high as 4.9 kV, the highest yet reported for a SiC
Schottky diode. Figure 3.3 shows forward and reverse current-voltage characteristics of a 425
pum diameter diode at room temperature SiC Schottky diodes for in-circuit testing are also
fabricated on large-area. These diodes were packaged at Cree Research and shipped to Harris
Semiconductor, Mountaintop, PA, where they replaced silicon PiN diodes in an IGBT-driven
inductive switching circuit. Tests by Harris indicated that the switching energy of the IGBT

circuit is reduced by a factor of four compared to the case with silicon PiN diodes [28].

3.2 SIC IMPATT DIODE

SiC is used for the fabrication of high-power microwave devices due to its most
important properties that is high breakdown field. Due to its high breakdown field the SiC
can be considered as the ideal material for the fabrication of high-power microwave devices.
One device, in particular, that benefits from the high breakdown field of SiC is the Impact-
ionization Avalanche Transit-Time (IMPATT) diode oscillator. IMPATT diodes deliver the
highest RF power of any semiconductor microwave oscillator, and are used to produce
carrier signals for microwave transmission systems, particularly airborne and ground-based
radar. ! Depending upon the design, IMPATT diodes can operate from a few GHz to a few
hundred GHz. The power-frequency product ( p f2 ) of an IMPATT diode scales as the
square of the critical field for avalanche breakdown times the electron saturation drift
velocity. In SiC, the critical field is about 10x higher than in silicon or GaAs, and the
saturation drift velocity is about 2x higher. Thus, the power-frequency product (in the
electronic limit) is theoretically expected to be about 400x higher for SiC IMPATT diodes
than for diodes in silicon or GaAs. A typical cross section of a Read-type (Hi-Lo) IMPATT
diode is shown in Fig. 3.3[29].

The diode is operated in reverse bias near breakdown, and both the N and N-regions
are completely depleted. The internal electric field is shown at the bottom of the figure.
Because of the difference in doping between the "drift region" and "avalanche region", the
electric field is highly peaked in the avalanche region and nearly flat in the drift region. In

operation, avalanche breakdown occurs at the point of highest electric field, and this
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generates a large number of hole-electron pairs by impact ionization. The holes are swept
into the cathode, but the electrons travel across the drift region toward the anode. As they
drift, they induce image charges on the anode, giving rise to a displacement current in the

external circuit that is 180° out of phase with the nearly sinusoidal voltage waveform.

CGathode

Anode
M-
Avalanche  Drift Region
Region
Doping
f
ﬁﬁﬁf:;, N -
- t__ﬁ _______________fpsMDﬂ
I 7))
Electrnic =
Field 2
Position

Fig 3.3 Cross section of a SiC IMPATT diode. Hole-electron pairs are created at the point of
highest electric field (the "Avalanche Region"). Holes are swept into the cathode, but
electrons drift toward the anode, inducing a displacement current in the external circuit as

they drift [29].

Figure 3.4 shows the buildup of microwave oscillations in the diode current and
voltage when the diode is embedded in a resonant cavity and biased at breakdown. Figure 3.4
shows a close-up of the current and voltage waveforms after oscillations have stabilized. It is
clear from Fig. 3.4 that the current is 180° out of phase with the voltage. This represents a

negative ac resistance, and corresponds to the net generation of microwave power by the

diode
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Fig. 3.4 Buildup and stabilization of microwave oscillations, as predicted by

a two dimensional transient device simulator [29].
3.3 CHARGE COUPLED DEVICES

In the charge-coupled structure, the voltage blocking capability is enhanced by the
extension of depletion layers in two-dimensions. This effect is created by the formation of a
horizontal Schottky contact on the top surface as illustrated in Fig. 3.5, which promotes the
extension of a depletion region along the vertical or y-direction. Concurrently, the presence
of the vertical P-N junction created by the alternate N- and P-type regions promotes the
extension of a depletion region along the horizontal or x-direction. These depletion regions
conspire to produce a two dimensional charge coupling in the N-drift region, which alters the
electric field profile. The optimization of the charge-coupled structure requires proper choice
of the doping concentration and thickness of the N- and P-type regions. It has been found that

the highest BV occurs when the charge in these regions is given by equation 3.1

Qoptimum = 2QNdWN = gsEC (3.1
Where q = Charge of an electron (1.6 x 10—19 C).
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N4 = Doping concentration of the N-type drift region.
Wn = Half the width of the N-type drift region as shown in Fig. 3.5
&s = Dielectric constant of the semiconductor.

And Ec = Critical electric field for breakdown in the semiconductor.
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Fig. 3.5 Basic charge coupled Schottky diode structure using P-N junctions [2]

In designing the drift region for charge-coupled structures, it is important to recognize
that, unlike in the conventional one-dimensional case, the doping concentration of the drift
region is dictated by the cell pitch and not the BV. The BV in the charge-coupled structure is
determined solely by the depth of the trench used to provide the charge coupling effect and is

independent of the doping concentration of the N-drift region.

Silicon CCDs are widely used as image sensors, particularly in digital still cameras
and hand-held video cameras. SiC is of interest as a specialized image sensor because its
wide bandgap makes it transparent to visible light, resulting in an ultraviolet (UV) sensor
which is virtually blind to solar radiation. Such a sensor has applications in aerospace
research, UV astronomy and in military systems. In this structure, the source and drain
junctions and the buried n-type channel are formed by nitrogen ion implantation and the
implants are activated by high temperature annealing. The gate oxide is thermally grown
using the optimized conditions identified in MOS investigations. Then deposit a layer of

polysilicon for the first-level gates and dope the poly with phosphorus. The polysilicon is
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patterned by reactive ion etching and oxidized to form a passivation layer. A second layer of

polysilicon is then deposited and doped to form the second-level gates.
3.4 CMOS DIGITAL INTEGRATED CIRCUITS

Development of CMOS technology in SiC is expected to provide low power, high
temperature circuits as well as reliable control circuitry for smart power integrated circuits.
CMOS technology is attractive for digital logic because it offers low power consumption, full
rail-to-rail output swing, and greater noise margins than NMOS circuits. CMOS also
provides active current sources for linear applications. CMOS Process utilized an implanted
n-well and deposited oxides, but due to other processing problems the PMOSFETs exhibited
a very high threshold voltage. Implanted p-well and thermally grown oxide is used to
fabricate this device. A typical Cross section of a CMOS inverter in the implanted p-well

process is shown in fig3.6

Fig. 3.6 Cross section of a CMOS inverter in the implanted p-well process. The p-well , P+
source regions, and N+ source regions are all formed by ion implantation. Both transistors

have a polysilicon gate over a thermally grown oxide [12].
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3.5 NONVOLATILE MEMORIES

The thermal generation rate in semiconductors is proportional to the intrinsic carrier
concentration n;, and n; decreases exponentially with band gap energy. Wide band gap
semiconductors have dramatically lower thermal generation, with the thermal generation rate
of 6H-SiC being about 16 order-of-magnitude lower than silicon. This makes it possible to
construct on-transistor memory cells in SiC which retain information for many years without
power. 6H silicon carbide is a single-crystal semi conducting material with a band gap of 3.0
eV. Since thermal generation scales directly with the intrinsic carrier concentration, leakage

currents in SiC are negligible[30].
3.6 SILICON CARBIDE POWER MOSFETS

Power switches can be considered as the heart of all power electronic systems [31].
The major types of power switching devices for low and medium power applications are
BJTs, MESFETs, JFETs and MOSFETs. The BJT is attractive for high power applications
because conductivity modulation in the collector layer may lead to a significantly reduced
specific on-resistance. However, low current gain delays the progress of the development of
power BJTs. Since the BJT is fundamentally a current controlled device, it requires the
complex and expensive gate drive circuits to deal with the low current gain. Moremore, at the
operation of relatively high current density, the high level injection in the base region causes
the further fall-off in current gain. Although the current gain can be improved by using the
Darlington pair configuration, the disadvantage of this structure is a considerable increase in

the on-state voltage drop.

The increased power capabilities, ease of control, and reduced costs of power
switches have made power electronic systems affordable in a large number of applications.
The first power switches were thyristors and bipolar transistors which have been developed
in 1950’s. Thyristors were used in higher power systems because their ratings were scaled at
a faster pace than bipolar transistors. Bipolar transistors were favored for low and medium
power applications because of their faster switching capability. Power MOSFETs differ from
bipolar transistors in operating principles, specifications and performance. In fact, the

performance characteristics of MOSFETs are generally superior to those of bipolar
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transistors with significantly faster switching time, simpler driver circuitry, the absence of or
reduction of the second breakdown failure mechanism, the ability to be paralleled and stable

gain and response time over a wide temperature range.

By the virtue of electrically-isolated gate, a MOSFET is described as a high-input
impedance, voltage-controlled device, whereas a bipolar transistor is low-input impedance,
current controlled device. As a majority carrier semiconductor, a MOSFET stores no charge
and so can switch faster than a bipolar switch. Majority carrier semiconductors also tend to
slow down as temperature increases. This effect, brought about by the carrier mobility
(where mobility is a term that defines the average velocity of carrier in terms of the electrical
field imposed on it) makes a MOSFET more resistive at elevated temperatures and much

more immune to thermal-runaway problem as experienced by bipolar devices.

The rating of these devices grew steadily until the late 1970s, the year in which the first
power MOSFET was introduced. Since the introduction of the first power MOSFET, Si
power MOSFET have been immensely improved and has become the dominant device

technology since 1980s for many applications, due to following reasons:

1. MOSFET has a very high input impedance due to its MOS gate structure. Hence, it
provides the simplest gate drive requirements. The creation of either inversion layers
or accumulation layers under the MOS channel can be controlled using integrated
circuits because of the small gate current that is required to charge and discharge the

high input gate capacitance.

2. The MOSFET is a majority carrier device hence there is no minority charge storage

involved in its operation. This results in faster switching operation.

3. Compared to the bipolar transistors the MOSFETs have superior ruggedness and
forward biased safe operating area which allows the elimination of snubber circuits

for protection of the switch during operation in typical hard-switching applications.

4. As the majority carriers in silicon exhibit increasing resistivity with temperature, the

thermal run away behavior is avoided in MOSFETs. MOSFET devices are formed as
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parallel combination of many thousands of individual MOSFET cells to take
advantage of the thermal behaviour. Any device carrying excess current will heat up
and become more resistive, diverting current into parallel paths. Excessive loss still
produces thermal failure in MOSFET, but there is no unstable runaway effect if the
parasitic BJT does not act. Due to these excellent characteristics, it would be

desirable to utilize power MOSFETs for high voltage/power electronic applications.

However, the blocking voltage capability of the MOSFET is based upon the ratings of the
reverse body diode of the drift region. This blocking voltage is determined in part by the
distance from source to drain. High blocking voltage capability implies high resistance
because of geometry, so there is a trade-off between low drift region resistance and diode

voltage capability.
3.6.1 TYPES OF POWER MOSFETS

Power MOSFET can be classified under the following categories:

1) DMOS or Double implanted MOSFET or DIMOSFET
2) UMOS or UMOSFET
3) Lateral or LDMOSFET

3.6.1.1 DMOS

Basically DMOS or Double implanted MOSFET or DIMOSFET and UMOS or
UMOSFET are vertical type MOSFET. The DMOS, or "Double-implanted MOS", power
MOSFET is shown in Fig.3.7. This device is analogous to the silicon "DMOS", or "double-
Diffused MOS", power MOSFET except that the P base and N source regions are produced
by ion implantation instead of thermal diffusion (diffusion is not practical in SiC because of

the very low diffusion coefficients in the material).

The first SiC DIMOS power transistors were developed in June 1996 [16,32].These
devices exhibited blocking voltages in excess of 760 V, approximately 3 times higher than

the best SiC MOSFETS up to that time. Specific on-resistance was 125 mQ-cm*for the 760 V
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devices and 66 mQ-cm? for 2 pm channel length devices on the 500 V wafer. In June 1997
Lateral DIMOS (LDMOS) power transistors in SiC were introduced [16,33].

- GATE Polysilkcon
SOURCE 30,

Hi Ohmic Contact

Fig. 3.7 Cross section of a SiC ion-implanted "DIMOSFET” power transistor [12].

These devices exhibited a blocking voltage of 2.6 kV, which is still the highest
blocking voltage for any SiC power switching device. In DIMOS device, a positive bias on
the poly silicon gate creates a surface inversion layer at the interface between the SiO2 and
the P-type SiC. Electrons flow from the N source along the inversion layer to the N-drift
region. Upon reaching the drift region, electrons flow vertically to the N" drain at the bottom.
The thick, lightly doped N-drift region is needed for large drain voltage when the device is in
the off state (gate at ground).

3.6.1.2 UMOSFET

Most of the previous work in SiC power transistors has been devoted to the trench-
gate or "UMOS" power transistor, shown in Fig.3.8.The electric fields in the blocking state
(transistor OFF) are shown at the right. Looking at the blue (right-hand) plot, we note that the
electric field in the oxide at the bottom of the trench is 2.5 times higher than the peak field in
the semiconductor. Such a high electric field will lead to catastrophic breakdown of the

oxide. The field at the corner of the trench is even higher due to two-dimensional effects.
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This oxide breakdown problem represents a major limitation to the UMOSFET structure in

SiC.
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Fig 3.8 Cross section of a UMOS power transistor in silicon carbide. The electric field is
illustrated on the right side for two regions within the device, the pn junction region and the
MOS capacitor region. The field in the oxide at the base of the trench is 2.5 times higher than
the peak field in the semiconductor because of the discontinuity in dielectric constants at the

interface [12].

A novel UMOS structure, with Integral Oxide Protection (IOP) as shown in Fig 3.9,
that limits the electric field in the trench oxide while simultaneously reducing on-resistance.
This structure is shown in Fig.3.9, along with the electric fields in the blocking state. The
new P-type region in the bottom of the trench reduces the electric field at the
oxide/semiconductor interface to zero, thereby protecting the oxide from high electric fields
in the blocking state. The new N-type epilayer beneath the P-base prevents pinch-off of the
conducting channel in the on-state and facilitates lateral current spreading into the drift
region. The device in Fig.3.9 also includes a lightly-doped N-type epilayer grown on the
sidewalls of the trench. This layer converts the device into an accumulation-layer MOSFET,

or "ACCUFET", increasing the MOSFET mobility and further reducing on-resistance.
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Figure 3.9 Cross section of the recently-introduced IOP-UMOS power transistor. The electric
field is illustrated on the right side for two regions within the device. The P-type region under

the trench reduces the field in the oxide at the base of the trench to zero [12].
3.6.1.3 LATERAL OR LDMOSFET

MOSFETs and thyristors had been fabricated as vertical structures with the substrate
acting as an anode, before the advent of power devices of SiC. In the off state, the voltage
was blocked by a reverse-biased pn junction. In order to achieve high blocking voltage, the
drift region should be lightly doped and thick. For a given device thickness, there was a
maximum possible blocking voltage regardless of doping. For SiC lateral MOSFETs with a
10 pm drift region, the maximum possible voltage is 1600V. To overcome the limitations of
vertical-type MOSFETs we use the lateral type MOSFET. The structure of lateral
DMOSFET is as shown in Figure 3.10.

The principal difference between this structure and the conventional inversion-layer
structure is the presence of a thin n-channel region (accumulation-layer) below the gate oxide
using a buried p-well region formed by the ion-implantation. The thickness, length, and n-
doping of this accumulation-layer is carefully chosen so that it is completely depleted by the
built-in potential of the p-n junction. This causes a potential barrier between the n+ source
and the n-drift regions, resulting in a normally off device with the entire drain voltage

supported by the p/n-drift region.
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Fig 3.10 Cross section of Lateral MOSFET [12]

Thus it can support high forward blocking voltages at zero gate bias with low leakage
currents. When a positive gate bias is applied, an accumulation channel of electrons at the
Si0,-SiC interface is created and hence, a low resistance path for the electron current flow
from the source to the drain can he achieved. This structure utilizes the buried p-well region
as a shield to the influence of a high SiC bulk electric filed on the gate oxide [34]. The
structure also offers the possibility of moving the channel away from the oxide interface,

thereby removing the effect of interface quality on the channel mobility.
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CHAPTER 4

6H-SIC DIMOSFET USING UNIFORM DOPING PROFILE

4.1 BRIEF INTRODUCTION TO 6H DIMOSFET

The Double Implanted Metal-Oxide Semiconductor (DIMOS) field effect transistor
has been frequently used in high voltage power electronics applications. Power switching
devices are reaching the upper limits imposed by low breakdown field of silicon, and high
breakdown voltage can be achieved only by using a semiconductor with a higher breakdown
field. SiC is unique among compound semiconductors since its native oxide is SiOz, the same
oxide as of silicon. This means that power devices used in silicon can all be fabricated in
SiC. DIMOS transistors are common in silicon power device technology where the p-base
and nt+ source regions are formed by diffusion of impurities through a common mask

opening.

MOSFET's have a high input impedance which makes the gate drive circuitry very
simple. Because of very high switching speeds, power MOSFET's have several advantages
over power bipolar transistors for high-frequency applications where switching power losses
are dominant. Additionally, compared with power bipolar transistors they show an excellent
safe operating area and better output characteristics for paralleling. These characteristics of
power MOSFET's are useful for many high-frequency applications such as inverters and

switch-mode power supplies.

However, these advantages are offset by the high specific on-resistance R,

associated with Si power MOSFET's for high breakdown voltages. Consequently, the use of
Si power MOSFET's has been limited to breakdown voltages below 1000 V. This evaluation
is in terms of the reduction in the on-resistance and consequent improvement in current-
handling capability of SiC power MOSFET's at higher breakdown voltages. The
improvement in the current-handling capability of the SiC MOSFET's over the Si MOSFET's
is quite significant at higher breakdown voltages where it could show approximately a

twenty-fold improvement in specific on-resistance R . for the same junction temperature

on,sp
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and device packaging. This would allow a considerable increase in the power rating or a

decrease in the chip size, for the SiC devices as compared with Si devices.

The first MOSFETs in SiC were reported in late 1980s and the first power MOSFETsSs in
1994. The power devices were the vertical trench MOSFETs or UMOSFETs. UMOSFETSs
are attractive because the base and source regions are formed epitaxially without the need for
ion implantation and associated high temperature annealing. In UMOSFETs, the MOS
channel is formed on the sidewalls of trenches created by RIE. However, SiC UMOSFETs

have been reported to have two serious problems. The problems are as given below.

(1) A high electric field occurs in the gate oxide caused by higher electric fields in the
SiC drift region. This problem occurs at the trench corners leading to catastrophic
failure of the gate oxide at higher drain voltages, thus restricting the maximum

operating voltage to less than 40% of ideal breakdown voltage,

(i)  The low inversion layer mobility along the trench sidewalls results in high specific
on-resistance, which nullifies the advantage of low drift region in SiC. By 1995,
UMOSFETs fabricated on the carbon face of SiC had achieved the breakdown
voltage of about 260V.

A way to avoid the problem with oxide breakdown at the trench corners is to eliminate
the trenches. This was accomplished in 1996 with the introduction of planar implanted
DIMOSFETs [32]. This is the main reason why we have switched to fabrication of
DIMOSFETs to meet our requirements. Since impurity diffusion is impractical in SiC, the
base and source regions are formed by selective ion implantation using aluminum or boron
for the p-type base and nitrogen for n+ source. Because p-type implants are conducted at
temperatures between 1600 °C and 1700 °C, self-aligned implant process using polysilicon
gates are not practical in SiC and realignment tolerances must be allowed between the base,
the source and the gate features. Due to these disadvantages, the elimination of the trench
corners resulted in a threefold improvement in device blocking voltage to 760 V. This
blocking voltage was achieved using 6H-SiC [16]. Also 10 kV SiC powers MOSFET have

been reported in recent years [35].
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4.1.1 6H DIMOSFET STRUCTURE

The DIMOS structure is fabricated by using planar diffusion technology with a
refractory gate such as poly-silicon. Cross sectional structure of Sic 6H-DIMOS is
shown in figure 4.1. In these devices, the P-base and N -source regions are diffused
through a common window defined by the edge of the poly silicon gate. The surface
channel region is defined by the difference in the lateral diffusion between the P-base

+ .
and N -source region.

ET“ =

n+ -
p—base p—hase

n— drift region

n+ SiC substmte

!

Dain
Fig. 4.1 Cross section of DIMOS power transistor in SiC [25]

The forward blocking capability is achieved by the PN-junction between the P-
base region and the N-drift region. During device operation, a fixed potential to the P-
base region is established by connecting it to the source metal by a break in the N'-
source region. By short-circuiting the gate to the source and applying a positive bias to
the drain, the P-base/N-drift region junction becomes reverse-biased and this junction
supports the drain voltage by the extension of a depletion layer on both sides. However,
due to the higher doping level of the P-base layer, the depletion layer extends primarily

into the N-drift region. On applying a positive bias to the gate electrode, a conductive
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path extending between the N'-source region and the N-drift region is formed. The
application of positive drain voltage results in a current flow between drain and source

through the n-drift region and conductive channel.
4.1.2 THEORY OF 6H DIMOSFET DEVICES

To understand the flow of the current in the power DIMOS it is essential to analyze
physics of the MOS device structure. It controls the characteristics of the channel region,
which is responsible for output characteristics of the device. Physics of the power DIMOS
have only majority carrier i.e. unipolar device. The power MOSFET structure contains two

back-to-back junctions created between the N+ source, P-base, and N-type drain regions.

4.1.2.1 MOS INTERFACE PHYSICS

The conductivity of the channel in the power MOSFET structure depends upon the
density of free carriers and their mobility. The charge density in the channel is governed by
the gate bias. The transport mobility for these free carriers is reduced when compared with
transport in the bulk of the semiconductor due to the additional surface scattering. To obtain
the charge density in the semiconductor, a one-dimensional MOS structure will be first
considered with an ideal dielectric layer. The ideal dielectric layer is assumed to prevent the
transport of charge between the gate and the semiconductor and contains no charge within it.
When a P-type semiconductor region is assumed, then the analysis of current transport in the
n-channel power MOS will be applicable. In this analysis, the oxide layer is assumed to be a
perfect insulator that doesn’t allow any charge carrier between gate and semiconductor. The
energy-band diagrams for an ideal MOS structure is with a P-type semiconductor for
different bias potential at metal is shown in Fig.4.2. Here the ideal MOSFET has the
following conditions,

% the insulator has infinite resistivity,

% charge can exist only in semiconductor and on the metal electrode,

¢ there is no energy difference between the work function of the metal and the

semiconductor.
The change in the inversion region plays a key role for determination of current transport in

MOSFET devices.
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Figure 4.2 MOS structure with P-type semiconductor under different region (a) Flat-band
energy band diagram (zero gate voltage), (b) accumulation (negative gate voltage), (c)

depletion (positive gate voltage), (d) inversion (positive gate voltage).
4.1.2.2 SPECIFIC ON RESISTANCE OF DIMOSFET

The performance of power MOSFETs is restricted by the internal resistance. It is
useful to ascertain the minimum value for the internal resistance for a power MOSFET
structure that is capable of supporting a desired blocking voltage. The current flow in the
power DIMOSFET during forward conduction is achieved by the applying positive gate bias

voltage for N-channel device to create the conductive path. This flow is limited by the total
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resistance between source and drain. This consists of several components as shown below in

Fig. 4.3.
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Fig. 4.3 Various specific on resistance components of DIMOSFET [4.2]

The on resistance of a power MOSFET is the total resistance between the source and
drain terminals during the on-state [36]. It is the important device parameter because it
determines the maximum current rating. The cell structure with each component of the

specific on-resistance (R =) is shown in the Fig.4.3. The application of a positive drain

on,sp
voltage results in a current flow between drain and source through the N-drift region and
conductive channel. The conductivity of the channel is modulated by the gate bias
voltage and the current flow is determined by the resistance of various resistive

components shown in Fig.4.3.
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The total specific on-resistance (R, . ) is determined as,

on,sp

Ronsp = Ry TRe + Ry +R; + Ry +Rg 4.1)

on,sp

Where, RN+ is the contribution from the n+ sources diffusion region

R. 1s the channel resistance,

R, is the accumulation layer resistance,

R, is the resistance of the JFET pinch-off region,
R, 1is the drift region resistance and,

R 1s the substrate resistance.

In a power MOSFET, the blocking voltage is supported across the drift layer, and
thus the drift region resistance is considered to be the minimum possible theoretical limit
for the on-resistance of a MOSFET. For an ideal DIMOSFET, the resistances associated
with the n+ source, the n-channel, the accumulation region and the n+ substrate are
assumed to be negligible and the specific on-resistance of the power MOSFET is
determined by the drift region only. This assumption is not accurate at lower breakdown
voltages where the drift region resistance Rp is comparable to the other resistive
components and these resistances should be included in calculating Ron-sp. However, at
higher breakdown voltages, Rp is significantly higher than other resistances and Ron-sp

can be approximated by Rp.
4.1.2.3 BREAKDOWN VOLTAGE IN 6H DIMOSFET USING UNIFORM DOPING

The power MOSFET structure is capable of supporting a high voltage in the first
quadrant of operation when the drain bias voltage is positive. During operation in the
blocking mode, the gate electrode is shorted to the source electrode by the external gate
bias circuit. The application of a positive drain bias voltage produces a reverse bias across
junction J; between the P-base region and the N-drift region. Most of the applied voltage
is supported across the N-drift region. The doping concentration of donors in the N-
epitaxial drift region and its thickness is chosen to attain the desired breakdown voltage.
In devices designed to support low voltages (<50 V), the doping concentration of the P-

base region is comparable with the doping concentration of the N-drift region leading to a
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graded junction profile. Consequently, a fraction of the applied drain voltage is supported
across a depletion region formed in the P-base region. It is preferable to make the depth of
the P-base region smaller to reduce the channel length in the power MOSFET structure.
However, the design of the P-base region must take into account reduction of the
breakdown voltage due to the depletion region in the P-base region reaching through to

the N+ source region.
4.2 VERTICAL DIMOSFET MODEL USING UNIFORM DOPING PROFILE

There are large numbers of material and electronic properties which make SiC a
promising material for high power devices, such as wide band gap (~ 3eV), high
breakdown field of 3MV/cm and good thermal conductivity (3W per cm K). This section
analyzes the device structure of 6H-SiC vertical DIMOSFET using uniformly doped
profiles. The performance of the device is limited by the quasi-saturation behavior in its
characteristics. It is shown that such effect is due to the carrier velocity saturation because
of the high electric field, low impurity concentration in drift layer, and narrow p-body
spacing. The detail of DIMOS structure identifying different regions of operation is shown
in Fig.4.4. Since the diffusion process in 6H-SiC is ineffective, ion implantation is the
only way to form p-body and n+ region for the vertical structure and double diffusion is

not suitable for the 6H-SiCdevice fabrications.
From the figure 4.4

h drift-region height of the device (cm, depends on Vy, and doping profile),
w width of the device (cm),

W; height of the p-body (cm),

W, total vertical height (cm),

W4  depletion width (cm),

L channel length formed under the gate and inside the p-body (cm),

L, length of p-body (cm),

Lgier  separation of p-bodies (cm),

V4 total length of the device (cm),
tox oxide thickness(cm),
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Fig. 4.4 Structure of Double Implanted Metal-Oxide Semiconductor (DIMOS) [38]

o  Angle of slope of the drift region narrowing(degree)
&0 Permittivity constant in free space (F/cm)
o Oxide permittivity (F/cm)

gsic  Silicon carbide permittivity (F/cm)
4.3 DEVICE EQUATIONS

Consider the depletion region between the P-base and N-drift region as a one

dimensional abrupt P-N junction. It can be shown that the doping level N (cm™) that can
support a given breakdown voltage V; and the depletion width W (cm) at breakdown can be

given as [36].

N, =& E2/(2-q-V,) (cm™) (4.2)
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W =2V, /E, (cm) (4.3)

The specific on-resistance, R, . (Q-cm?) of the drift layer to support V, is

on,sp

Ron,sp =W /(q : Nd /un) (Q'sz) (44)

=4Vy (es-ES - 1) (4.5)

Where, ¢ is the permittivity of semiconductor (F/cm),
E. is the critical field of breakdown (V/ cm), and

4, is the electron mobility(cm2 /V -sec) .

The equation connecting the breakdown electric field strength E. on the doping level Ny for
a P"-N diode of 6H-SiC has been given [36]. Based on these results the relationship between
E. and N was obtained

ESHSC =1.95x10*Np"™! (V /cm) (4.6)

The depletion region width at breakdown can be estimated by first estimating the depletion
region width for punch through breakdown voltage, Vi, and is obtained using the equation

[37]

2€S(prt -l-Vbi) 285prt
——— ~Wu= (cm) (4.7)
eNd eNd

Wu =

Where Vy; = Built in potential for uniformly doped case as Vi; «Vip.

Wu=Depletion region width of abrupt P"-n junction for uniformly doped profile.

&s = Permittivity of semiconductor used.

Ng=Doping concentration or doping level (/cc)
For the case of a uniformly doped drift region, the breakdown voltage for avalanche
breakdown Vy,, is obtained by calculating the depletion width Wu from eq. (4.7) and using

the equation (4.6) as given below.

Vbar = 5 EcWu (Volt) (4.8)
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4.4 CALCULATIONS FOR UNIFORM DOPING PROFILE

By using the equations presented in section 4.3 the values of critical electric field,
depletion region width and after that avalanche breakdown voltage has been calculated.

Parameters and their values which have been used for calculation are given below
Esic=9.7*¢&o
£0=8.85*10"" F/cm, it is the permittivity of free space

For the calculation of breakdown voltage in this analysis, uniform doping level ranges has
been considered from 10'* donor atoms /cc to 10*° donor atoms /cc.

Set of equations (4.6) to (4.8) have been used to calculate the critical electric field
,depletion region width at punch through breakdown voltage Vi, and corresponding
avalanche breakdown voltage Vy,y.

The calculated values are given in tables from 4.1 to table 4.4, and their related graphs are

given in figures from 4.5 to 4.8.
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4.5 TABLES AND GRAPHS FOR UNIFORM DOPING PROFILE

Table 4.1 Values of depletion region width W, at different value of doping level for
different value of Punch through Breakdown voltage (Vi)

Doping Ng Depletion region width Wu (um)

(/cc) Vop= 1KV | Vep=3kV | Vip=10kV | Vip=15kV | Vbpt=20kV
10" 32.758 73.248 103.588 126.869 146.496
10" 10.358 13.163 32.757 40.119 46.326
10" 03.275 07.324 10.358 12.686 14.649
10" 01.035 02.316 03.275 04.011 04.632
10" 00.327 00.732 01.035 01.268 01.464
10% 00.103 00.231 00.327 00.401 00.463

Doping lewvel (Nd) Vs Depletion region width (Wu)

10_ I I I I I I I I
—v—— for Vbpt=1kV
* for Vbpt=5kV
10-4 ---»-—- for Vbpt=10kV |
——e—— for Vbpt=15 kV
- -4 for Vbpt=20 kV

Depletion region width Wu (um)

10 | | ! | | ! | | !

0 1 2 3 4 5 6 7 8 9 10

Doping level Nd (/cc) % 10%°

Fig. 4.5 Plot of depletion region width against doping level for different value of Punch
through Breakdown voltage.
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Table 4.2 Values of Depletion region width Wu (um) at different values of Punch through

Breakdown voltage (Vi) for different value of doping level Ny (/cc) using uniform doping

profile.
Depletion region width Wu (um)
Von 1015 | Ne=10'0 | Ng=10"7 | Ne=10" | N=10" | Ng=10%
(kV) N&=10 d d d d
(/ee) (/cc) (/cc) (/cc) (/cc) (/cc)
1 32758 10.358 03.275 01.035 00.327 00.103
5 73048 13.163 07.324 02.316 00.732 00.231
10 103.588 | 32757 10.358 3.275 1.035 0.327
15 126.869 | 40.119 12.686 4.011 1.268 0.401
20 146.496 | 46.326 14.649 4.632 1.464 0.463
103

10 -

Depletion region width VWU (um)
)
I

| | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Punch through Breakdown Voltage Vbpt (Volt)

10 v/‘// |

—#— for Doping=10A15 /cc
for Doping=10A16 /cc

- for Doping=10A17 /cc
— > for Doping=10A18 /cc
for Doping=10A19 /cc

— ¥ for Doping=10A20 /cc

[

Fig 4.6: Plot of Depletion region width (W,) against Punch through Breakdown voltage
(Vipy) for different value of doping
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Table 4.3 Values of critical electric field at different doping levels using uniform doping

profile.
Doping level Ny Critical electric field E¢
(/cc) (V/em)
10" 1.799 x 10°
10 2432 x 10°
10" 3.288 x 10°
10" 4.446 x 10°
10" 6.012 x 10°
10%° 8.128 x 10°
6
x 10
9
8 L -

Critical electric field Ec (V/cm)
) N
| |

4. 5
3 _
2 |
1 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Doping level Nd (/cc) 19
x 10

Fig 4.7 Plot of critical electric field against different value of doping levels
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Table 4.4 Values of Avalanche Breakdown voltage at different values of doping for different

value of Punch through breakdown voltage.

Doping Avalanche breakdown voltage Vi, (kV)
leV/iICNd Vip=L KV | Vop=5 KV | Vop=10KV | Vop=15 KV | Vep=20 kV
10" 2.946 6.555 9.317 11.412 13.177
10" 1.259 2.817 3.983 4.879 5.634
10" 0.538 1.204 1.703 2.086 2.408
10" 0.460 0.514 0.728 0.891 1.029
10" 0.098 0.220 0.311 0.381 0.440
10% 0.042 0.094 0.133 0.163 0.188
2
10

— v for Vbpt=1kV
for Vbpt=5kV
101 — v for Vbpt=10kV
—&— for Vbpt=15kV
4 for Vbpt=20kV

Avalanche breakdown voltage Vbav (KV)

10 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Doping level Nd (/cc) 19
x 10

Fig 4.8 Plot of Avalanche Breakdown voltage (Vyay) against different value of Doping level.
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CHAPTER 5

6H-SIiC DIMOSFET USING LINEARLY GRADED PROFILE

In the present chapter an analysis of depletion region width and breakdown voltage of
the 6H-SIC DIMOSFET using linearly graded doping profile in drift region has been
described. Model of 6H-SiC DIMOSFET has been utilized from previous chapter 4 (From
fig: 4.4).

5.1 DEVICE EQUATIONS USED IN LINEARLY GRADED PROFILE
Gradient of the profile can be obtained by dividing the doping density by device height and
can be given by formula as given under [39]

_ N(x)-N(0)
B h

Where G
N(x)
N(0) = Lowest doping density, used as reference doping level for calculating the

G (cm™) (5.1)

Gradient of profile

Desired doping density

gradient at different desired doping density.
h = Device height
Values of depletion region width at Punch through Breakdown voltage for linearly graded

profile can be obtained from Equation as given below [40].

12¢&sic(Vopt+Vg) 12&sicVopt
W i/ i zi/ = (cm) (5.2)

eG eG

Where W, = Depletion region width of linearly graded junction
Vppt = Punch through Breakdown voltage
e = Electronic charge (1.6*10™*° coulombs)
Vy = Gradient voltage
Ness = effective doping concentration
And Vg << Vi,
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Effective doping can be given by following relations [40]

Gh
Neff =G (/cc) (5.3)

In(L+ m)
Where G= Gradient of the profile
h= Device height
Value of critical electric field can be obtained as

eG

Ec =
8¢sic

(Wo)*  (Vicm) (5.4)

And avalanche breakdown voltage (Vpay) can be calculated as given under

Voar =%EOWg (Volt) (5.5)

5.2 CALCULATIONS FOR LINEARLY GRADED PROFILES

By using set of equations from (5.1) to (5.5) value of gradient, depletion region width,
critical electric field, and avalanche breakdown voltage can be calculated.
For calculation of gradient, device heights for different Punch through Breakdown voltage
(Vopt) has been taken from table 5.1 as given below, and these heights have been calculated

using uniform doping level 10* /cc.

Table 5.1 Values of device height at different values of Punch through Breakdown voltage
(prt)-

Punch through Breakdown voltage Device height (h)
Vi (V) (Hm)
1 103.588
5 231.631
10 327.567
15 401.197
20 463.264

54



5.3 TABLES AND GRAPHS FOR LINEARLY GRADED PROFILE

Table 5.2 Values of depletion region width (W) at different values of gradient (G)

for different value of Punch through Breakdown voltage (Vo).

Vopr=1kV Vop=5KV Vip=10kV Vip=15kV Vpp=20kV
G | W G W, G W, G W, G | W
em™® | (m) | (em®) | (um) |Cm®) | @m) |[(em?) | @m) |[m*)| (um)
8.69 3.86 2.75 2.24 1.94
| 90493 | T 1202.348 | | 286164 |350.778 | | 404.697
x10 x10 x10 x10 x10
9.56 4.27 3.02 2.45 2.13
. | 40689 | 190008 | " |128672|  _ |157.590 | | 181970
x10 x10 x10 x10 x10
9.64 4.31 3.04 2.49 2.15
o | 18820 42104 | | 59544 | | 72926 | | 84.208
x10 x10 x10 x10 x10
9.65 4.32 3.05 2.49 2.16
| 8737 | 119537 | | 27629 | | 33839 | | 39.074
x10 x10 x10 x10 x10
%65 4.055 432 9.068 305 12.824 249 15.706 215 18.136
x10%° | x10%° ' x10%° ' x10%° ' x10%° '
9.65 4.32 3.05 2.49 2.15
1.882 4.209 5.952 7.290 8.418
x10% x10% x10% x10% x10%
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Table 5.3 Values of critical electric field Ec (V/cm) at different values of gradient G(cm™)
for different values of Punch through Breakdown voltage Vi (KV).

Vop=1kV Vipi=5kV Vppr=10kV Vppi=15kV Vppi=20kV

G Ec G Ec G Ec G Ec G Ec
(cm™) | (Viem) | (em™) | (Viem) | (em™) | (V/iem) | (em™) | (V/em) | (cm™) | (V/em)

869 | 0165 | 3.86 | 0371 | 275 | 0524 | 224 | 0642 | 1.94 | 0.741
x10% | x10® | x10'® | x10®° | x10% | x10® | x10'® | x10%° | x10% | x10°

956 | 0.369 | 427 | 0.808 | 3.02 | 1.164 | 245 | 1.428 | 2.13 | 2.648
x10Y | x10® | x10Y" | x10® | x10Y | x10® | x10Y" | x10%° | x10Y" | x10°

9.64 0.797 4.31 1.781 3.04 2.519 2.49 3.085 2.15 3.562
x10% | x10° | x10%8 | x10° | x10®® | x10°% | x10'® | x10° | x10%® | x10°

965 | 1.717 | 432 | 3.838 | 3.05 | 5429 | 249 | 6.649 | 2.16 | 7.678
x10%° | x10® | x10™° | x10® | x10% | x10® | x10'° | x10%° | x10% | x10°

965 | 3.698 | 432 | 8271 | 3.05 | 11.697 | 2.49 | 14.325 | 2.15 | 16.542
x10%° | x10® | x10%°° | x10°® | x10%® | x10® | x10%° | x10° | x10% | x10°

965 | 7.968 | 4.32 | 17.889x | 3.05 | 25.199 | 2.49 | 30.861 | 2.15 | 35.638
x10%* | x10® | x10% 108 x10%* | x10%° | x10% | x10° | x10%* | «x10°
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103 Gradient vs Wg
—+— for Vbpt=1kV
3 —=— for Vbpt=5kV
1 —— for Vbpt=10kV
o1 —~— for Vbpt=15kV
10 . for Vbpt=20KkV ||

Depletion region width Wg (um)

10 0 1 2 3 4 5 6 7 8 9 10

Gradient G (cm™4) X 1021

Fig. 5.1 Plot of depletion region width (W) against different value of Gradient (G) for

different value of Punch through Breakdown voltage (Vpp).

3 Gradient s Ec

lO T T I I
——— for Vbpt=1kV
“’23: —=— for Vbpt=5kV
X for Vbpt=10kV
—=— for Vbpt=15kV
102 — 4 for Vbpt=20kV | |
= _—
1=
L
b
(8]
L
=]
o s‘
= ly
g 10 3‘ _
8
(]
g
&)
100 | | | | | | | | |
1 2 3 4 5 6 7 8 9 10
Gradient G (cm4) X 1021

Fig 5.2 Plot of critical electric field E; against different values of gradient (G) for different

values of Punch-through Breakdown voltage (Vpp).
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Breakdown voltage (Vyy) for different values of effective doping Ness (/ccC).

Table 5.4 Values of depletion region width Wy (um) at different value of Punch through

Depletion region width Wy for different value of effective doping
Vit (KV)
(Hm)
Nesr (/cC) | Nesr(/cC) | Nesr(/cC) | Nesr(/cC) | Netr(/cC) | Nesr (/CC)
3.90x10* | 2.15x10" | 1.45x10"° | 1.08x10 | 0.87x10*® | 0.72x10"
1 90.493 40.689 18.829 8.737 4.055 1.882
5 202.348 90.098 42.104 19.537 9.068 4.209
10 286.164 | 128.672 59.544 27.629 12.824 5.952
15 350.778 | 157.590 72.926 33.839 15.706 7.290
20 404.697 | 181.970 84.208 39.074 18.136 8.418
450 : : : :
—=—— for Neff=3.90*10A 14 /cc
400 for Neff=2.15*10A 15 /cc -
- for Neff=1.45*10A 16 /cc
£ 301 gy Neff=1.08*10A 17 /cc - )
é 300/ % for Neff=0.87*10A 18 /cc |
= for Neff=0.72*10A19 /cc | "
3 250 - .
5
> 200 s 4
04
S 150} |
ks
o
8 100} _- |
50 -
0 — [ - \7
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Punch through Breakdown Voltage Vbpt (Volt) X 104

Fig. 5.3 Plot of depletion region width Wy (um) against Punch through Breakdown voltage
Vot (KV) for different value of effective doping Neg (/cc).
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Table 5.5 Values of critical electric field E; (V/cm) at different values of Punch through

Breakdown voltage (Vyy) for different values of effective doping.

Critical electric field E¢ (V/cm)
prt
(kV) Netr (/cC) | Nesr (/cC) Nefr (/cC) | Nesr(/cC) Ness (/cC) Nes (/cC)
3.90x10% | 2.15x10%° | 1.45x10% | 1.08x10'" | 0.87x10'® | 0.72x10%
1 | 0.165x10° | 0.369x10° | 0.797x10° | 1.717x10° | 3.698x10° | 7.968x10°
5 | 0.371x10° | 0.808x10° | 1.781x10° | 3.838x10° | 8.271x10° | 17.88x10°
10 | 0.524x10° | 1.164x10° | 2.519x10° | 5.429x10° | 11.697x10° | 25.199x10°
15 | 0.642x10° | 1.428x10° | 3.085x10° | 6.649x10° | 14.325x10° | 30.861x10°
20 | 0.741x10° | 2.648x10° | 3.562x10°% | 7.678x10° | 16.542x10° | 35.638x10°
180 \ ‘ ‘ ‘
--v-- for Neff=3.90*10A14 /cc g
- 160 for Neff=2.15*10A15 /cc i
= 1400 —* for Neff=1.45*10A16 /cc e i
= —— for Neff=1.08*10A17 /cc
120 - —* for Neff=0.87*10A18 /cc |
5 -
< 100+ - f
& _
2 g0~
o
5 60
Q
o
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2
Punch Through Breakdown Voltage Vbpt (Volt) « 104
Fig. 5.4 Plot of Critical Electric field against different values of Punch through  Breakdown

voltage (V) for different values of effective doping.
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Table 5.6 Values of avalanche breakdown voltage V., at different values of effective doping

Nert (/cc) and different value of gradient for different value of punch through breakdown

voltage.
Avalanche breakdown voltage Vpay, (kV)
Nett Vel KV | Vppe5 KV | Vpp=10KkV | V=15 KV | V=20 kV
(/cc)

G Vbav G Vbav G Vbav G Vbav G Vbav

-4 -4
Cem®) | vy | em®) | wvy [ | vy | C™) ] gy | EM) kv

1 8.69 3.86 2.75 2.24 1.94
3.90x10 6| 099 | 1499 | 999 | 1499 | |19.99

x10 x10 x10 x10 x10

5 | 9.56 4.27 3.02 2.45 2.13
2.15x10 | 099 | 485 L1996 | 11499 |  ]19.95

x10 x10 x10 x10 x10

| 9.64 431 3.04 2.49 2.15
1.45x10 ol 200 | 1495 1999 | 11499 |  |19.99

x10 x10 x10 x10 x10

17 9.65 4,32 3.05 2.49 2.16
1.08x10 6| 200 | 1499 | 1975 | 11500 | - |19.75

x10 x10 x10 x10 x10
0.87x10'® 305 1.00 432 4.99 305 9.99 249 14.99 215 19.68
.87x . . . . .

x10%° x10%° x10% x10%° x10%

1 9.65 4,32 3.05 2.49 2.15
0.72x10 | 099 | 1499 1985 | 1499 |  |19.99

x10 x10 x10 x10 x10
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10

I I
—=— for Vbpt=1kV
—*— for Vbpt=5kV
for Vbpt=10kV
—=— for Vbpt=15kV
—*— for Vbpt=20kV

10

*

Avalanche breakdown voltage Vbav (kV)

10

\ \ \ \ \ \ \ \ \
0 1 2 3 4 5 6 7 8 9 10

Gradient G (cm™4) X 1021

Fig. 5.5 Plot of Avalanche Breakdown voltage V.. at different values of effective doping

and different value of gradient for different value of Punch through Breakdown voltage.
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CHAPTER 6

CONCLUSIONS AND SCOPE OF FUTURE WORK

The work presented in this thesis is an analysis of the variation of depletion region
width and breakdown voltage namely punch through and avalanche breakdown voltage for
various gradients in the drift region of 6H-SiC DIMOSFET. The drift region has been
considered to have a linearly graded profile with the doping level of 10* /cc near the source
and increasing linearly to values of 10%°, 10%°........ 10%° (/cc) near the drain over the finite
pre-calculated device height.

The results of the linearly graded device have been compared with those of a 6H-SIC
DIMOSFET with uniformly doped drift region. The range of voltages selected were from 1
kV to 20 kV with increments of 5 kV for successive punch-through breakdown voltages. The
results for the two devices have been compared with each other in terms of the doping level
on the basis of uniformly doped drift region device with results of nearly same effective
concentration for linearly graded drift region devices. It was found that for a punch through
voltage (Vpp) Of 1 KV the depletion region width varies from 32.758 pm for a uniform

doping of 10™ /cc to 0.013 pum for a doping of 10%/cc .

At a doping level of 10'"/cc the depletion region width for Vppt O 1 KV the depletion
width was 3.725 pm and it increase to 8.737 pm for a gradient of 9.65x10™ (cm™) with
corresponding Ness of 1.45 x10' /cc. This can be verified from Table 4.1, 5.3 and 5.5. The

same range of variation is observed for Vy: 0f upto 20 kV from the same set of tables.

The critical electric field for a uniformly doped device at a doping level of 10™/cc
was 1.799 x10° (V/cm) increasing to 8.128x10% (V/cm) at a doping level of 10% /cc and is
shown in Table 4.3. However at a Vi 0f 1 kV Negr values of 3.9x10* /cc at a gradient of
8.69x10'® cm™ the critical field was 0.165x10° V/cm increasing to 0.741x10° V/cm at a
gradient of 1.94x10® cm™ at Vit OF 20 KV in linearly graded profile. Increasing gradients of
upto 9.65x10* cm™ give a higher critical electric field (Ec) of 7.968 x10° V/em for Vy of 1
kV. The corresponding E. values for Vpy of 20 kV for gradients from 1.94x10'® cm™ to
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2.15x10%* cm™ give E. values ranging from 0.74x10° V/cm to 35.68x10° V/cm. this can be
seen from table 5.3.

In comparison with uniformly doped device from Table 4.3 it can be seen that the
linearly graded device can be used easily to obtain much higher values of E. than uniformly
doped device. For linearly graded devices with precalculated device heights, it was found
that punch through and avalanche breakdown voltages were almost equal for all values of
gradients and Neg for linearly graded DIMOSFETS. This can be verified from Table 5.6.
However this type of tally is not seen in the case of uniformly doped devices as shown in
Table 4.4. Here break down voltages Vi and Vpay are found to be nearly equal only in the
case of doping level of 10" for Vi of 5 kV, 10 kV and doping level of 10 for Vi, of 1 kV.
Equivalence of these two breakdown voltages have not been established for other doping

levels and breakdown voltages.

Thus it can be seen that at the expense of an increase in the depletion region width of
uniformly doped drift region devices of 6H-SiC DIMOSFET, the magnitude of critical field
Ec, Vb and Vypay Can be significantly increased by decreasing the magnitude of the
concentration gradient in the drift region.

In the end, it can be said that other non-linear profiles like the Gaussian or
complementary error function profile can be used in the drift region of 6H-SiC DIMOSFETS
which may possibly help to develop still better devices with smaller device heights and

higher breakdown voltages.
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