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ABSTRACT

It is increasingly recognized that semiconductosdolelectronics that can function at
temperatures higher than 1800without external cooling cold greatly benefitariety of
important applications, especially in the autometiaerospace, and energy production
industries The fact that wide band gap semicondsctre capable of electronic
functionality at much higher temperatures thanceili has partially fuelled their
development, particularly in the case of SiC. 3C-& a potentially useful material for
high temperature devices because of its refractatyre, high thermal conductivity, wide
band gap(2.2eV) and high electron mobility compkerad that of Si.

The present work aims at the design of high breakdwoltage 10kV 3C-SiC Double
Implanted Metal Oxide Semiconductor Field effecansistor (DIMOSFET) with
complementary error function doping profile in drié€gion. Firstly, the device equation
for calculating breakdown voltages (Punch througth Avalanche both) is derived. After
thatthe Drift region depletion width is calculated apihg concentration N 1x10/cm® for

different breakdown voltages from 1 to 10kV.
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CHAPTER 1

INTRODUCTION

Silicon carbide is an emerging technology for exte environment electronics
applications. This chapter discusses the backgramadmotivation behind the 3C-SiC
vertical double implanted MOSFET and also variopsligations of SiC technology.

1.1 BACKGROUND

Silicon carbide (SiC) based semiconductor electral@vices and circuits are presently
being developed for use in high-temperature, higivgr and high-radiation conditions
under which conventional semiconductors cannot @atety perform [1].

Thermal oxidation of SiC produces a layer of StD the surface while the carbon atoms
from the SiC form CO, which escapes as gas. Thus, possible to make all devices
found in silicon IC technology in SiC, includingghi quality, stable MOS transistors and
MOS integrated circuits. Wide band gap semicondscexamples are: gallium nitride
(GaN, E=3.4eV), aluminum nitride (AIN, EG= 6.2eV) and edn carbide (SiC, EG
between 2.2-3.25 eV depending on the polytype us®d) is so thermally stable that
dopant impurities cannot be diffused at any redslengemperature. SiC is the only
compound semiconductor which can be thermally geidito form a high quality native
oxide (SiQ). Although SiC offers substantial advantages ®iéron, it is still immature
as a semiconductor material. The main limitatiohshe technology are in the area of
crystal growth.

In 1955, a laboratory simulation process for gray8iC crystals was developed by J. A.
Lely [2]. In the Lely process, the nucleation oflividual crystals are uncontrolled and
the resulting crystals are randomly sized hexagshaped a SiC platelets. In 1978,
Tairov and Tsvetkov introduced the growth of Si@gée crystal by the vapour transport
process [2]. In 1983, Ziegler introduced the madifisublimation process for growing
SiC single crystal.

In 1987, a research group under R. F. Davis atiNGdrolina State University (NCSU)
announced a modification to the original Lely soidtion process [2]. In this modified
process, single large crystal is grown and thistatlyconsists of a single polytype. In this
process, a charge of polycrystalline SiC is heateal graphite crucible containing argon

at 200 Pascal. In 1987, the students from the N@Q&up founded a small company,
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Cree Research, to produce silicon carbide comnmibr¢y. Single crystal SiC forms in
the hexagonal lattice, with alternating hexagonahes of silicon and carbon atoms. Each
silicon atom bonds to four nearest-neighbourind@aratoms and each carbon atom is
attached to four nearest-neighbouring silicon atoms

Doping of silicon carbide can be done during epéiayayer growth or after crystal
growth by ion implantation. lon-implantation is nually used because of lower quality
of doped semiconductor due to crystal damages extediring ion bombardment than
doped epilayers. The first step in making silicanbtde semiconductor devices is to grow
the epitaxial layer using chemical vapour deposi{ioVD). The silicon carbide epilayers
are produced in the CVD process by thermally deasimg silicon and carbon source
gases (called precursors) onto boule-derived Slisteates. The SiC lattice consists of
alternating planes of silicon and carbon atoms. Staeking sequence of these planes
defines different polytypes of the material ideetif by the repeating distance of the
stacking sequence (e.g. 3C, 4H & 6H). The lattimestant in the basal plane is virtually
identical for all polytypes, but important electiqroperties such as band gap energy,
electron mobility and critical field differ signdantly between the polytypes [3]. The
electrical properties are changed by adding imjgtitThe control over the impurity
addition in CVD SiC epilayers is very limited. THeads to difficulties over the control
of unintentional impurities, which makes it diffituio achieve the desired epilayer
thickness. The other method of doping silicon aelis selective doping after epitaxial
layer formation. The selective doping is accomm@diby ion implantation; the diffusion
coefficients of aluminium and nitrogen are so Idvatt diffusion in silicon carbide is
impossible. Diffusion in SiC at high temperaturesduces significant surface damage.
Successful fabrication of implanted layers in S&pehds on the proper choice of implant
anneal conditions. Implant activation typically weégs annealing at temperatures
between 100 and 1708C. Chemical etching is impractical owing to thethighemical
stability of SiC and selective etching is accontpid by reactive ion etching (RIE) using
fluorinated gases.

1.2 MOTIVATION
1.2.1 Need of SiC
SiC offers several application opportunities inahggd
» High voltage and High power applications such asigtrial motors, locomotives,

and power supplies requiring high-voltage switches.



» High-temperature sensor applications for aircrafigiees, oil drilling, and
automotive electronics, including controlling fedficiency and emissions.
» SIC offers the benefit of eliminating expensive laup systems needed in

industrial equipment common to factories worldwide.

1.2.1.1 Need of 3C-SiC

The 3C-SiC is a promising material for MOSFET desichecause of high channel
mobility due to lower density of interface statesnpared to 4H-SiC. Poor performance
of 6H-SIC and 4H-SiC MOSFETs is related to therilaiee states located in the band gap
close to the conduction band edge limiting the dpamt of electrons in the channel [4].
Due to the smaller band gap of 3C-SiC, the interfstates observed in 6H-SiC and 4H-
SiC are located in the conduction band and haveffezt on the transport properties of
the channel. Channel mobility 75 to 260 s have been reported. The 3C-SiC
polytype has lower critical electric field valueelto the lower band gap. It means that the
drift region doping corresponding to a given blogkivoltage will be lower compared to
the hexagonal 4H- and 6H-SIiC polytypes. That theciic junction capacitance will be
lower in the 3C-SiC devices as compared to the #H&hd 6H-SIC ones. This is an
advantage for the high speed MOSFETs. Considetingf ahe above and given large-
area substrates of good quality, 3C-SiC may welthgematerial of choice for medium
voltage (600 V to 1200 V) MOSFETSs.

1.2.2 Need of Vertical DIMOSFET

. T
he channel length of the vertical MOS transistona$ defined by lithography.
This means no requirements for post-optical litapéy techniques such as x-ray,
extreme ultra-violet, electron projection lithoghgpion projection lithography or
direct write e-beam which are possibly prohibitiwekpensive.

. \%
ertical MOS transistors are easily made with botimtf gate and back gate which
doubles the channel width per transistor area. [Haids to an increase of packing
density of at least a factor of four as comparetidnzontal transistors. One step
further, is the use of very narrow pillars with tgte surrounding the entire pillar.
This way, fully depleted transistors can be produstich have all the advantages

of SOl transistors.



« Vertical MOSFET prevents short channel effects frdominating the transistor
by adding processes that are not easily realisébriizontal transistors, such as a
polysilicon source to reduce parasitic bipolar e@leor a dielectric pocket to
reduce drain induced barrier lowering (dibl).

1.2.3 3C-SiC DIMOSFET with complementary error fundion profile

The 3C-SiC is a promising material for MOSFET degicbecause of high channel
mobility due to lower density of interface statemmpared with 4H-SiC. The doping
profile for 3C-SiC vertical DIMOSFET for high bredéwn voltage use complementary
error function profile. The profile can be genedats/ ion-implantation from the drain
end of the device, so that the projected rasg#se to the drain end of the device.

1.3 APPLICATIONS

Silicon carbide has a clear place in society togay,it has only one major commercial

application today, which basically is materials imgre specifically, substrates for LED

applications. The military has had SiC on its radareen for many years for radar
applications, electronic warfare, more electriplanes, more electric ships, more electric
combat vehicles. The biggest application for Si€htmlogy is the high-power and high

temperature electronics market [5].

1.4 ORGANIZATION OF THESIS WORK

An Introduction to the concept of SiC technology and vertical DIMKES with
complementary error function profile is presentedhapter 1.

Chapter Two starts with explaining the SiC technology, its ygbes (3C, 4H, 6H etc),
properties and its applications.

Chapter Three presents start with explaining Power MOSFETS,\ite$, properties and
applications.

Chapter Four presents the derivation of the device equation 3@-SiC vertical
DIMOSFET using complementary error function prafile

Chapter Five presents the calculations of breakdown voltagesidputhrough and
avalanche) and depletion region width for the dewising complementary error function
profile and comparison with uniform doping profile.

Chapter Six, includes conclusion has been analyzed further organent, which is

possible.



CHAPTER 2

SiC TECHNOLOGY

2.1 FUNDAMENTAL SiC MATERIAL PROPERTIES

SiC offers significant advantages for power elaat® applications such as lamp ballasts,
motor controls, medical electronics, automotivecetics, high-density high-frequency
power supplies and smart-power application-spedifiegrated circuits. quality native
oxide for use as an insulator in electronic devi@iBcon carbide can resist high field
strengths and offers better heat conducting cap#win copper at room temperature. Due
to high thermal conductivity and high breakdownctie field strength, SiC can be used
at high temperature, high voltage, high frequenog &igh power applications. This
chapter briefly surveys the SiC semiconductor ed@its technology. In particular, the
differences between SiC electronics technologywaelttknown silicon VLSI technology
are highlighted. Projected performance benefitsSi&¥ electronics are highlighted for
several large-scale applications. Key crystal ghoand device-fabrication issues that
presently limit the performance and capability mfthtemperature and/or high power SiC
electronics are identified [6].

The arrangement of Si and C atoms in SiC can beribesl as a covalently bonded
tetrahedral, as shown in Figure 2.1(a). In orden#&intain the tetrahedral geometry of the
lattice, each successive bilayer can be placedénod only three positions with respect to
the underlying plane. These three different pasg#tiare commonly denoted by A, B, and
C as shown in Figure2.1 (b). The bilayer arrangdraelneme, although permitting a large
number of polytypes, restricts the polytypes tosgsahaving either cubic, hexagonal, or
rhombohedral symmetries. The probability of ocaucee of different polytypes depends
on temperature. Among the many polytypes, 3C-Si@d &h-SiC have a higher
probability of occurrence.

Generally 3C-SiC is stable in the low-temperategion below 180, and 6H-SiC is
stable in the higher temperature region above 4B08Ithough 4H-SiC also sometimes
occurs in the high temperature region, the prolighd very lower compared to 6H-SiC.
Each polytype has unique electrical and physicaperties. Silicon carbide has been



regarded as a wide band gap semiconductor maferiaisible light- emitting devices,
since electro luminescence was observed for tisé time in 1907, and a light emitting
diode was fabricated for the first time in 1923[FApwever, the stable characteristics of
SiC have caused difficulty in producing high qualiayers and large single crystal
growth, and thus the development of semiconduetciiriology in SiC has been delayed.
However a wide range of devices have already besnodstrated, including: Bipolar
Junction Transistor (BJT), Insulated Gate Bipolaankistor (IGFET), MESFET, JFET,
p-n Junction and Schottky diodes.

= -, Carbon

qu'_'.q-:\-n
(a)
( )] (1100) i

'Y

Figure2.1 Schematic of (a)Tetrahedral atomic arrangment of Carbon and Silicon

atoms in SiC (b) Close packed plane showing threegsible stacking sites [7].

Silicon carbide is a new material, and the proces$seolved are different to those of
silicon, and some of the process steps are stilieir infancy. SiC is a very hard material
and almost inert, which makes SiC processing proatieal. Implantation of dopants is
difficult to perform, especially p-type, and thecletrate is slow. Schottky and Ohmic
contacts are now fairly well developed processeSi. SiC epitaxial layer growth is
also well established, and bulk wafers with anaqal layer structure are supplied from

wafer manufacturers. Hence, the etching of strestun epitaxial layers is the most
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common method for the manufacture of SiC device€. Igas SiQ as its naturally
occurring oxide, although the quality of the oxidger reported is not as good as for
silicon, suffering from both low surface mobilitymé low breakdown strength. This is
large drawback for MOSFET devices which would beyveromising for high-
temperature electronic devices. However, much rekaa focused on this particular area

and the quality is constantly increasing [8].

2.1.1 Transport Properties

A large part of this work has been devoted to disdog reliable transport parameters for
different SiC polytypes, mainly 4H-SiC. For reliabdnd efficient device performance,
analysis of transport parameters is required. Bl measurements are the main source
of information used in the tuning process of tlasport models. The immature nature of
silicon carbide, and lack of measurements for ntasysport properties, implies that the
available set of transport parameters is incomplete

2.1.1.1 Mobility

The mobility defines that how easily the electransl holes can be moved in an electric
field. Due to random scattering within the crystifle velocity does not increase with

constant acceleration as in a vacuum. The electebocity rather quickly reaches an

equilibrium mean-velocity proportional to the matyiland the electric field.

The mobility in SiC is somewhat lower than for ®in and much lower than in high-

mobility materials, such as GaAs. The low mobilitySiC devices is compensated by
operation at larger electric fields taking advastafjthe higher carrier velocity. To some
extent the mobility can be described using the sanoéels as those used for silicon. The
parameters for the mobility models are collectemnfrmeasurements for a temperature

dependent mobility model [9].

2.1.1.2 Saturation Velocity

At high electric fields the velocity ceases to epwortional to the electric field, due to
increased scattering. The velocity saturateggtwhich for SiC is approximately twice
the value for silicon. A high saturation velocitylows faster devices with shorter

switching times.

2.1.1.3 Band Gap
The band gap is a forbidden zone in the energytispéar a crystal. Without a band-gap

the crystal is a metal, and with a large band-glag@ trystal is an insulator. A
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semiconductor has a band-gap up to a few eV. Foedoaditional semiconductors the
band gaps are: 1.11 eV for Si, 0.7 eV for Ge, aAckY for GaAs.

Many of the favourable transport parameters in &€ related to the large band-gap,
which is of the order of 3 eV. For such a largedgap the intrinsic carrier concentration
is negligible at temperatures up to BDO The intrinsic carrier concentration is
responsible for the thermal noise, and also padfponsible for the leakage current,
which are both very small in large band-gap maleriBhe minimum energy required to
create an electron-hole pair is equal to the baplipat in SiC falls within the 3 eV
range corresponding to a photon with wavelengtBeckm 400 nm. SiC devices are thus
also insensitive to the main part of the visiblecpum, making SiC suitable as a detector

material for UV radiation with minimal noise froré visible background [19].

2.1.2 Critical Electric Field

For high electric fields the carrier energy is gasing and as the energy exceeds the
band-gap, the probability of an impact ionizatimer increases. In an impact-ionization
event the carrier knocks out one electron fronvillence-band, creating an electron-hole
pair (EHP). As the energy must be conserved, thexggnfor the incident carrier is
reduced by the band gap energy plus the initiatggntor the created electron and hole.
The critical electric field is related to the impagnization rate, which increases as the
carrier energy exceeds the band-gap. Due to tige lzand- gap the critical electric field
Is thus about 10 times higher in SiC than for srbalhd-gap materials, such as Si and
GaAs. With highE; devices can be much smaller for the same voltalgjernatively

operate at much higher voltages.

2.1.3 Thermal Conductivity

The thermal conductivity for SiC is close to copperermal conductivity is a quality that
is very important in power semiconductor deviceider to transport the heat in the
device.

For high power devices the thermal effects constiane of the main limiting factor of
the performance. One of SiC’s competitors is gallitride (GaN), which is a material
with similar properties to those of SiC but whicre dess mature. One drawback of
gallium nitride is the even lower thermal conduityivthan silicon (1.3 W/cmK).
However, gallium nitride is often grown on SiC swates, with its better thermal
conductivity. Nevertheless, the GaN-SiC interfaees fower thermal conductivity than

GaN itself which leads to a degradation of the grenbince.
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2.1.4 Surface Mobility

The surface mobility describes the transport initiversion layer of a MOSFET device
and is critical for device performance. Pioneergxperiments have given very poor
values for the surface mobility in SiC devices fie range of 10 cfVs [6]. The low
mobility is related to the high defect density hre toxide-semiconductor interface and
doubts about SIC MOSFETs as commercial devices Hmen expressed in many
quarters. The mobility is presently reaching valalesve 150 cAtVs [8] and commercial
MOSFETS are expected to appear in the market ghortl

2.1.5 Impact lonization

For high-power devices the impact ionization preces very important for accurate
predictions of the high power performance. Manytloé pioneering measurements
reported a positive temperature coefficient of im@act ionization coefficient. As the
impact ionization heats the lattice, such behavaould further increase the impact
ionization. This would be a very serious problerausing local hot spots, unstable
operation and thermal runaway, destroying the @ewit later measurements the impact
ionization coefficient shows a negative temperatlgpendency and thus the positive sign
presented previously was mainly contributed to iy presence of deep levels in the
samples used.

The SIC lattice consists of alternating planes iitan and carbon atoms, and the
stacking sequence of these planes defines diff@agtypes of the material identified by
the repeating distance of the stacking sequence 3€, 4H & 6H). Silicon carbide
occurs in many different crystal structures, capettypes. Despite the fact that all SiC
polytypes chemically consist of 50% carbon atomgatantly bonded with 50% silicon
atoms, each SiC polytype has its own distinct $electrical semiconductor properties.
While there are over 100 known polytypes of Sidyanfew are commonly grown in a
reproducible form acceptable for use as an eleictregmiconductor. The most common
polytypes of SiC presently being developed for tetetcs are 3C-SiC, 4H-SIC, and 6H-
SiC. 3C-SiC, also referred to as 3-SiC, is the émign of SiC with a cubic crystal lattice
structure. The non-cubic polytypes of SiC are somet ambiguously referred to as a
2H-SIiC. 4H-SIiC and 6H-SIC are only two of many poles SiC polytypes with
hexagonal crystal structure. Similarly, 15R-SiCthe most common of many possible
SiC polytypes with a rhombohedral crystal structBecause some important electrical

device properties are non-isotropic with respectrystal orientation, lattice site, and



surface polarity, some further understanding of &igstal structure and terminology is
necessary. Different polytypes of SiC are actuabmposed of different stacking

sequences of Si-C bilayers (also called Si-C doudyers), where each single Si-C
bilayer can simplistically be viewed as a planaeethof silicon atoms coupled with a
planar sheet of carbon atoms.

The breakdown field in SiC is about 8 times higtiem in silicon. This is important for

high-voltage power switching transistors. For exlnp device of a given size in SiC
will have a blocking voltage 8 times higher thaa #ame device in silicon. Moreover, the

on-resistance of the SiC device will be about 18@$ lower than the silicon device [9].

Table 2.1 Comparison of electronic properties of & with Si, GaAs and GaN [2]

Si GaAs GaN 6H-SIC | 4H-SIC | 3C-SiC
Bandgap(eV) 1.1 1.142 3.39 3 3.26 2.2
Breakdown field @ 10 | 0.6 0.6 3.3 3.2 3.0 15
cm®(MV/cm)
Electron Mobility @ 1100 6000 1000 370 800 750
10*cm®(cmé/V-s)
Hole mobility @ 16° 420 320 200 90 115 40
cm®(cm?/V-s)
Saturation electron drift| 10’ 10/ 2.5x10 | 2x10 2x10 2x10
velocity (cm/s)
Intrinsic concentration, | 1.5x10° [ 1.9x10™ | 2.1x10 | 2.3x10° | 8.2x10° | 6.9
n (cm”®)
Thermal conductivity | 1.5 0.55 1.3 4.9 4.9 5

Because the band-gap of SiC is so much wider tiiaarsas shown in Table 2.1, thermal

generation of electron-hole pairs is many ordersmagnitude lower at any given

temperature. This makes it possible to build “dyr@drmemories (DRAMS) in SiC that

only need to be refreshed about once every 10Gyaioom temperature. It is possible

to operate SiC devices at temperatures as high®€ vithout degradation in electrical

performance.
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2.2 SIC CRYSTALLOGRAPHY-IMPORTANT POLYTYPES AND DEF INITIONS

2.2.1 SiC Polytypes

Silicon carbide exists in hundreds of differentypgbes, the most common being 3C-SiC,
4H-SiC and 6H-SIC. Furthermore, islands of 15R-8#D be found on 4H-SiC and 6H-
SiC wafers and small crystals of 2H-SIiC have bgmnvn. The digit in the name is the
number of double layers (one Si and one C layerjhim primitive lattice cell; the
character gives the type of crystal symmetry. hhdsafor hexagonal, C for cubic and R
for rhombohedral. A schematic view of some of tiféetent SiC polytypes is presented
in Fig.2.2. In the hexagonal structure a clearimisibn exists between the different
directions in the lattice. The direction parallel the central axis in the hexagonal
structure is called the crystal axis, or c-axiscémmercially available wafers the c-axis
is normally oriented perpendicular to the surfacgyally being a few degrees off axis.
The transport parameters for the most common Si@ymes, together with some other

semiconductors, are presented in Table 2.1[2].

2.2.1.1 6H-SiC

6H-SIC has a large anisotropy due to the long repetlength in the crystallographic
lattice. The mobility in the direction perpendiauta the c- axis (commonly parallel to
the surface) is four times greater than in the»is direction. Compared with Si the
mobility in 6H-SIC is about 25% in the directionrpendicular to the c-axis, and 7% in

the direction parallel to it.

sl
0, 20, % % O'ia w Q Q
X

& '~ 6,0 o ﬁa‘
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VRS QRS QN VN%
2H-SiC 3C-SiC 4H-SiC 6H-SIC

Figure2.2. Schematic Structure for some Different & Polytypes [5]
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The saturation velocity for 6H-SiC is 2x1€m/s in the direction perpendicular to the c-

axis, but only 0.6x10cm/s in the direction parallel to it.

2.2.1.2 4H-SiC

The low-field mobility for 4H-SIC is about half thaf silicon with a small anisotropy
(20% higher in the direction parallel to the c-axiBhe anisotropy in 4H-SiC depends on
the electric field, and at high electric fields seuration velocity is 20% lower in the c-
axis direction.

4H-SiC and 6H-SIC are the most mature polytypesthey are the ones which have been
characterized most thoroughly. The transport progserare better for 4H-SIiC and, at

present, this polytype forms the basis for moghefcommercial products [8].

2.2.1.3 3C-SiC

3C-SiC has an advantage as it is able to be grawsilicon substrates, however at the
moment with reduced quality. It allows the possipibf integration of 3C-SiC devices
with silicon technology on the same chip in futufgother advantage is that 3C-SiC
does not suffer from stacking faults growth, aséhtend to grow towards 3C-SiC. 3C-
SiC has larger electron mobility than for 4H-SiG has reduced hole mobility. The main
disadvantages when compared to other polytypethar®wer band-gap and breakdown

field and the advantage of replacing existing siliclevices is strongly reduced [8].

2.2.1.4 15R-SiC

15R-SiC is very complex, namely 15 atomic layemdeoed in a rhombohedral structure.
A few years ago, much attention was focused on 3BR- owing to improved
experimental MOSFET performance when compared ¢oother polytypes [5]. These
devices have been manufactured on 4H-SiC or 6H-8l&re pieces of 15R-SiC were

found. Mono-crystalline 15R- SiC wafers are howawatra reality in the near future.

2.2.1.5 2H-SIC
2H-SIC is not a commercially available substraté, 9mall mono-crystalline pieces have
been grown. The performance perpendicular to tari€-direction is similar to 4H-SIC,

but the mobility is better in the parallel to thexds direction (similar to silicon) [5].

2.3 APPLICATIONS AND BENEFITS OF SiC ELECTRONICS
Two most beneficial advantages that SiC-basedreld@cs offer are in the areas of high-

temperature device operation and high-power despmration. The specific SiC device
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physics that enables high temperature and high poamabilities will be examined first,
followed by several examples of revolutionary syslevel performance improvements

these enhanced capabilities enable.

2.3.1 High Temperature Device Operation

The wide band gap energy and low intrinsic cargencentration of SiC allows
maintaining semiconductor behaviour at much higbeemperatures than silicon, which in
turn permits SiC semiconductor device functionalitymuch higher temperatures than
silicon. Semiconductor electronic devices function the temperature range where
intrinsic carriers are negligible so that condutyivis controlled by intentionally
introduced dopant impurities. Furthermore, theimsic carrier concentration; ms a
fundamental prefactor to well-known equations goirey undesired junction reverse bias
leakage currents. As temperature increases, iigroeriers increase exponentially so
that undesired leakage currents grow unacceptabfie] and eventually at still higher
temperatures, the semiconductor device operationovercome by uncontrolled
conductivity as intrinsic carriers exceed intenéibdevice doping [11, 12]. Depending
upon specific device design, the intrinsic carre@mcentration of silicon generally
confines silicon device operation to junction tenaperes less than 380. SiC’s much
smaller intrinsic carrier concentration theorelicgdermits device operation at junction
temperatures exceeding 800 and 608C SiC device operation has been experimentally

demonstrated on a variety of SiC devices.

2.3.2 High Power Device Operation

The high breakdown field and high thermal condutivof SiC coupled with high
operational junction temperatures theoreticallyypeextremely high power densities and
efficiencies to be realized in SiC devices. Fig2esand 2.4 demonstrate the theoretical
advantage of SiC’s high breakdown field comparesiltoon in shrinking the drift-region
and associated parasitic on-state resistance d ¥0@ated unipolar power MOSFET
device. The high breakdown field of SiC relativestiicon enables the blocking voltage
region to be roughly 10 times thinner and 10 tirheavier-doped, permitting a roughly
100 fold decrease in the dominant blocking regibkrD{ift Region) resistance gRof
Figure 2.3 for the SiC device relative to an ideaty rated 3000V silicon power
MOSFET [8]. Significant energy losses in many sifichigh-power system circuits,
particularly hard- switching motor drive and powewnversion circuits, arises from

semiconductor switching energy loss. While the pisysof semiconductor device
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switching loss are discussed in detail elsewhevéclsing energy loss is often a function
of the turn-off time of the semiconductor switchidgvice, generally defined as the time
lapse between when a turn-off bias is applied ¢otitme that the device actually cuts off
most current flow. The faster a device turns df€ smaller its energy loss in a switched
power conversion circuit. SiC’s high breakdowndieind wide energy band gap enable
much faster power switching than is possible in parably volt-amp rated silicon power-
switching devices. Therefore, SiC-based power codeke could operate at higher

switching frequencies with much greater efficieioy., less switching energy loss).

et Pt e . SOURCE
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Figure2.3 Cross-section of power MOSFET structure tsoowing various internal

resistances [8].

Higher switching frequency in power convertersighly desirable because it permits use
of proportionally smaller capacitors, inductors,datnansformers, which in turn can
greatly reduce overall system size and weight. fEsestance R of the N-Drift Region is

the dominant resistance in high-voltage power devif8]. While SiC’s smaller on-

resistance and faster switching helps minimize ggndoss and heat generation, SiC’s
higher thermal conductivity enables more efficimmoval of waste heat energy from the
active device. By increasing temperature differebegveen the device and the cooling
ambient, SIiC’s ability to operate at high junctitemperatures permits much more
efficient cooling to take place. Heat sinks andeottevice-cooling hardware (i.e., fan
cooling, liquid cooling, air conditioning, etc.) pigally needed to keep high-power

devices from overheating can be made much smalleven eliminated.
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The high breakdown field of SiC relative to silicghable2.1) enables the blocking
voltage region (N-Drift Region in Figure 2.3) to tmghly 10 times thinner and 10 times
heavier-doped, permitting a roughly 100 fold insee@ on-state current density for the
3000 V SiC devices relative to 3000 V silicon desgic

1000
SiC FET e ————
______.——: - -
100 ///,/—:—:: -
= SiC Rectifier

Breakdown Voeltage = 3000 V
Temperature = 300 K

2.00 a2.00
Vs (Volts)
Figure2.4 Simulated forward conduction characterisics of ideal Si and SiC 3000 V
power MOSFET’s and Schottky rectifiers [12]

While the preceding discussion focused on high-paswatching for power conversion,
many of the same arguments can be applied to deused to generate and amplify RF
signals used in radar and communications applieatitm particular, the high breakdown
voltage and high thermal conductivity coupled wiigh carrier saturation velocity allow
SiC microwave devices to handle much higher povweersdies than their silicon or GaAs
RF counterparts, despite SiC’'s disadvantage infleld-carrier mobility.

2.4 SiC SEMICONDCUTOR CRYSTAL GROWTH

A brief historical examination quickly shows thaerisus shortcomings in SiC
semiconductor material manufacturability and qyaltave greatly hindered the
development of SiC semiconductor electronics. Fransimple point of view, SiC
electronics development has followed the geneidal that a solid-state electronic device
can only be as good as the semiconductor mateoial Which it is made.

Many semiconductor materials can be melted andodegibly recrystallized into large
single-crystals with the aid of a seed crystalhsag in the Czochralski method employed
in the manufacture of almost all silicon wafersalging reasonably large wafers to be

mass produced. However, because SIiC sublimes éhsbéamelting at reasonably
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attainable pressures, SiC cannot be grown by caioveth melt-growth techniques. This
prevented the realization of SiC crystals suitdbianass production until the late 1980’s.
sublimate limits the size of the SiC crystals. Adified bulk growth process, called
modified sublimation, has been developed and isptieéerred means to produce single
crystal SiC wafers. In this method, a single crysteed and polycrystalline SiC source
container are placed in close proximity to eactepth a container. The polycrystalline
source container is heated to about 2@00h argon at reduced pressure (~200Pascal).
The seed crystal is maintained at a temperatug2@®C, and geometry of the reactor is
such that a temperature gradient of 10K'am 20 K cm* is maintained along the reactor
walls. Under these conditions, sublimation of tledyprystalline source and subsequent
nucleation and crystallization on the single crystsed layer occur at growth rates of up
to 4 mm R [12].The modified method is currently used to proel commercial grade 4H-
SiC. Limited progress has been made in producingsBC substrates in the laboratory
using 3C-SiC seeds grown by chemical vapour ddapasi{CVD) on Si wafers.
Difficulties in producing 3C-SiC wafers by sublinr@at method may be due to the high
temperatures used in the sublimation method, wipotmote the crystallisation of
hexagonal and rhombohedral polytypes. Polycrys®llsiC wafers can be fabricated

using sintered pressed powders or using CVD.

2.4.1 Historical Lack Of SiC Wafers

Most of silicon carbide’s superior intrinsic elecal properties have been known for
decades. At the genesis of the semiconductor eléct era, SiC was considered an early
transistor material candidate along with germanamd silicon. However, reproducible
wafers of reasonable consistency, size, qualityl availability are a prerequisite for
commercial mass-production of semiconductor eleatd Many semiconductor
materials can be melted and reproducibly recryz&allinto large single-crystals with the
aid of a seed crystal, such as in the Czochralgthad employed in the manufacture of
almost all silicon wafers, enabling reasonably éawgafers to be mass-produced [6]. SiC
sublimes instead of melting at reasonably attamaibessures, therefore SiC cannot be
grown by conventional melt-growth techniques. Tpisvented the realization of SiC
crystals suitable for mass production until thes [40680’s. Prior to 1980, experimental
SiC electronic devices were confined to small @gfliy ~ 1 cnd); irregularly shaped SiC
crystal platelets grown as a by-product of the Acime process for manufacturing

industrial abrasives (e.g., sandpaper) or by tHg hecess [6]. In the Lely process, SiC
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sublimed from polycrystalline SiC powder at temperes near 250C are randomly
condensed on the walls of a cavity forming smaldgonally shaped platelets. While
these small, non-reproducible crystals permittedesbasic SiC electronics research, they
were clearly not suitable for semiconductor masslpction. As such, silicon became the
dominant semiconductor fuelling the solid-statehtedogy revolution, while interest in

SiC-based microelectronics was limited.

2.5 DIFFERENT SILLICON CARBIDE DEVICES
Silicon carbide has several unique properties that lead to enhanced performance in
device. These properties include higher breakdaeld,fwider band gap, lower thermal

generation rate, and lower intrinsic carrier conicion.

2.5.1 Silicon Carbide IMPATT Diode

Silicon carbide is an ideal semiconductor for thbrication of high-power microwave
devices due to its high breakdown field. One deviicgarticular, that benefit from the
high breakdown field of SiC is the IMPact ionizatidvalanche Transit-Time (IMPATT)
diode oscillator.

MN- l -

Avalanche  Drift Region

Region
Doping {777 7
./F-’? B ;’ A
N N- -
.. | PSEMDH
ED T ===
Electric ﬁyﬁyﬂyﬁy
Field // /7 ///
.
Fosition

Figure2.5 Cross sectiohaSiC IMPATT diode [27]

IMPATT diodes deliver the highest RF power of angmsonductor microwave
oscillator, and are used to produce carrier sigf@lsnicrowave transmission systems,

particularly airborne and ground-based radar. Dejpgnupon the design, IMPATT
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diodes can operate from few GHz to few hundred GHie power-frequency product (p
f2) of an IMPATT diode scales as the square ofctiitecal field for avalanche breakdown
times the electron saturation drift velocity. Hellectron pairs are created at the point of
highest electric field (the "Avalanche Region"). et are swept into the cathode, but
electrons drift toward the anode, inducing a disphaent current in the external circuit as
they drift.

Figure 2.5 shows the build up of microwave oscolas in the diode current and voltage
when the diode is embedded in a resonant cavityoased at breakdown.

2.5.2 Charge Coupled Devices

Charge coupled devices (CCDs) are linear shiftstegg formed by a series of closely-
spaced MOS plates on the surface of a semicondugpptication of bias voltages to the
MOS plates results in the creation of localizedeptial wells in the semiconductor under
each plate. Charge packets can be confined in dtenfial wells and shifted along the
surface under the influence of appropriate clockimaveforms applied to the gates.
Silicon CCDs are widely used as image sensorsicphatly in digital still cameras and
hand-held video cameras. SiC is of interest azaialized image sensor because its wide
band gap makes it transparent to visible lightultesy in an ultraviolet (UV) sensor
which is virtually blind to solar radiation. Suchsansor has applications in aerospace
research, UV astronomy and in military systemsthis structure, the source and drain
junctions and the buried n-type channel are fortmgditrogen ion implantation and the
implants are activated by high temperature anngalihe gate oxide is thermally grown
using the optimized conditions identified in MOSeéstigations. Then deposit a layer of
polysilicon for the first-level gates and dope gady with phosphorus. The polysilicon is
patterned by reactive ion etching and oxidizedtanfa passivation layer. A second layer

of polysilicon is then deposited and doped to fdine second-level gates.

2.5.3 Silicon Carbide Non-volatile Memory Devices

6H silicon carbide is a single-crystal semi conthgctaterial with a band gap of 3.0 eV.
This wide band gap results in an extremely low ealior the intrinsic carrier
concentration in room temperature, about 16 ordérmagnitude lower than silicon.
Since thermal generation scales directly with titerisic carrier concentration, leakage
currents in SiC are negligible [14].
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2.5.4 Digital CMOS Integrated Circuits in 6H-SIC
CMOS technology is attractive for digital logic lagise it offers low power consumption,
full rail-to-rail output swing, and greater noiseugins than NMOS circuits. CMOS also
provides active current sources for linear applcet Development of CMOS
technology in SiC is expected to provide low powegh temperature circuits as well as
reliable control circuitry for smart power integdtcircuits. Process utilized an implanted
n-well and deposited oxides, but due to other msiog problems the PMOSFETs
exhibited a very high threshold voltage. Implanpedell and thermally grown oxide is
used to fabricate this device. The fabrication sege is as follows:
1. P-wells are formed on n-type epilayers doped at0¥xii® by boron
implantation. Al and N are then implanted througthypilicon masks to form P+

and N+ source/drain regions, respectively.

Inpuk Ouput LD
]

Figure 2.6 Cross section of a CMOS inverter in thenplanted p-well process [2].

2. NMOSFETs are formed on p-wells while the PMOSFETfes farmed on n-type
epilayers. Implants are annealed at®@5fr 40 minutes in argon, followed by an
115°C, 2 hour wet oxidation to form a 40 nm gate oXajer.

3. Polysilicon is then deposited and patterned to ftrengates. Al-Ni is used for p-
type ohmic contacts and Ni for n-type contacts. ilcan oxynitride layer is
deposited as an inter-metallic dielectric.

4. Vias are opened and interconnect metal is depoaitdgatterned.
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2.5.5 Power MOSFETSs

The breakdown electric field of SiC is approximgt8l times higher than silicon. This
makes it possible to design power switching devibasing correspondingly higher
blocking voltages than their silicon counter paiore importantly, the specific on-
resistance (i.e. resistance-area product) of a pdedce scales inversely as the cube of
the breakdown field, so the on-resistance of SiggoOMOSFETs are 100-200 times

lower than comparable devices in silicon [14].

2.5.6 Schottky Barrier Diodes

Schottky barrier diodes (SBD’s) are attractive asvgr rectifiers because they do not
store minority carriers in the on-state, and thaeefcan be switched off quickly with
negligible reverse current. It is widely felt tHaBD’s will be the first SiC power devices
to go into commercial production. The fabricatedd&Bon 4H-SiC that exhibit blocking
voltages of 1720 V.
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CHAPTER 3
POWER MOSFETS

An increasing demand for high-voltage, high-powlec&onic devices and the fact that
traditional silicon technology has come close t® theoretical limits in high power
applications gave birth to a new era of power ebeits—an era of wide bandgap
semiconductors. Initial poor quality and extrembigh cost of new materials made the
transition between silicon and wider bandgap sendaootors like SiC and GaN very
gradual; however, we are now witnessing dramatiprawements in these areas. The
most significant success has been made in thedfeRIC power rectifiers. Multi kilovolt
4H-SIiC PIiN and merged pin Schottky (MPS) diode® @blconduct hundreds of amperes
of forward current were reported and 1200V, 6A Sidyodiodes were introduced
commercially in 2003. A dramatic improvement wasoaiade in the field of high-power
SiC switching devices. In the mid-1990s, SiC MO&hsistors were projected to replace
their silicon analogues in high voltage applicasiokven the recently introduced Cool
MOS transistor, which was expected to breathe niésvihto power silicon MOS
technology, is unable to exceed the theoreticaémi@l of SiC devices in this field. In
this chapter, we will provide a short historic ewiof SiC power MOSFET development,
which will help the reader estimate the speed & BIOS developments, and evaluate
future trends in this area [5].

As with Si power MOSFET development, researcherskiyurealized that success would
not be rapid, but would take focused, carefullynpked efforts to optimize the inversion
channel mobility, device structure, and reliabili§imply copying design and process
approaches from silicon technology would not leaddsired results. First of all, many of
the technological processes from the silicon inguate not applicable to SiC because of
different material properties. Secondly the poderiface quality between the gate oxide
and SiC bulk material suppresses channel mobilityvélues at least an order of
magnitude lower than bulk mobility. These difficgat required new design solutions to
minimize the channel resistance without compromgisine other components of the
device on-resistance. The right choice of matepalytype, crystal orientation, gate

dielectric, and method of gate formation dramalycahproves the device performance.

21



This chapter includes different design and techgiold approaches directed to overcome
challenges in achieving the perfect device.

The power MOSFET was the first commercially sucftgéssnipolar switch developed
using silicon technology. Once the issues relaedhe metal-oxide-semiconductor
interface had been resolved for CMOS technologyrtter to reduce cost, the channel in
these devices was created by the double diffustorDMOS) process. In the DMOS
process, the P-base and $ource regions are formed by ion implantationskeaby a
common edge defined by a refractory polysilicoregaectrode. A drive-in cycle is used
after each ion implantation step to move the P4i¢fjon in the lateral direction under the
gate electrode. The separation between th® Mase junction and the P-base/N-drift
junction under the gate electrode defines the ablai@onsequently, the channel length
can be reduced to sub-micron dimensions without mtleed for high resolution
lithography. This approach served the industryeguiell from the 1970s into the 1990s
with planar power MOSFETSs still available for powelectronic applications. In the
1990s, the industry borrowed the trench technolagginally developed for DRAMS to
introduce the UMOSFET structure for commercial aggions [13]. This was important
for the reduction of the channel and JFET compaienthe MOSFET structure designed
for lower (< 30 volts) voltage applications. Inisin power MOSFETS, the on-resistance
becomes dominated by the resistance of the dmfiorewhen the breakdown voltage
exceeds 200 volts. At high breakdown voltages, gpecific on- resistance for these
devices becomes greater tharf T8hm-cnf.

The much lower resistance of the drift region idicen carbide should enable
development of power MOSFETs with very high breatdovoltages. These devices
offer not only fast switching speed but also sumesiafe operating area when compared
to high voltage silicon IGBTs. This allows reductiof both the switching loss and
conduction loss components in power circuits. Uioately, the power MOSFET
structures developed in silicon cannot be directijized to form high performance
silicon carbide devices. Firstly, the lack of sigrant diffusion of dopants in silicon
carbide prevents the use of the silicon DMOS pmc&zcondly, a high electric field
occurs in the gate oxide of the silicon carbide NFB% exceeding its rupture strength
leading to catastrophic failure of devices in thecking mode at high voltages. Thirdly,
when compared with silicon, the smaller band oftsetween the conduction band of
silicon carbide and silicon dioxide can producesdtipn of hot carriers into the oxide

leading to instability during operation. In additigdhe quality of the oxide-semiconductor
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interface for silicon carbide must be improved Hova good control over the threshold
voltage and the channel mobility [16].
Power MOSFET can be classified under the followiegdings:

e Double implanted or DIMOSFET

e UMOSFET

* Lateral or LDMOSFET

3.1 SiC UMOSFET

The classical U-groove n-channel power MOSFET tsaois (UMOSFET) in SiC is a
vertical device, which comprises epitaxially grottanck n- drift region and p-type base
region. N+ source and p+ body contact regions caneither epitaxially grown or
implanted. Dry plasma etch is used to form a tremetd a thin dielectric layer is then
thermally grown or deposited followed by metal otysilicon gate deposition to define a

vertical MOS channel. A simplified cross sectionme€hannel UMOSFET is shown in

Figure 3.1.
¢ ®
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Figure 3.1 Schematic cross section of a classicdViOSFET [5].
UMOSFETSs are attractive because the base and socegoans are formed epitaxially
without the need for ion implantation and assodalégh temperature annealing. In
UMOSFETSs, the MOS channel is formed on the sidea@ltrenches created by reactive
ion etching.
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SiC UMOSFET has two serious problems:

1. A high electric field occurs in the gate oxide caadiby higher electric fields in the
SIC drift region. This problem occurs at the treeolners leading to catastrophic
failure of the gate oxide at higher drain voltagdsis restricting the maximum
operating voltage to less than 40% of ideal breakdeoltage.

2. The low inversion layer mobility along the trenatiesvalls results in high specific
on resistance, which nullifies the advantage of thiit region in SiC. By 1995,
UMOSFET fabricated on the carbon face of SiC hddeaed the breakdown
voltage of about 260V.

Potentially, 4H-SiC UMOS transistor structure offeseveral advantages over other

design solutions as follows:

» Vertical configuration, where the absence of JF&gian allows for taking maximum
advantage from excellent blocking/conductive prapsrof the SiC drift layer.

» Relatively simple structure that can be made usilfraligned fabrication process
resulting in a significant increase of channel pagldensity.

» The doping profiles in the entire device structceia be realized by epitaxial growth.

One of the most important issues preventing comiadezation of power SIiC MOSFETs

so far is MOS channel resistance that results frileenextremely low inversion channel

mobility in 4H-SIiC. This problem may become esplkégisignificant in the case of 4H-

SiC UMOSFET, where the oxide-semiconductor intexfecseverely damaged by plasma

etch when the trenches are formed. In generaletlaee two major approaches to

minimize the channel component of on-resistance:

* Improve channel mobility.

* Increase channel packing density.

Increasing channel packing density can be achieidter by use of high-precision

lithography or/and by implementing self-alignedriaétion process. Due to today’s low

production volume of power SiC switches, use ofemgive photo lithographic equipment

may not be economically feasible. On the other hamdike double diffused MOSFET

(DMOS) configuration, SiC UMOS transistor structisedeally suitable for self-aligned

fabrication processes that can be adopted fronsitiwen industry. For example, scaling

down a pitch width from today’s 15 pm to 1 pum igyeealistic. Such increase in the

channel packing density would be equivalent to dold increase in inversion channel

mobility, which may not be feasible in the nearufet Another benefit that can be

realized from down scaling the pitch width is tleduction of the electric field in the gate
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oxide. It has been shown that by closely spaciegUMOS trenches, the electric field
enhancement at the trench corners can be parghfiynated, which allows the use of
thinner and heavier doped drift region. So the aase in the packing density is a
powerful tool to reduce the overall resistancehef MOS structure. One of the potential

benefits of SIC UMOSFET, low cost and easy to maciuire device structure.

3.2 Double implanted MOSFET

Power switching devices are reaching the uppeitdimposed by low breakdown field
of silicon, and high breakdown voltage can be aatdeonly by using a semiconductor
with a higher breakdown field. SiC is unique ama@oghpound semiconductors since its
native oxide is Sig) the same oxide as of silicon. This means thatgpalevices used in
silicon can all be fabricated in SiC. Here we williscuss double implanted MOS
(DMOS) as shown in Figure3.2. DMOS transistare common in silicon power
device technology where the p-base and n+ sougien® are formed by diffusion of
impurities through a common mask opening. Howewepurity diffusion is impractical

in SIC because of the very low diffusion coeffiderat any temperature. The Purdue
group fabricated the first DMOS transistors in Si€lng ion implantation to introduce
dopants for the p-base and the n+ source. The mg@aDMOSFET requires that
separate masks be used to define the p-base amittkeurce. The construction is a
vertical structure with a drift layer built on aghly conductive n+ layer. The n-drift
region is designed to give the forward blocking atafities (Figure 3.2). The forward
blocking capability is achieved by the pn junctibatween p-base region and n-drift
region [5].

In power MOSFET, the blocking voltage is suppordedoss the drift layer, and thus the
drift- region resistance is considered to be theimim possible theoretical limit for the
on-resistance of a MOSFET. For an ideal DIMOSFIE€, resistances associated with the
n+ source, the n-channel, the accumulation regnohtlae n+ substrate are assumed to be
negligible and the specific on-resistance of the/graVIOSFET is determined by the drift
region only. This assumption is not accurate atlolreakdown voltages where the drift
region resistancedls comparable to the other resistive componerdsiase resistances
should be included in calculating Ron-sp. Howewéhigher break- down voltagess R

is significantly higher than other resistances Radsp can be approximated by,RThe

details of the device structure are shown in FigLe

25



During the device operation, a fixed potential he fp-base region is established by

connecting it to the source metal by the breaké+ source region.
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Figure 3.2 Schematic illustration of classical VDM@ transistor [5].

By short-circuiting the gate to the source and yppla positive bias to the drain, the p-
base/n-drift region junction becomes reverse-bias®tl this junction supports the drain

voltage by the extension of depletion layer on lsatles.
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Figure 3.3 Structure of DIMOSFET [18]
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However, due to the higher doping level of the pebkayer, the depletion layer extends
primarily into the n-drift region. On applying thpeositive bias to the gate electrode, the
conductive path between the n+ source region amd-irift region is formed.

The application of positive drain voltage resultsa current flow between drain and
source through the n-drift region and conductivargtel. The conductivity of the channel
is modulated by the gate bias voltage and the oufi@wv is determined by the resistance
of various resistive components [18].

In a power MOSFET, the blocking voltage appearssxthe drift layer and so the drift-
region resistance is considered to be the minimossiple theoretical value for the on-
resistance of a MOSFET. For an ideal DIMOSFET rdststances associated with the n+
source, the n-channel, the accumulation regiontla@ch+ substrate are usually neglected
and the specific on-resistance of the power MOSkEdetermined by the drift region

alone.
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Figure 3.4 (V-1) chacteristics of DIMOSFET [12]

SiC DIMOSFETs have been fabricated with the bloghkinltage of 760V. To obtain the

blocking voltage greater than 760 V for 6H-SIC degse on the drift region thickness,

doping level, specific on-resistance and electigddf strength. By adjusting all these
parameters we propose to get the blocking voltagatgr than 760V. The safe operating
area of MOSFET is divided into three regions: (§ximum permissible drain current, (ii)

maximum power dissipation limit, and (iii) maximuwinain source voltage limit. The safe
operating area of MOSFET does not contain any seboeakdown as seen in the BJT.
This is because of the majority carriers presetihénMOSFET.
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3.3 Lateral MOSFET

Before the advent of power devices of SiC, MOSFE&d thyristors had been fabricated
as vertical structures with the substrate actingqrasnode. In the off state, the voltage
was blocked by a reverse-biased pn junction. Teeaehhigh blocking voltage, the drift
region should be lightly doped and thick. For aegivdevice thickness, there was a
maximum possible blocking voltage regardless ofimippFor SiC lateral MOSFETSs with

a 10 pum drift region, the maximum possible voltagel600V. To overcome the
limitations of vertical-type MOSFETS, lateral- tyd#OSFET is used. The structure of
lateral DMOSFET is as shown in Figure 3.5. It can dbserved that the insulating
substrate is of SiC. In the blocking state, theletegn layer spreads mainly into the
lightly-doped drift region. Once the depletion @gireaches the insulating substrate, it
continues spreading toward the drain. Here, theirmax voltage is not limited by the
thickness of the layer. Figure3ghows the current voltage characteristics of latera
DMOSFET. From the characteristics, it is observédt tthe device withstands a
maximum drain voltage of 2.6kV. One can say that dievice should be implemented
laterally rather than vertically because thereasacessity for an increase of surface area

required for the device.

Source Gt Polysilicon Drain

(1

Depleted

Insulating 4H5IC Substrate

Figure 3.5. Cross section of lateral MOSFET [19]

As in the case of vertical devices, the drift regicomponent of the total LDMOS’

specific on-resistance depends on its dimensiodslaping concentration.
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To reduce this component while maintaining the sdnoeking capability, a junction-

isolation RESURF (REduced SURface Field) technologg be used. The RESURF
effect is the result of the depletion region in tateral n-type drift layer being generated
by both the vertical and lateral p-n junctions.sTields a reduction of the electric field

peaks that occur at the surface, leading to a derale increase in the blocking voltage.

1_'] IIIl!lllll:IIIII:IIIII:IIIII:IIII-

v fpVo 24V

Drain Current (LA)

Drain Yoltage (kY)
Figure 3.6(V-1) Characteristics of lateral DMOSFET at room temperature [19]

The closest to the market power SiC MOSFET strestare vertical 4H-SiC DMOS-like

transistors, which are now under intense investgaby leading SiC device developers.
Increasing channel packing density by implemenset-aligned fabrication processes
and advanced layout solutions in conjunction witbplssticated gate oxide

growth/annealing techniques will help to overcomehs traditional issues for SiC
MOSFETSs as inversion channel mobility and gate exaliability.

Significant progress has been achieved recenttiiendevelopment of a power LDMOS
for smart power electronics. Due to its high inw@rschannel mobility (several times
higher than that in 4H-SiC)and relatively high élen mobility, 6H-SIC has appeared to
be an excellent building material for lateral MO&vides such as LDMOS. The higher
inversion channel mobility in 6H-SIC compared witfat in 4H-SiC results from almost
an order of magnitude lower interface state deniign in 4H-SIC due to its higher
conduction band offset to SiO. In general, the higlue of the conduction band offset
with related issues such as inversion channel ntylaihd gate oxide reliability renewed
interest in alternative polytypes to 4H-SIC and &€ such as 3C-SiC and 15R-SiC.
These polytypes also exhibit high operating eledteld and high bulk electron mobility,

which makes them very attractive for future SIC MKES development. So far, high-
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quality 3C-SiC and 15R-SiC substrates are not comially available; however,
potential advantages of these polytypes as buildiaterials for SiC MOS devices may
induce future efforts toward their commercial bgtowth
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CHAPTER.4

ANALYSIS OF 3C-SiC VERTICAL DOUBLE IMPLANTED MOSFET
USING COMPLEMENTARY ERROR FUNCTION PROFILE

The 3C-SiC is a promising material for MOSFET desichecause of high channel
mobility due to lower density of interface statesnpared to 4H-SiC. Poor performance
of 6H-SIC and 4H-SiC MOSFETs is related to theriiaiee states located in the band gap
close to the conduction band edge limiting thedpant of electrons in the channel. Due
to the smaller band gap of 3C-SiC, the interfaea¢estobserved in 6H-SIC and 4H-SiC
are located in the conduction band and have nateffie the transport properties of the
channelThe 3C-SiC polytype has lower critical electriddi®alue due to the lower band
gap. It means that the drift region doping corresjiog to a given blocking voltage will
be lower compared to the hexagonal 4H-SiC and 8Hglytypes. This also means that
the specific junction capacitance will be lowerthe 3C-SiC devices as compared to the
4H-SiC and 6H-SIC ones. This is an advantage froenpoint of view of high speed
MOSFETSs.

The 3C-SiC DIMOSFET need for high breakdown voltagalysis has a complementary
profile as its impurity content in the drift regiomhe profile can be generated by ion-
implantation from the drain end of the device, lsat the projected /s close to the drain
end of the device. The impurity concentration decagwards from Ras we approach
the source. The mathematical analysis for evalnatie effective impurity concentration
(Neff) has been evaluated by integrating the complemefiaction error profile over the

length of the drift region.

4.1 Basic Structure of 3C-SiC DIMOSFET

When operating the device, the p-base region is@ued to the source metal by a break
in the N source region and a fixed potential is given @ phbase region. The gate and
source are short circuited and a positive biap@ied to the drain. The p-base and N-
drift region form a reverse biased p-n junction #md junction supports the drain voltage
across the junction depletion region. Since thegen is more heavily doped than the N-
drift region, the depletion region is wider in theft region than the p-base region. Then
for a positive bias applied to the gate, an inergihannel is generated on top of p-region

which allows an electron current to flow froni Bource. At the edge of the p-base region
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and N-drift region near the surface and beneatlydte an accumulation layer is forward.
This provides a second conducting path for thetleacurrent which then enters the N-
drift region and eventually flows to the drain. Been the accumulation and drift regions
there exists an in-built n-channel JFET which h&®wn channel resistance.

m » Le I m

F 3

¥

Ra' SOURCE JR SOURCE Jyn
7 i
“ Le L P-BASE—» |

) h Ro \ N" DRIFT

: REGION
rll 1'|
Nt SUBSTRATE Rs
DRAIN

Figure4.1 Basic Structure of DIMOSFET [18]

The specific on resistance of the deviee-dais given by
olp= Ry++ Rc+ Ra+ Rj+ Ro+ Rs (4.1)
Where,
Rn+iS the contribution from the Nsource region,
Rcis the channel resistance,
Rais the accumulation layer resistance,
R;is the resistance of the JFET pinch off region,
Rpis the drift region resistance and,
Rsis the substrate resistance
These components are shown in Figure 4.1 and th®URon-spiS Q-Cn. The blocking

voltage is supported across the drift layer andeseas the minimum possible theoretical
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limit for the on resistance of a power MOSFET. Aldigh applied voltages, resistance
of the device is approximately equal tg Bs all other terms on the RHS of eq. (4.1) are
negligible as compared tooRand so, Bh.sp= Rp. At lower values of ¥ or smaller drain
bias, equation (4.1) will have to be evaluated@ssitlering all components on the RHS
of that equation. This is because all of them aramarable to each other at these values

of drain voltages, i.e. ys <<Vg.

Gate

Source I Source

n- drift region

Drain

Figure4.2 Structure of DIMOSFET using Compementary error function
profile

Structure of DIMOSFET using complementary errorchion profile is shown in figure
4.2. Suppose carrier concentration igat x=0 in the complementary function type of
doping profile. Carrier concentration,

N(X) = N (erfc(h-x) ) (4.2)

Where erfc is complementary error function, h s dstance between source and drain of
DIMOSFET.

erfc(hx) = 1 — erf (h—x) (4.3)
or,

“ F -y 3
(re—x)

erfe(h—x)=1 —i:[(h —x)— Frernn, ] (4.4)

3x1)
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4.2 BASIC DEVICE EQUATIONS
Using Poisson’s Equation,

a2V P
3.2 = ; (4.5)

Where€ is permittivity of semiconductop, is electric charge density and V is potential
developed in drift region.

We know,
p=eN(x) (4.6)
Where N(x) is the doping distribution

Put equation (4.4) into (4.3)

9V eN(x) 47
g x° g 4.7)
Put equation (4.2) into (4.7),
9%V eNglerfc(h—x))
Tz ) (4.8)
From Equation (4.5) and (4.8),
2V el 2 (h—x)3
— = — 1——_ h—x — - +...... 4.9
dx? £ [ 1-"rr{( ) Ix1 | 1 (4.9)
After expandingh — x)°,
82 I E."\'TO 2 1 3 3 7
- — =—[1—:{(h—x)——(h —x* —3xh* +
dx £ e 3
3x2h)}
(4.10)
Integrate equation (4.10),
IV eN 2 2 1 + 3x2p?
- —=E—°[x—:{(hx—x—) ——(h%—x—— — 1+
dx £ AT 2 3 4 2
323k
- ]H +C1
3 (4.11)
We know,
av
— —=E (4.12)
dx
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Where E is the electric field developed in drifjien of DIMOSFET.
Using Boundary condition,

At x=h, E=0 (4.13)
From Equation (4.11), (4.12) and (4.13),

We get,

. . 2 ¢y 4
L= 2 .:E l h
Putting Equation (4.14) into (4.12)
av eN, 2 x2 1 x* 3x%h?
——:—O[x—:{(hx——)——(h%——— +
VIT 2 3

dx £ 4
) e U P CY)i

After integrating equation (4.15)

(4.15)

O g 2 2 5
=Rl Aok (SR - S-SR )] -
=holhx - Z{5h° — SR+ €2
(4.16)
Using boundary condition:
{Atx=0,V =0}
From boundary condition, we get
C2=0
Now equation (4.16) becomes:
T
5 e —3{oh 4]
(4.17)

From Boundary conditions,

{Atx =w, V = Vbi}
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Where w is depletion region width and Vbi is builtpotential.

Put x=w in equation (4.16)

. eNgw? 2 (w@ w? 1wt 3 ow? wip2 | wlgy)

L _eNgpwd _wtha(n 1) ot b 1 43)

Vo= 0w em T W {3~—r 3?} W {3 TR~ L
14,2, n*

‘.-*l.-’{h—?h +ﬁ]

(4.19)

Rearranging equation (4.19), we get

Voie _ [ WS__ 4_—|—W {hz _é}—wz {_i—_i-l-%lﬁ}‘l‘

eNg 30T G4 34 34/ 2 V' 34T
h-l-
wih—h? + )]
bel:
(4.20)

In Reverse bias, Equation (4.20) reduces to —

(Vo+Vy,ils e wih hZ 1 - (1 h
R bi/ :[ — _-I—Hf { —T}—W’E{E—t‘l‘

eNg I &4 3T 3 N

éh3}-|— w{h— e B H

34y G

(4.21)
In reverse bhias condition,
Vg >>> Vhi

So equation (4.21) reduces to,

Vpe w? wth h? 1 2 (1 h 1
i = [——— __._-I-WB{t—f}—WE {E—__—-I-tha}—i-

eNg 30T 64T 34T 34/ V' 34T
>, b
w{h ——h* +- ._}]
&y TL
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At the breakdown point,
Vr=Vg (423)

Where \%is the breakdown voltage

Vo= W w* h h? 1 = 1 h 1
BT :[ _____I_H_TBE_____}_“,E{___+__h3}+
elNy 30w 6T 3T VT . '

(4.24)

dN
Impurity gradient ¢ = . (4.25)

X
From Equation (4.2)

_ d(Ng erfc (h—x))
dx

a (4.26)

Put value of erfc(h-x) from equation (4.4) in tastbquation (4.26) and neglecting higher
order terms

o= E_EN‘} (4.27)

Critical Electric field is Electric field developeat breakdown point. The value of critical
electric field

E. =1.95x 10% x N, 2131 (4.28)

The breakdown voltage VB for uniform doping profiien be calculated from the
equation,
Ve=(E;W)/2 (4.29)
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CHAPTER.5

CALCULATION AND RESULTS

In calculating the Breakdown voltage, we have udedfollowing parameters with the
value quoted against each of them:
Doping concentration § 1x103°/cm®
Permittivity of free spac® = 8.85x10" (-cm)’sec
Permittivity of SIC semiconduct@s= 9.7&,
Electron charge e=1.6xT8coulomb
Let us suppose, punch through breakdown voltage Y0 kV,
We know that for punch through breakdown, Depleti@gion width is equal to
maximum height between source and drain, or wesagn
w=h

Put this condition in to equation (4.24)

i e R L - R TY

elNy 304 &y 34T 3 VT 34T
1, h*
h{h—>h?+ =]
2 54T
(5.1)
After simplifying this equation,
5.36 x 107% = 0.018806h° — 0.18806h% L+ 0.5R° (5.2)

After solving it, we get,
h=103.78 pm.
So we should take minimum height of source anchdt@B.78um.
Now take Breakdown voltageg¥ 1 kV, the value of depletion region width can be

calculated from equation (4.24)

: 4 2 (Bl
536 X107 = [sg=—z=h+W? {h—f —

if} —w? {% - % +%h31- +
5 4
w{h —zh° +.h—}]

(5.3)
Put value of h into this equation,
5.36 X 107% = 0.0188w° — 0.000968w"* — 0.188w® — 0.4942w* + 0.0102w (5.4)
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After solving this equation we get,
2nb.5um (5.5)

Breakdown voltage for uniform doping profilead/= %ch (5.6)

Soforw=5.5pum,
VAB = 0.5 kV.
Now take Breakdown voltagegV= 2 kV, the value of depletion region width can be

calculated from equation (4.24)

3 2
1072x 107 = [ =—¢g=h + W’ {h—:[ —ﬁ} —w? {% -L+ %hal +
, 11.2 | n'
m{h—ih +ﬁ}]

Put value of h into this equation
536 X 107 = 0.0188w® — 0.00097w* — 0.188w?® — 0.4942w” + 0.0102w
After solving this equation we get,
w =11.5um (5.7)
Soforw=11.5um
Vas =1 kV.
Now take Breakdown voltagegV= 3 kV, the value of depletion region width can be

calculated from equation (4.24),

_ 4 . . 3
536 X107 = [;p=—=h+Ww? {h——i_r} — w? {%—% +5=h I-+

w{h — %hz +£}]

(5.8)
Put value of h into this equation
16.08 x 107° = 0.0188w® — 0.00097w"* — 0.188w? — 0.4942w” + 0.0102w  (5.9)
After solving this equation we get,
w=17.5um
Vag = 1.5kV.
Similarly, for Vg= 4kV,
w = 24.5um
Vag = 2.2kV.

39



For Vz= 5kV,

w = 32.3um
Vas = 3.0 kV.
For Vg = 6kV,

w=40.2 um
Vag = 3.5 kV.
For V= 7kV,

w =50.4 um
Vag = 4.4 kV.
For Vg=8KkV,

W= 62.6 pm
Vag = 5.5 kV.
For Vg=9kV

w= 80.7 um
Vag =7.12 kV.
For Vg = 10 kV

w=103.78 um
Vag = 9.16 kV.
Effective doping concentration,

Neff = % %— g} (5.10)

Critical Electric field Ec = 1.95x18 (Ner) ©**Yv/ecm
E.=1.8x16V/cm

Table 5.1 Variation of depletion region width withBreakdown voltage

S.N. Breakdown Depletion region Vag =0.5

Voltage(V) width xwxE¢(kV)
(W)( um)

1 1000 5.5 0.5

2 2000 11.5 1.0

3 3000 17.5 1.5

4 4000 24.5 2.2

5 5000 32.3 3.0
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6 6000 40.2 3.5
7 7000 50.4 4.4
8 8000 62.6 5.5
9 9000 80.7 7.12
10 10000 103.7 9.16
variation of breakdown woltage(Vb) with depletion width(w)
10000 ‘ \ \ \
9000 - f
8000 - B
7000 (- R
6000 |- -
g 5000 - f
4000 B
3000 + -
2000 + -
1000 - f
00 0.602 0.604 0.606 0.608 O.bl 0.012

w(um)

Figure 5.1 Plot of breakdown voltage with variationof depletion width

5.1 Calculation of depletion region width with different value of h:
For h=100 pm
From equation (4.24)

I 't

3y

Ve w w h? 1 5 (1 h
B, = [ .——_._h-I—WS{T—t}—Wz{——t
eNg 304 64T 34 34 TT 2 VT
. h*
W {h — = h2 + —_}]
&y TL
Put value of h into this equation,
VBE _ ., - .
—— = 0.018806w" — 9.4 ¥ 10 "w” — 0.18804w"” — 0.4943w"
eN,
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+99 x 10w

Put Vz=1kV, and solve the equation (5.6),
w =5.56 um

Similarly for Vg =2 kV,w =11.4 um,
For Vg = 3kV, w = 17.83 um,

For Vg = 4kV, w = 24.7 um,

For Vg = 5kV, w = 32.27 um,

For Vg =6kV, w=40.81 um,

For Vg = 7kV, w = 50.81 pm

For Vg = 8kV, w = 63.48 um

For Vg = 9kV, w = 84.45 um

For h=200 um

From equation (4.24)

Ves w> w*h h? 1 2 (1
B, = [ ——_—+WE{—_——_}—W2{—
elNy 30ym 6y T 34T 34T 2
1, h*
W {h —-h? + —_}]
2 64T
Put value of h into this equation,
Vge 5 -3 1 3 2
T = 0.018806w" — 1.8806 X 10 "w’ — 0.18794w” — 0.43838w™ +
=L

00197 Tw

Put Vs=1kV, and solve the equation (5.7),
w=2.729 um

Similarly for Vg = 2 kV,w = 5.49 um,
For Vg = 3kV, w = 8.30 um,

For Vg =4kV, w = 11.15 um,

For Vg = 5kV, w = 14.04 um,

For Vg =6kV, w=16.98 um,

For Vg = 7kV, w = 19.96 um,

For Vg = 8kV, w = 22.98 um,

For Vg = 9kV, w = 26.08 um,

For Vg = 10kV, w = 29.22um.
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For h=300 um
From equation (4.24)

Vpe _ [ wi o w_hl_h-l-wa {h_.z__%}_wz E—___i-l-%lﬁ}‘l—

eNg 30T 64T 3Iym 34T VT 3y
. h*
W {h — = h2 + —_}]
&y TL
Put value of h into this equation,
Vpe _ L i i
—— = 0.018806w — 2.8 X 10 "w™ — 0.18789w — 0.48308w"
eNy

+ 0.029429w (5.13)

Put Vs = 1kV, and solve the equation (5.8),
w=1.8pum

Similarly for Vg = 2 kV,w = 3.657 um,
For Vg = 3kV, w = 5.5023 pum,

For Vg = 4kV, w = 7.3589um,

For Vg = 5kV, w = 9.227um,

For Vg =6kV, w=11.1075 um,

For Vg = 7kV, w = 12.99 um,

For Vg = 8kV, w = 14.904 um,

For Vg = 9kV, w = 16.821 um,

For Vg = 10kV, w = 18.75 um.

For h=350 um

From equation (4.24)

Vge w> w h? 1 5 (1 h 1
== __.—h-l-Wa{f—t}—Wz{E—t—i-—_hB}-l—
.'J 'l d"‘_"]T

eNg 30T 64T 34 34 TT 3

. h*
W {h —~h*+— ._}]

&y TL

Put value of h into this equation,
Vpe ] L ) .
—— = 0.018806w" — 3291 X 10° w~ — 0.18783w" — 0.48025w"
eN,

=0.0343w (5.14)

Put Vs=1kV, and solve the equation (5.9),
w=1.52 um
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Similarly for Vg = 2 kV,w = 3.12 um,
For Vg = 3kV, w =4.71 um,
For Vg = 4kV, w = 6.306 pum,
For Vg = 5kV, w = 7.90 um,
For Vg =6kV, w = 9.50 um,
For Vg = 7kV, w =11.11 um,
For Vg = 8kV, w =12.72 um,
For Vg = 9kV, w = 14.35 um,
For Vg = 10kV, w = 15.98 um
For h=400 um

From equation (4.24)

eN, 3T e EDUETIR U 2 Am
1, h*
w {h —-h* + —_H
2 6y TT
Put value of h into this equation,
Vge ] L ) .
—— = 0.018806w” — 37.61 X 107w~ — 0.18776w" — 0.47744w"
eN,

+0.03909w

Put Vs=1kV, and solve the equation (5.9),
w=1373 um

Similarly for Vg = 2 kV,w = 2.7511 pm,
For Vg = 3kV, w = 4.133 um,

For Vg = 4kV, w = 5.521 um,

For Vg = 5kV, w = 6.913 um,

For Vg =6kV, w = 8.310 um,

For Vg = 7kV, w = 9.771 um,

For Vg = 8kV,w=11.11 um,

For Vg = 9kV, w = 12.53 um,

For Vg = 10kV, w = 13.947 um
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Table 5.2 Variation of breakdown voltage with depléon region width (w) for

different values of h

h =100 h =200 h =300 h =350 h =400
S.N. Vi (V)
um um um um um
w(m) w(m) w(m) w(m) w(m)

1 1000 5.56 2.72 1.8 1.52 1.37
2 2000 114 5.49 3.65 3.12 2.75
3 3000 17.83 8.30 5.50 4.71 4.13
4 4000 24.71 11.15 7.36 6.31 5.52
5 5000 32.27 14.04 9.23 7.90 6.91
6 6000 40.81 16.98 11.11 9.50 8.31
7 7000 50.81 19.96 12.99 11.11 9.71
8 8000 63.48 22.99 14.91 12.72 11.11
9 9000 84.45 26.08 16.82 14.35 12.53
10 10000 29.22 18.75 15.98 13.97

; X 10“ Variation of breakdown wltage(Vb) with depletion width(w) for different value of h

247 - - |
il e ) |
//// —
1 // — B
"
00/ / 0.(‘)02 0,(‘)04 0,(‘)06 0,(‘)08 0,‘01 0.012
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Figure 5.2 Plot of breakdown voltage with variationof depletion width for different

value of height (h).

Table 5.3 Variation of breakdown voltage with depl&on region width (w) for

different value of doping level

L

S.N. Depletion region Breakdown Breakdown Breakdown
width(w)(pnm) voltage(Vb)(V) | voltage(Vb)(V) | voltage(Vb)(V)
NO(1*10714) NO(1*¥10715) | NO(1*10716)
1 0.0001 19.36 193.62 1936.29
2 0.0011 202.86 2028.67 20286.70
3 0.0016 287.71 2877.19 28771.90
4 0.0021 367.97 3679.75 36797.51
S 0.0031 514.70 5147.08 51470.82
6 0.0041 643.08 6430.87 64308.77
7 0.0051 753.13 7531.34 75313.41
8 0.0061 844.86 8448.68 84486.87
9 0.0071 918.31 9183.12 91831.24
10 0.0081 973.48 9734.86 97348.63
11 0.0091 1010.41 10104.11 101041.14
12 0.0101 1029.10 10291.08 102910.87
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OV 0.002 0.004 0.006 0.008 0.01 0.012
w(um)

Figure 5.3 Plot of breakdown voltage with depletiomegion width for different

doping level (N)

Table 5.4 Variation of breakdown voltage with heigl (h) for w=95um

S.N. Height(h)( um) Breakdown voltage(V)
100 9320.9028
150 18097.2177
200 26823.9577
250 35501.1291
300 44128.7409

47




4.5

3.5F

2.5F

Vb(v)

15

h

05 | | | | | | | | |
0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

Figure 5.4 Variation of breakdown voltage with heidt (h)

Table 5.5 Variation of breakdown voltage with diffeent doping level (Ny)

S.N. No(/cr) For h=100um | For h=200 um | For h=300 pm
Breakdown Breakdown Breakdown
voltage(V) voltage(V) voltage(V)

1 leld 924.20 2581.92 4220.85

2 lel5 10152.80 28363.47 46367.81
3 lel6 96867.41 270614.66 442393.20
4 lel7 924207.61 2581922.2 4220853.50
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Figure 5.5 Plot of variation of breakdown voltage wth different doping levels (N)

Table 5.6 Variation of breakdown voltage (Vb) withdrift region height (h) for
different value of doping level ()

S.N. Height(h) ( Breakdown Breakdown Breakdown
pm) Voltage(Vb)(V) | Voltage(Vb)(V) | Voltage(Vb)(V)

for Doping for Doping for Doping
level level level
(No)(Leld/cml) | (No)(1el5/cnd) | (No)(lel6/cn)

1 100 924.20 9242.07 92420.76

2 200 2581.92 25819.22 258192.22

3 300 4220.85 42208.53 422085.35
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Figure 5.6 Plot of variation of breakdown voltage wth drift region height (h) for
different value of doping level
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CHAPTER 6

CONCLUSION AND FUTURE WORK

The equation for breakdown voltage for 3C-SiC \gaiti DIMOSFET, using
Complementary error function doping profile in driiegion, was derived. Equation
showed that the value of Breakdown voltage dep@mdkeight (h) of drift region and
doping level. For different values of height (hjedkdown voltages (Punch through and
Avalanche) and its corresponding depletion regiddtiwwas calculated and was plotted
in Figure 5.2. For the drift region height h=103pMgz = 1x103° cm®, the punch through
breakdown voltage was found to be 10kv and at #meespoint Avalanche breakdown
voltage was 9.2kV. Hence, Avalanche breakdown eattur before punch through. For
different value of doping level, the breakdown agk was calculated and plotted in
Figure 5.3. It was seen from Figure 5.4 that byhwiicrease in drift region height,
Breakdown voltage was found to increases.

For the same height, breakdown voltage for othgrirdpprofiles like uniform, linearly
graded could be calculated and could be compargdtiré complementary error function
profile results given in this work. For larger dniégion height, depletion region width is

very small even for higher breakdown voltages amould be improved further.
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