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ABSTRACT

n-Channel Beta-SiC MOSFET
Her-Song Chen, Ph.D.

Supervising Professor: James D. Parsons

Beta silicon carbide (beta-SiC) is a promising semiconductor material. Its
bandgap (2.2 eV), thermal conductivity (4.9 W/cm.°K), saturated drift velocity
(2.5x107 m/sec) and many other characteristics are advantages for high
temperature, high power and high frequency applications. Furthermore, its
resistance to diffusion and its high breakdown electric field 2x106 V/m) present
the possibility of high device densities. These advantages have long been
recognized, but have not yet been utilized because of difficulties in single crystal
beta-SiC synthesis.

In this thesis, the feasibility of developing n-channel inversion mode beta-
SiC MOSFETs was studied and demonstrated. Epitaxial growth, materials
processing and device processing procedures were developed, and employed to
fabricate MOS capacitors and MOSFETs. The inversion characteristics of beta-
SiC MOS capacitors were observed in dark for the first time. An in-situ doping
technique was successfully incorporated into the fabrication of prototype recessed
source/drain MOSFETS; we thus demonstrate that TiCy is a suitable substrate for

beta-SiC MOSFET structures.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION FOR WORK

Silicon (Si) has been the most important semiconductor material for the
past 30 years. It has been fabricated into many kinds of devices, such as diodes,
JFETs, MESFETs, MOSFETs and bipolar transistors. The metal oxide
semiconductor field effect transistor (MOSFET) is one of the most useful devices
for digital applications. The fundamental properties of Si are such that its
performance limits for MOSFET applications are being approached.

In a MOS circuit, the delay of a single gate is dominated by the output rise
and fall time. The rise and fall time is inversely proportional to the drift mobility
and directly proportional to the dielectric constant (€gery,) of a semiconductorl1].
High thermal conductivity is also important because MOSFET device generates
heat that can cause failure when it operates at very high frequencies. A
comparison of the mobility, dielectric constant and thermal conductivity of Si
(silicon), GaAs (gallium arsenide), 6H alpha-SiC (6H alpha silicon carbide) and
beta-SiC (beta silicon carbide) suggests that beta-SiC may be the optimum choice
for the development of high frequency and high temperature MOSFETs (detailed

in section 2.1).
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The purpose of this thesis was to demonstrate the feasibility of beta-SiC
MOSFET technology, and, in particular, to show inversion in beta-SiC MOS

capacitors.

1.2 ORGANIZATION

This thesis contains six chapters.

In chapter 1, the motivation of this work and the organization of this
thesis are presented.

Chapter 2 is an overview of the important properties of beta-SiC for
electronic applications, especially for MOSFETs. It also gives a discussion of the
synthesis approach for beta-SiC, including the apparatus.

Chapter 3 describes the processing techniques and their characterization
results for the beta-SiC MOS capacitors and MOSFETs. Beta-SiC epi-growth
procedure, reactive ion etching, oxidation and its relative calculation and
modeling, TiCy epi-growth and etching experiments, and contact metal
deposition are discussed in this chapter.

Chapter 4 gives a detailed description of the structure and electrical
characterization of beta-SiC MOS capacitors. Included in this chapter are the
processing steps for beta-SiC MOS capacitors and related physical parameters
obtained from these capacitors, studies of high frequency capacitance-voltage
measurements, and modeling of beta-SiC MOS capacitors.

Chapter 5 discusses the structure and the electrical characterization of the

beta-SiC MOSFETs. The processing steps of beta-SiC MOSFETs are also
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discussed.

Chapter 6 contains a discussion of this work's contributions, and

suggestions for future experiments.



CHAPTER 2

BETA-SIC PROPERTIES AND SYNTHESIS
APPROACH

The important properties of beta-SiC for device applications and the
synthesis approach employed are described in this chapter. Problems of titanium

carbide (TiCy) as a substrate for beta-SiC epi-growth are discussed in the end.

2.1 PROPERTIES OF BETA-SIC

The importance of SiC is well established. Each year, tons of SiC are
produced in the world. This product is used for steel deoxidization, wear resistant
parts, nuclear fuel cladding, protective coatings, heating elements, electrical
resistors and varistors.

Silicon carbide has more than 170 polytypes and four crystal
structures[40] (listed in table 2.1). Among these, beta-SiC is the preferable
structure for device applications because of its attractive properties (table 2.2). At
present, 6H alpha-SiC is more widely used than beta-SiC because its synthesis

process is more mature.
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Table 2.1 Crystal structures of SiC and their

symbols.
Crystal Symbol Crystal Structure
Beta-SiC  (B8-SiC) 3C-SiC Cubic
nHo-SiC Hexagonal
Alpha-SiC (a-SiC) nRa-SiC Rhombohedral (Trigonal)
(170 polytypes) nTa-SiC Tetragonal

note: n denotes a positive integer. Symbols with different z represent polytypes of the same SiC
crystal structure.

Properties considered the most important that enhances the  high
frequency semiconductor applications are: 1) low dielectric constant, 2) high
saturated drift velocity and 3) high carrier mobility. The dielectric constant is
important because it is directly proportional to the amount of charge needed to set
up electric-potential and, therefore, to the parasitic capacitance, which is directly
proportional to the dielectric constant and is the fundamental speed limitation of a
MOS device. The saturated drift velocity is important because it indicates the
maximum speed at which a carrier can travel in a semiconductor. The mobility is
important because it is a measurement of the ease with which charge can be made
to flow. Therefore, the small dielectric constant (resulting in smaller parasitic
capacitance), the high saturated drift velocity and the mobility (resulting in fast
moving carriers) of beta-SiC suggest that its device is suitable for high frequency
operation.

A semiconductor material suitable for high temperature applications

should have a wide bandgap, a high thermal conductivity and form a good
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diffusion barrier. A wide bandgap is important because they are less susceptible
to thermal excitation of electrons by internal or external heating. Materials with
high thermal conductivity are more suitable for high temperature operations
because their devices are generally capable of dissipating more heat, and operate
at lower temperatures. The diffusion barrier property is important because the
movement of dopant impurities at high temperature results in the change of
device structures and, therefore, device characteristics. Diffusion studies[23] on
beta-SiC indicate that dopant diffusion in beta-SiC is extremely low even at
temperatures approaching its dissociation temperature (partially because its high
material density causes the dopant atoms less likely to move in the crystal).
Therefore, the high thermal conductivity, the wide bandgap and the good
diffusion barrier property of beta-SiC makes it attractive for high temperature
operation. Moreover, the wide bandage property of beta-SiC suggests that its
devices are able to handle higher current densities and operate at higher power
level.

An insulator is an essential part of a MOS device. Therefore, a
semiconductor suitable for MOSFET applications must have a suitable insulator.
Gallium arsenide MOSFETs have yet to be developed because a stable insulator
of GaAs compounds is not available. In contrast, the thermal oxide of beta-SiC
has been proven to be quite similar to silicon dioxide, using the same oxidation
process as that used for silicon[26,27,28]

Now that we discussed some of the most important properties of beta-SiC.

The decision of using beta-SiC for high frequency, high power and high
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temperature MOSFET applications is clear. The elimination of GaAs from
consideration was discussed in the previous paragraph. Beta-SiC is more suitable
than 6H alpha-SiC because beta-SiC has higher electron and hole mobilities
although both of them have the potential to operate at high temperatures. Si is not
desirable because the inter-diffusion of dopants in Si limits its devices operating
at temperatures greater 200 °C.

Beta silicon-carbide properties discussed above indicate that it is suitable
for all MOSFET applications. Other properties of beta-SiC, the difficulties of ion
implantation and diffusion, suggest that the fabrication procedures of its
MOSFET will be different from that of Si and that new processing techniques
may be needed to fabricate beta-SiC MOSFETs. The diffusion process that is
used in Si is not available for beta-SiC because beta-SiC is an excellent diffusion
barrier.

The difficulty of ion implantation arises from the polytypes and from the
high p-type dopant activation energy of beta-SiC. Semiconductor devices that are
suitable for circuit applications must be of a single crystal and of a single
polytype because grain boundaries and polytypism lead to variations in transport
properties from device to device. Ion implantation has proven to be very
successful for materials that do not exhibit polytypes[zgl. However, ion
implanted beta-SiC films form polytypes during the annealing process because of
the high annealing temperatures (> 1600 °C) required to activate p-type
dopants[30,31,32,33,34] Although laser annealing is proposed to activate the Al

or Ga dopants in bcta-SiC[?’S], more research is needed in order to utilize this
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technology.

The one crucial barrier to utilizing beta-SiC for MOSFET applications has
been the unavailability of good quality single crystals. Due to the fact that beta-
SiC does not melt but dissociates at 2830 °C under an Ar pressure of 35
atmosphercs[36], commonly used methods of growing and purifying bulk single
crystals, such as melt growth and zone refining, cannot be used for beta-SiC.
Other methods of beta-SiC growth, such as sublimation[38] and melt growth[39],
are plagued by problems of small crystal dimensions and/or polytypism. The
other alternative to bulk beta-SiC crystal growth is by thin film growth, which is

described in the next section.
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Table 2.2 Comparison of important properties of B-SiC, Si, GaAs and 6Ha-SiC
for electronic applications.
Properties (300K) B-SiC | si | GaAs | 6Ho-SiC | Reference
Bandgap energy (Eg) 4' eV | 2.2 {112 [ 1.43 [ 3.0 [1-4]
Hall Mobility
Electrons cm#/V-sec 1000-4670 1500 9000 400-607 [14,16,21,22]
Holes cm?/V-sec 650 450 450 50 [14,23,24]
Dielectric Constant 197 | 11.9 [ 12.8 | >9.7 [29] 1
Saturated Drift Velocity cm/sec | 2.5x107 [ 1x107 [ 2x107 | 2x107 [14,20,25,26)
Breakdown Electric Field V/em [ 2x100 [3x105 [ 4x10° | 2x100 [14273031] ||
1
Minority Carrier Lifetime millisec | 2 [ 2500 | 0.02 | 30 (28]
Thermal Conductivity W/cm-°K | 4.9 [ 1.5 | 0.5 | 4.9 (32]
Dopant activation energy (E,)
n-type meV 20 39 6 63 [14-17]
p-type meV 160 45 26 210 [14,15,18,19]
Ionization Coefficient
O cm-! | 7x103 [4x109  [2x100 [ 7x10°
O I[cm! 7x10° 2x10° 2x10°  7x10°
Densit g/cm™ [3.21 [ 2.32 | 5.65 2.32
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2.2 BETA-SIC SYNTHESIS APPROACH

Thin film growth of epitaxial SiC has been pursued by various methods,
such as liquid phase growth[41], recrystallization[.42] and vapor-phase
epitaxy[43»44145’4614148]. Vapor phase epitaxy (VPE) is the only technique
which has been successfully employed to grow unpolytyped, single crystal beta-
SiC. In this section the substrate selection for beta-SiC vapor-phase epitaxy and a
short description of the growth apparatus are presented. The growth and
characterization results are presented in chapter 3, where the necessary processing

steps for beta-SiC MOS capacitors and MOSFETs are discussed.

2.2.1 Substrate selection

Choice of a substrate for epitaxial growth of beta-SiC is constrained by
the following requirements: 1) the lattice parameter mismatch between the
substrate and beta-SiC should be as small as possible; 2) the substrate and beta-
SiC should have the same crystal structure 3) the expansion coefficient of the
substrate should be greater than or equal to that of beta-SiC; 4) the substrate must
be chemically stable at temperatures required for epitaxial growth of beta-SiC; 5)
it must be possible to synthesize large crystals of ‘thc substrates; and 6) the
substrate constituents must be electrically neutral in beta-SiC.

Lattice parameter matching of substrate and epi-layer is important because
epitaxial growth is a process building a new crystal lattice through the influence

of substrate atomic and molecular forces. Failure to match lattice parameters
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results in independent nucleation growth of thin films, which causes elastic strains
and other defects.

The substrate should have the same crystal structure as beta-SiC. A
different crystal structure between layers and substrates permits epi-growth only
on certain orientations of the substrate.

The substrate expansion coefficient should equal or exceed that of the epi-
layer for two important reasons. First, the epi-layer will be compressionally
loaded at room temperature, which reduces the chances of it forming micocracks
and pinholes. Second, the surface morphology of thick (>1 um) epi-layers tends
to be rough when the epi-layers are tensionally loaded.

Chemical stability of the substrate at epitaxial growth temperatures
dictates that the substrate does not decompose or undergo phase transformations
at or below the epitaxial growth temperature, and that it exhibits minimal surface
reactivity with the chemical environment to which it is exposed to just prior to the
start of epitaxial growth.

Vapor phase epitaxial growth of beta-SiC is presently persuaded on single
crystal Sil47.49], 6H alpha—SiC[so] and TiCx[46] substrates. The properties of
these substrate materials for beta-SiC epitaxial growth are presented in table 2.3.

Silicon is presently the most widely used substrate for beta-SiC epitaxial
growth. However, beta-SiC films grown on Si wafers contain a high density of
misfit dislocations, stacking faults and antiphase domain boundaries (APDs);
furthermore, elastic strains in the substrate/epi-layer interface region extend

approximately 3 um into the beta-SiC film[60,61,62] Epitaxial growth of beta-
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SiC on disoriented Si substrates eliminates APDs; however, stacking faults,
dislocations, and elastic strains still persist in the film regardless of the degree or
direction of substrate disorientation. These defects are caused by the difference in
the lattice parameters (~20%) and thermal expansion coefficients (~8% at 473

°K) between beta-SiC and Si.

Table 2.3 Important properties of beta-SiC,
TiCy, alpha-SiC and SiC for epitaxial growth.

property\material beta-SiC TiCy 6H alpha-SiC | Si[52]
Zincblend Rocksalt hexagonal{53] Diamond
Crystal structure (cubic)[33] | (cubic) (cubic)
Lattice parameter(A) | 4.359[54] | 4.328[55] | a=3.081 5.431
c=15.12[54]

Thermal expansion
coefficient 5.8[56] ~7 5.12[57] 2.6
at 1000 °C (10-6/°C)

2830140 2830140
Melting temperature decomposes 3 120[55] decomposes 1415
(°C) at at
35ATMI[58] 35ATMI58]
Thermal conductivity
(W/em.°’K) at 300 K | 4.9[59] >2 4.9[59] 1.5

Beta-SiC epitaxially grown on 6H alpha-SiC substrates has a high density
of double positioning boundaries[62] and stacking faults.[62] These defects are
caused by simultaneous nucleation of the film in different sites rotated from each

other by 60 degrees. Furthermore, beta-SiC can only grow on certain orientations
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of alpha-SiC because the different crystal structures of beta-SiC and alpha-SiC.
The substrate material with a lattice parameter most closely matching that
of beta-SiC and meeting all other constraints of beta-SiC epi-growth is TiCy. The
lattice parameter mismatch of TiCy to that of beta-SiC is less than 0.7% (table
2.3). The higher thermal expansion coefficient of TiCy causes preferred
compressional loading of beta-SiC epilayers. There is no restriction imposed by
TiCy substrates on the growth orientation of beta-SiC because both have cubic
crystal structures. The last of most important constraint met by TiCy is that Ti
and C are electrically inactive in beta-SiC. At the high temperatures required for
epitaxial growth of beta-SiC (1200 °C to 1600 °C), some interdiffusion can be
expected to occur, but without deleterious electrical effects. The advantages of

using TiCy for single crystal beta-SiC epi-growth are summarized in table 2.4.
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Table 2.4 Advantages of using TiC for beta-SiC epi-growth.

TiCx PROPERTIES RESULTS

Cubic crystal structure Beta-SiC epitaxial growth
on all TiCy orientations

Lattice parameter mismatch ~0.7% Small elastic strains in the epi-
layer/TiC interface

Small Thermal expansion coefficient Beta-SiC epi-layer less likely to

mismatch to beta-SiC and beta-SiC epi-layer | crack
compressionally loaded

Congruently melting Large area single crystal TiCy
growth

Thermal conductivity > 2 W/cm°K at 300 °K | Suitable for high temperature
application

High melting temperature ~ 3200 °C No temperature limitation

imposed on beta-SiC

processing

Low work function (~3eV) Ohmic contact to n-type beta-
SiC

2.2.2 Beta-SiC epi-growth apparatus
1,2-disilylethane (CpH1(Sip) organometallic source was used as a single
source of Si and C atoms for chemical vapor deposition of single crystal beta-SiC
on TiCy. CoH1(Sip was selected because it contains an equal number of C and Si
atoms and its decomposition characteristics suggest that C and Si can be obtained
from it at approximately equal rates. We found that the equal number of C and Si

decomposed from the CpH(Sip source during the growth makes the growth
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condition more controllable and usually yields a better crystal quality. In the case
of using CoHy4 and SiHy, very precise control of the Si and C atom ratio, which is
very difficult for the existing mass flow controller technology, is necessary in
order to obtain a good quality epi-layer. Therefore, CoH(Sip was used for both
MOS capacitors and MOSFETs.

A schematic of the CVD system is shown in figure 2.1. The CVD system
consists five major components, 1) reactor tube and heating coils, 2) gas delivery
subsystem, 3) flow control subsystem, 4) exhaust subsystem and 5) leak check
subsystem.

A specially designed inverted-vertical (IV) reactor tubel31] was used for
the beta-SiC growth. The IV reactor assembly, shown in figure 2.2, includes a
reactor tube and a reactor cap, both of which are made of fused quartz, a pyrolytic
boron nitride (PBN) or fused quartz pedestal, a PBN mask, two PBN heat shields,
and a graphite susceptor. RF heating coils surrounding the IV reactor are used to
heat the substrate. The pedestal is a cup-shaped cylinder (shown in figure 2.3) and
is coaxially supported within the reactor tube. The openings in the side wall, at
the top of the pedestal, provide a flow path for by-product gases to reach the
reactor exhaust. An enlarged view of the PBN pedestal base, PBN mask,
substrate, susceptor and heat shield arrangement is shown in figure 2.4. The
purpose of the graphite susceptor is to couple the RF generator coils and
substrates. The heat shields are used to reduce heat loss, since the growth
temperature of beta-SiC ~ 1290 °C, and without the heat shields, the RF generator

would need to deliver more power to keep the substrate at the same temperature.
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Figure 2.1 Beta-SiC chemical vapor deposition system used for beta-SiC epi-growth.

91



Chapter 2. Beta-SiC Properties and Synthesis Approach b i
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Figure 2.2 Cross-sectional drawing of the I-V reactor assembly, shown to scale.
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Opening for by-product gases
i

Figure 2.3 Cross-sectional view of PBN pedestal,
shown to scale.
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TiCx substrate ~ Graphite Mask

Figure 2.4 Enlarge view of the PBN pedestal base, PBN
mask, substrate and susceptor arrangement, not shown to
scale.
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2.3 PROBLEMS OF TICx SUBSTRATES

Low defect TiC substrates are presently very difficult to obtain. The most
usual defects in TiCy substrates are grains and subgrains. A grain boundary is an
interface between two different crystallographic orientations. It can be detected
by grain boundary etching and subsequent inspection by an optical microscope,
figure 2.5, if the change of orientation is on the order of 1°. The orientation
change at subgrain boundaries is < 0.1°; it cannot be easily observed by an optical
microscope or high contract SEM. However, subgrains can be easily observed by
X-ray rocking curves.

Beta-SiC epilayers reproduce TiCy substrates' defects, such as grain
boundaries and subgrain boundaries. The grain boundaries of the beta-SiC layers
can be avoided during the device processing because they can be observed with
an optical microscope. In contrast, subgrains cannot be avoided because they
cannot be seen under a microscope. Subgrains are not a fundamental property of
TiCx[63]. As with the other semiconductor material, the subgrain density of TiCx
will be reduced or even eliminated as more researchers become involved in
improving the quality of TiCy substrates.

The other problem of TiCy is that it reacts with oxygen below 1000 °C,
figure 2.6 and figure 2.7, to form titanium oxide (TiOy), which has a very rough
surface. This roughness makes subsequent processing procedures very difficult.
One possible way to protect TiCx from oxidation is to coat it with a material
which does not react with oxygen. Alternatively, the beta-SiC substrate can be

totally decoupled from the TiCy substrate before the processing.
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Figure 2.5 Micrograph of an unpolished TiC, substrate. Grain
boundaries can be seen.

330um

Figure 2.6 Nomarsky micrograph of a beta-SiC epi-layer on TiCyx
substrate before oxidation. Grain boundaries can be easily seen.
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Figure 2.7 Micrograph of the same beta-SiC epi-layer as in figure
2.6 after oxidation. Grain boundaries, where beta-SiC didn't
nucleate properly, shows very rough TiO, surfaces. Note the
circular dots are gate contact pads for MOS capacitors.

2.4 SUMMARY

In this chapter, we have discussed properties that make beta-SiC suitable
for high temperature, high frequency and high power MOSFET applications.
These properties are: high mobility, high breakdown field, wide bandgap, high
thermal conductivity and good diffusion barrier property.

The synthesis approach of beta-SiC is also discussed. The decision of
using TiCy for beta-SiC epi-growth is because it contains properties suitable for

the growth.



CHAPTER 3

PROCESSING AND CHARACTERIZATION

Processes developed and used for beta-SiC MOS capacitor and MOSFET
fabrication are discussed in this chapter. The characterization results of these

processes are also presented.

3.1 BETA-SIC EPI-GROWTH

3.1.1 Growth of beta-SiC

The TiCx substrates were first cleaned in hot TCE, acetone and methanol
(standard cleaning procedure), followed by etching in 4.8% HF for 2 min. and
TiC etching solution, HNO3 : H)SO4 : Hy0 =5 : 4 : 1, for 1 min. The 4.8% HF
removed native oxide grown at room temperature, and the etching solution
removed about 16 A of TiC (see TiC etching in this chapter for details of TiC
etching experiments). The freshly etched TiCy gives a better epitaxial growth
because strain in the TiCy surface, from the polishing process, is removed. After
etching, the sample substrates were loaded into the CVD reactor in Ar flow.

After leak checking the CVD growth system, the substrates were heated
up to 1000 °C in 2.9 SLPM Ar (standard heat-up procedure), which (instead of

22
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Hj) was used before 1000 °C to prevent the formation of Ti hydride. Since Hp
was used to carry organometallic sources, the same flow rate of Hy was
introduced, and Ar was bypassed at the same time. Samples were then heated up
to 1600 °C for a 20 min. annealing in 11.3 sccm CyHy; this annealing procedure
seemed to reduce the carbon deficiency in TiCx (X < 1) substrates and gave a
better epi-growth. After the annealing, the substrates were brought down to 1290
°C and ready for beta-SiC growth. 4 sccm of CoH{Sip + Hy was subsequently
introduced into the CVD system to start the epi-growth. Shut down procedure
was in the reverse order without the 1600°C annealing. Al doped and B doped
beta-SiC epitaxial growth were similar to the undoped beta-SiC growth except
that ((isoC4Hg)3Al) for aluminum doped and BoHg for boron doped beta-SiC

were introduced along with CyH1(Siy + Hp during the beta-SiC epitaxial growth.

3.1.2 Growth characterization

3.1.2a Morphology and Crystallinity
The Nomarsky microscope and the scanning electron microscope (SEM)
were used to observe the surface morphology of beta-SiC epi-layers and to
document growth results. The surfaces of as-grown layers were usually rough.
However, with 0.1 um diamond paste, samples were able to be polished
smoothly. Surface roughness was independent of the growth time. Nomarsky

micrographs of an as-grown beta-SiC layer and a polished layer are shown in
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figure 3.1 and figure 3.2, respectively. The only visible defects after polish are
pits, which were reproduced from the pits in the TiCy substrate. An SEM
micrograph of a polished layer is shown in figure 3.3. The single crystal nature of
the grown beta-SiC layers was verified by electron channeling contrast pattern

(ECCP), shown in figure 3.4.

layer.
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Figure 3.2 Nomarsky micrograph of the sample in figure 3.1 after
S min. 0.1 um diamond paste polish.

Figure 3.3 SEM micrograph of a polished beta-SiC epi-layer.
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Figure 3.4 A typical micrograph of electron channeling pattern of
<111> oriented, Al doped beta-SiC epi-layer.

3.1.2b Growth rate

The growth rate of beta-SiC was determined from SEM cross sections and
from angle lapping, both of which are destructive methods. SEM method is
destructive because samples are cleaved before being loaded into the SEM
chamber. SEM results are shown in figure 3.5. Angle lapping was achieved by
polishing sample's edge at 2.83° angle. Because of this lapping, the TiC thickness
t was enlarged to t/sin(2.83) or 20.3 times, which can be easily measured. A
typical angle lapping result is shown in figure 3.8. Both of these measurements

gave about 5 um/hr growth rates.
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Figure 3.5 | i TiCy substrate by
SEM. The 20 min. beta-SiC epi-growth resulted in a 1.6 um beta-
SiC epi-layer.

A non-destructive method of estimating growth rate was by counting
interference fringes after the CVD growth or any time during the growth, figure
3.6. Red and green fringes are usually easy to distinguish because the TiCy
substrate has a very reflective metal surface. The number of red fringes was
between 35 and 40 per hour for our present growth condition. With the
wavelength of red light (A~ 6400 A), refractive index of beta-SiC (n=2.48),
number of red fringes (m) and a simple optical equation,

(m+%)7\.
t:T, 3.1

the growth rate of beta-SiC, t, was estimated between 4.8 and 5.2 um/hr.

However, this is a very rough estimate because the sensitivity to light may be



Chapter 3. Processing and Characterization 28

different for different individuals.

10um

beta-SiIC

(

TICy

Figure 3.6 Top view of a beta-SiC epi-layer by a Nomarsky
microscope. The interference fringes can be easily seen on the edge
of the beta-SiC epi-layer because of the thinning edge.

3.2 REACTIVE ION ETCHING OF BETA-SIC

The reactive ion etching of beta-SiC was performed in a Plasmtrac 2406
reactive ion etching system. Sulfur hexafluoride (SFg) was used as the reactant in
the etching process, and Al, about 4000 A thick deposited by vacuum evaporator,
was used as a pattern masking material. All RIE etching of beta-SiC was
performed using 80 mtorr SFg pressure and 150 watts of RF power. The etching

rates of beta-SiC, TiC and Al, measured by a Sloan DEKTAK depth profiler,
were 800 A/min., 800 A/min. and 17 A/min., respectively.
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3.3 T1C EPI-GROWTH AND ETCHING

Titanium carbide epi-layer was used in the beta-SiC MOSFETs as a "lift-
off" layer for defining sources and drains. Therefore, the epi-growth procedure,
growth characterization and wet chemical etching of TiC are described in the next

few sections.

3.3.1 Growth of TiC

Titanium carbide was grown by CVD in the system used for beta-SiC.
Samples, beta-SiC epi-layers on TiCy, were first cleaned with our standard
cleaning procedure, followed by a 2 min. 4.8% HF etching to remove native
oxide. They were subsequently loaded into the CVD reactor. After the standard
leak-check and heat-up procedure, 11.3 sccm ethylene (CoHy) was introduced
into the CVD system to condition the sample surface at desired growth
temperatures. 30 seconds later, titanium tetrachloride (TiCly) was introduced into

the system, and the growth started.

3.3.2 Growth results and discussion

The growth rate and morphology of TiC epi-layers were used to judge the
growth results. The morphology was determined by a Nomarsky microscope, and
the growth rates of TiC epi-layers were measured by angle lapping. A typical

angle lapping result is shown in figures 3.7 and 3.8.
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Figure 3.7 Top view of sample TiC11111007 after angle lapping.
Note that the half-moon shape layer is the beta-SiC epi-layer,
below which is the W shape TiC, substrate.
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20um

<«—TiCy
23um x sin(28.3) ~ 1.1lum

<—beta-SiC
42um x sin(28.3) ~ 2.1um

Figure 3.8 Enlarged view of the beta-SiC and TiC interface in figure 3.7. The TiC, layer
was grown for 30 min. Note that the bottom 1/3 of the micrograph is the TiC, substrate, the
top half of the micrograph is the TiC epi-layer, and beta-SiC is between the TiC, substrate
and the TiC epi-layer. Interference fringes are seen in the beta-SiC epi-layer because of its
thinning edge. The thickness calculations of the TiC epi-layer and beta-SiC epi-layer are
given in the right-hand side of the micrograph.

Several experiments were carried out to determine conditions suitable for

TiC epitaxial growth. The results of these experiments are listed in Table 3.1.
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Table 3.1 Results of TiC epi-growth.

Sample Flow Rate (sccm) | Tg(C) X(um/hr) | C/Ti Morph.
Q(TiCl4) | Q(C2H4)
TiC002 0.85 0.5 1227 1.64 1.2 2
TiC003 0.85 1.0 1227 1.64 2.4 2
TiC004 0.85 0.25 1221 3.3 0.6 5
TiC005 0.85 0.43 1227 1.74 1.0 1
TiC006 0.85 0.5 1127 1.7 1.2 2
TiC007 0.85 1.0 1127 1.6 24 p
TiC008 0.85 1.0 1027 0.78 2.4 2
TiC009 0.85 1.0 1077 1.64 24 2
TiC010 0.85 0.43 1077 1.74 1.0 2
TiC011 0.85 0.43 1271 1.7 1.0 1
TiC012 0.85 0.43 1250 1.72 1.0 1
Tg=growth temperature. X=growth rate.
Morph.= morphology. C/Ti=carbon to titanium ratio

TiC002, TiC003, TiC004 and TiCOO5 were grown at the same Tg with
different C/Ti ratios, 1.2, 2.4, 0.6 and 1.0, respectively. TiC004 had a very poor
morphology; however, TiC002, TiC003 and TiC005 had about the same
morphology and growth rate. This suggests that sufficient carbon atoms, C/Ti >
0.6, are needed to nucleate properly and that titanium atoms control the growth
rate. TiCOO6 and TiC007 together with TiC009 and TiCO10 confirm this
conclusion.

TiC003, TiC007, TiCOO8 and TiCO09 were grown at the same C/Ti ratio
with different growth temperatures, 1227, 1127, 1027 and 1077 °C, respectively.
TiCOO08 had very low growth rate, 0.78um/hr compared to 1.7um/hr for the other
samples; on the other hand, TiC003, TiC007 and TiC009 have nearly identical
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growth rates. This indicates that the growth temperature should be higher than
1027 °C in order to grow TiC efficiently. The highest temperature at which a TiC
epi-layer can be grown may be higher than 1277 °C. However, we did not explore
temperatures higher than 1277 °C. 1200 °C was used to grow TiC lift-off layers
for defining the sources and drains of beta-SiC MOSFETs. The TiC epi-layer
grown at 1200 °C, verified by electron channeling contrast patterns (ECCP), was

single crystal.

3.3.3 Wet etching of TiC

1200 —<e

1000

4 Temperature = 25 C

Depth (A)
8

Figure 3.9 TiC etch depth versus time at 25 °C using TiC etching
solution (H5SO4 : HNO3: H,O0=1:5:4).

The etching rate of TiCyx in HpSO4:HNO3:HpO = 1:5:4 calibrated on

existing bulk TiCy substrates was found to be identical to that of TiC epi-layers.
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The etching experiments were carried out by patterning TiCy substrates with
photoresist. They were subsequently etched with TiC etching solution at room
temperature for various time periods, followed by measurement with Sloan
DEKTAK II depth profiler. From the data in figure 3.9, the TiC etching rate is
about 1000 A/hr.

3.3.4 Summary of TiC epi-layer properties

The properties of TiC epi-layer are summarized in the following table.

Table 3.2 Summary of TiC epi-layer properties.

PROPERTY f RESULT

Advantages:

low resistivity (~10 uQ-cm) | The low resistivity of TiC makes TiC suitable for
inter-connect for devices.

Easy to form As described in the processing paragraph, TiC
film can be grown at any temperature between
1077 and 1277°C. Hence, no precise control of
temperature is needed.

Easy to etch for pattern TiC is very easy to etch by TiC etching solution

generation described the previous section. Best of all, this
TiC etching solution does not attack beta-SiC epi-
layers.

Good adhesion to beta-SiC | In order to test the adhesion of TiC dots to the
beta-SiC substrate, 2.4um tungsten carbide
probes were used to scribe these dots from
several different directions. None of the TiC dots
were peeled off.
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Does not contaminate
devices, wafers, or working
apparatus

No evidence of contamination was observed
during CVD growth or processing. In addition,
TiC epi-layers can be completely removed from
beta-SiC substrates by TiC etching solution
without damaging the beta-SiC substrates.

Disadvantages:

Not stable in oxidizing
ambient

Both TiCy substrates and epitaxial TiC films
oxidize in an oxygen environment at a very low
temperature, ~600 °C. Furthermore, the volume
of TiCy increases dramatically after oxidation,
making later processing very difficult (figure
2.8).

Reacts with silicon oxide
during high temperature
CVD

The biggest drawback of TiC is that titanium
reacts with silicon oxide (SiOy) during the CVD
process; worst of all, the oxide, which is used to
passivate sample surfaces or as a dielectric
material, is converted totally into a conducting
layer. One possible way to avoid this problem is
to use dielectric material other than oxide, such as
nitride. However, further investigation is needed.

3.4 GATE METAL AND N-TYPE BETA-SIC CONTACT
METAL DEPOSITION

Aluminum (Al) was used both as a gate and ohmic contact metal in the

beta-SiC MOSFETs. However, when Al is exposed to air or higher temperature,

it forms a thin oxide layer on the surface, which makes device probing very

difficult. To avoid this problem, gold (Au), which does not form a protective

oxide, was used to prevent Al oxidation. Therefore, to make gate electrodes or

contact pads, aluminum, about 1000A, was deposited on the samples in high

vacuum (about 2x10-7 torr), followed by a 500 A Au evaporation.
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3.5 OXIDATION

The insulator is one of the most important components for a metal oxide
semiconductor device. Nitride and oxide are two possible choices for the insulator
in a metal-insulator-semiconductor (MIS) structure. Since the oxide was reported
to have better propertiesl 1], it was used as an insulator for both beta-SiC MOS
capacitors and MOSFETs in this thesis. The developed oxidation procedure can
be used for device passivation. Therefore, oxidation and its results are discussed

in detail in the following sections.

3.5.1 Growth of oxide

In this oxidation study, thermal oxides were grown on undoped and Al
doped beta-SiC epi-layers(2] for device applications. The beta-SiC epitaxial
layers used in the study were grown on <111>7°—<011> TiCx substrates by
CVD, and the grown layers were single crystal beta-SiC, which was verified by
ECCP

Because several groups have reported the thermal oxide of both alpha- and
beta-SiC was silicon dioxide (SiO7) and similar to the thermal oxide of Si[3’4],
the beta-SiC oxidation procedure followed the Si oxidation procedure closely.
Before oxidation, the samples were cleaned with hot TCE, acetone and methanol,
and subsequently etched in 4.8% HF for 1 min. to remove native oxide. The
samples were loaded into the oxidation system in 1990 sccm Ar, followed by
increasing the furnace temperature to desired temperatures. When the oxidation

started, 1600 sccm oxygen was introduced into the system through a bubbler,
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which was filled with 70 °C water (H2O), and the Ar was bypassed at the same
time; the flow rate of HO vapor was calculated to be about 391 sccm at 70 °C.
After the oxidation, the oxygen was bypassed, and Ar was introduced. The
temperature of the furmace was subsequently reduced to 50 °C below the
oxidation temperature, and the samples were annealed for 20 min. in Ar to

remove oxidation-induced defects and fixed oxide charges. The samples were

removed at 650 °C.

3.5.2 Results and discussion

The major purpose of the oxidation study was to determine its growth
rate. Wet oxidations on undoped samples were performed at 1100 °C, 1150 °C
and 1200 °C using undoped beta-SiC epi-layers for 1, 2, and 4 hours. Dry
oxidations on undoped samples were carried out only at 1100 °C, 1150 °C and
1200 °C for 2 hours. Their results are shown in figures 3.10 and 3.11.

Auger electron spectroscopy (AES) was also used to determine the oxide
properties. The AES results are used to develop a model for beta-SiC oxidation
process, and experimental results are fitted into this model in the end of this

secton.
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Figure 3.10 Oxidation thickness as a function of reaction time in a stream
ambient (70 °C water) for beta-SiC epi-layer on <111>7°—<011> TiC,
substrates at 1100, 1150 and 1200 °C.
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Figure 3.11 Oxide thickness as a function of temperature in dry oxygen for
beta-SiC epi-layer on <111>7°—<011> TiC, substrates. The oxidation time

was 2 hours for all three temperatures.
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3.5.2a Oxide thickness

The oxide thickness was measured with a DEKTAK depth profiler. Before
the depth profile measurement, the oxidized samples were patterned with
photoresist, then etched by 6:1 buffered HF etching solution. The
photolithography processing steps used were exactly the same as the procedures
used for thermal oxides of Si. The oxide thicknesses were also determined by C-
V measurements of the MOS capacitors, described in the next chapter.

The growth thickness of oxide on the Al doped samples, which were used
for beta-SiC MOSFETs, was around 450 A for the first hour at 1100 °C. This
oxidation thickness is significantly lower than that of undoped beta-SiC, whose
oxidation thickness for the first hour at 1100 °C was about 600 A. One possible
explanation of this decrease is that the aluminum may be incorporated into the
silica during the oxide growth, thereby increasing the strength of the bond
structure in silica. Because of the increasing bond strength between silicon and
oxygen, the water enters the oxide less efficiently and diffuses through the oxide
more slowly. As a result, the oxidation rate of Al-doped beta-SiC was lower.

However, more studies are needed to verify this explanation.

3.5.2b Auger analysis
A Perkin-Elmer scanning Auger electron microscope was used for AES
analysis. The primary electron beam used 5 KV of accelerating voltage and 0.117
uA current, and an Ar ion beam, 3 kV accelerating voltage and 0.5 mA current,

was used to sputter the surface before AES analysis at different depths. The oxide
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sputtering rate of this particular setup is 212 A/min.
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Figure 3.12 Auger depth profile of thermal oxide grown on beta-
SiC epi-layer.
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A typical AES profile of thermal oxide on undoped beta-SiC is shown in
figure 3.12. The AES result shows that the oxide grown in wet oxidation is highly
stoichiometric (Si/O ~ 0.5 to 0.54) and has less than 10 atomic percent carbon
without the consideration of the carbon background noise and the matrix effect
for C atoms in the oxide. With the consideration of background noise, the carbon
percentage in the oxide is less than 5%; the matrix effect of carbon in oxide is
beyond the scope of this dissertation. This result is lower than the 14% carbon in
oxide reported by Chaudhry in 198711

Other conclusions from the AES result are: The transition layer between



Chapter 3. Processing and Characterization 41

the oxide and beta-SiC was about 160 A from the 212 A/min. sputtering rate of
oxide. No pile-up or depletion was observed in the interface region. The number
of Si and C atoms was equal in the beta-SiC layer. The ratio of carbon peak-to-
peak height in oxide and beta-SiC is 1:5, which implies that the C concentration
is much lower in the oxide layer.

From a) the stoichiometric oxide, b) no pile-up of carbon in the interface
and c) low carbon concentration in oxide, the oxidation process can be explained
as follows: In the oxidation of beta-SiC, the O diffuses to the SiO; - beta-SiC
interface and reacts with SiC by breaking the Si-C bonds. The reaction produces
C, CO, SiOj or CO;y. Since the diameter of CO; is 20% larger than the SiOy
ring width[3], it is very unlikely that CO» can diffuse out of the oxide. Therefore,
from observation b, either no reaction producing COy occurs, or COp
decomposes into C or CO, both of which are more mobile than CO; and diffuse
out. However, a small amount of the C atoms is left behind and remains in the
oxide (from observation a and c). Using this beta-SiC oxidation model, modeling

of oxidation in beta-SiC is discussed in the next section.

3.5.2¢ Modeling of oxidation in beta-SiC
Several factors must be considered for modeling oxidation in beta-SiC.

These factors are:

a) transfer of the oxidizing species (O or HyO) from the gas to the outer

layer of oxide.



Chapter 3. Processing and Characterization 42

b) transport of the oxidizing species across the oxide to the SiOp and beta-
SiC interface.

c) reaction of the oxidizing species at the SiO7 and beta-SiC interface.

d) transport of by-product gases (C and CO) from the SiO) and beta-SiC
interface to the oxide surface.

e) existence of residual carbon in the oxide.

The out-diffusion of by-product gases has little effect on the oxidation
process except in collisions among in-diffusing oxidizing species, out-diffusing
by-product gases and remaining carbon atoms. This collision process can be
modeled in the diffusivity of the oxidizing species. Since the effects of out-
diffusing by-product gases are taken into account in the modeling of the in-
diffusing species, the mathematical treatment of beta-SiC thermal oxidation
process is exactly the same as that of Sil6]. Therefore, thermal oxidation of beta-

SiC obeys the following relationship:

Xo2 + AXg = B(t+1), (3.2)

which is based on the diffusion process through the oxide and the reaction at the
interface. A , B and 1 are constants which depend on oxidation conditions, and x
is the oxide thickness. B is called the parabolic rate constant, and B/A is the linear
rate constant.

From the model of oxidation, two predictions can be made: a) the energy
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required to react HyO with beta-SiC will be close to the energy required to break
a Si-C bond, and b) the energy required to diffuse oxidizing species across oxide
in beta-SiC will be higher than that in Si because the collision of in- and out-
diffusing species makes the diffusion of oxidizing species less efficient than that

in Si.

3.5.2d Fitting results into model

Parameters (A, B and 1) of wet oxidation on undoped beta-SiC are
calculated for 1100 °C and 1200 °C wet oxidation by least squares method.
However, it should be understood that only a minimum number of oxidation
experiments were carried out because of the scarcity of TiCy substrates. The
calculated results may have more than 10% of uncertainty.

The constant T was found to be very close to zero for both 1100 °C (1=-
0.016) and 1200 C (t=0.017), which is the same as that reported for wet thermal
oxidation of Si. Using A, B and t values, theoretical curves of oxidation thickness
versus oxidation time at two different temperatures are shown in figure 3.10.

Rewriting equation 3.2, it can be expressed in another form:

i=(1+—-—-—;:‘t Y21, (3.3)
% A

In other words, equation 3.2 can be expressed by the normalized thickness
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Xo/(A/2) and the normalized oxidation time (t+‘t)/(A2/4B) for both temperatures.
The normalized results were calculated for all data in figure 3.10. The theoretical
curve after normalization was also calculated based on A, B and T of 1100 °C
oxidation data. The normalized oxidation thickness versus normalized oxidation
time is shown in figure 3.13 for both experimental and theoretical results. The

good agreement between these results confirms that thermal oxidation of beta-SiC

followed equation 3.2.
10
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Figure 3.13 Normalized oxide thickness as a function of normalized oxide thickness for wet
oxidation at 1100, 1150 and 1200 °C. The theoretical curve was obtained from 1100 °C
oxidation data.
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In equation 3.2, the value of B (the parabolic rate constant) depends on
diffusion across the already formed oxide, and is independent of the orientation of
crystal; the value of B/A (the linear rate constant) is related to breaking bonds at
the semiconductor interface, and therefore depends on crystal orientation(6]. In
our experiments, all substrates are <111>7°—<011> orientation; therefore, the
orientation consideration was ignored. The oxidation diffusion activation energy
(Eg), which is defined by Adamsky[ﬂ as the energy necessary to initiate

diffusion through the oxide, was calculated from the relation between E; and B:

B =K exp (-Eg/kT),[8] (3.4)

where K is a constant, k is the Boltzmann's constant, and T is the oxidation
temperature in degrees Kelvin. Similarly, activation energy for breaking bonds

(Ey") was calculated from

B/A =K exp (-E,'/kT).[8] (3.5)

The resulting E, is 2.15 eV or 50 kcal/mole. This result is similar to 48
kcal/mole from wet oxidation of 6H-SiC by Suzuki et al.[3] or 47 kcal/mole from
dry oxidation of 6H-SiC by Harris et al.[91 As predicted in the model, E, in beta-
SiC is higher than that in Si. For comparison, Deal and Grove found 16.3
kcal/mole for E; in Si, which was shown to agree with the value of 18.3

kcal/mole reported for the activation energy for diffusion of HO in SiOz.[ﬁ]
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E,' of beta-SiC was calculated to be 2.5 eV or 59 kcal/mole. To break a
Si-C bond requires 69.3 kcal/molel 101, which is quite close to the calculated E.,’,
59 kcal/mole, from our oxidation experiment. On the other hand, Suzuki et al.[3]
reported 26 kcal/mole for E,', which is much lower than the 69.3 kcal/mole
required to break a Si-C bond. One possible explanation of this phenomenon is
the dangling bonds on the 6H-SiC surface. These dangling bonds reduce
significantly the energy required to break a SiC bond. However, further
investigation is needed.

At present, calculation of activation energy is available only for two
temperatures. Oxidation at other temperatures should be carried out in the future
to increase the precision of activation energy calculation when TiCy substrates

are more readily available.

3.6 SUMMARY

In this chapter, we have described the necessary processing techniques for
the beta-SiC MOS capacitor and MOSFET. The reactive ion etching rate of beta-
SiC in SFg was found to be 800 A /min. for both TiC and beta-SiC. TiC epi-
growth experiment was discussed, and etching rate of TiC in titanium carbide
etching solution was found about 1000 A/hr. The procedure for evaporating gate
and contact metal was described. The oxidation rate of beta-SiC was calibrated,
and a model for beta-SiC oxidation process was developed. Oxidation results are

found fitting the model very well.



CHAPTER 4

BETA-SIC MOS CAPACITOR

FABRICATION AND CHARACTERIZATION

The Metal Oxide Semiconductor (MOS) capacitor is an important

preliminary device for fabricating MOSFET devices. From measurements (listed

in Table 4.1) of MOS capacitors, close to two dozen oxide properties can be

obtained. These oxide properties can be used to understand the basic properties

of beta-SiC and as a reference for beta-SiC MOSFET fabrication.

The background concentrations of the undoped beta-SiC epi-layers were

about 1018 cm3 (n-type). This was because the sizes of TiCy substrates used for

growths are usually less than 1 cm2. The small TiCx substrates resulted in auto

doping effect from the gas flow eddies near the graphite mask (figure 2.4). Few

large TiCx substrates with low subgrain densities were available at the time this

work was performed.

Table 4.1 Properties which can be determined
from measurements of MOS capacitors

1%

Results of thermally activated chemical reaction and electrochemical
reactions in Si0».

Q¥

Diffusion of water into SiO».

3*

Dielectric constant of semiconductor and SiO».

47
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Ao Conductivity type of the semiconductor.

B Band-to-band tunneling in the semiconductor and tunneling into SiO».

6* Oxide breakdown field.

T* Oxide thickness.

8* Doping profile in the semiconductor.

9* Surface band bending and depletion layer width in the semiconductor as
a function of gate bias.

10* | Charge configurations in the oxide such as oxide fixed charge and the
charge at interface between SiO» and another insulator on top of it.

11 Voltage and field at avalanche breakdown in the semiconductor.

12* | Interface trap level density as a function of energy in the bandgap.

13 Interface trap capture probability for both electrons and holes as a
function of energy in the bandgap.

14 Lifetime in the bulk semiconductor.

15 Surface recombination velocity.

16 Nonuniformities in the oxide charge distribution and nonuniformities of
surface potential caused by the discrete nature of charge in the oxide.

17 Work function differences between semiconductor and gate.

18 Ionic drift polarization effects in SiO».

19 Quantum effects in the inversion layer at low temperatures (surface
quantization).

20 Properties of electron and hole traps in SiO».

* Properties considered in this thesis.

4.1 BUILDING BLOCKS

The "Metal Oxide Semiconductor” capacitor consists a metal, an oxide

and a semiconductor. The beta-SiC MOS capacitors measured in this thesis were

comprised of Al for gate metal and beta-SiC wet thermal oxide for insulator.

Back contacts to the semiconductor affect the C-V measurement results

significantly. Especially when the metal-semiconductor back contact is a

rectifying junction instead of an ohmic or an injecting junction, the depletion

layer of the interface makes C-V measurements unreliable. We were able to
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obtain very good ohmic or injecting back contacts to beta-SiC, using TiCy
substrates as a n-type contact and platinum (Pt) as a p-type contact. A typical I-V
curve of a TiCy contact pad on highly doped n-type beta-SiC is shown in figure
4.1. The tested sample had a CVD grown TiCx contact pad, a n-type beta SiC
epi-layer and a TiCy substrate structure. The measurement was done by
positioning one probe on the CVD TiCx pad and the other probe on the TiCy

substrate.

Figure 4.1 A typical I-V curve of a TiC ohmic contact pad on
undoped beta-SiC and 4.2*10"3 sccm Al-doped beta-SiC. The
tested sample had a (TiC, contact pad) - (B-SlC) (TlC substrate)
structure. The area of the TiCy pad was 3*10"4 cm?2 Th:s result
shows a good ohmic or injecting contact.
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4.2 PROCESSING

4.2.1 n-type beta-SiC MOS capacitor

Titanium carbide substrates were first chosen according to their X-ray
rocking curves. Only substrates which have fewer than 2 subgrains./mrn2 were
used in order to minimize the effect of subgrains. The substrates were cleaned by
the standard cleaning procedure, followed by a 40 min. n-type beta-SiC growth
(see chapter 3). This 40 min. epi-growth resulted in about 3.3 um beta-SiC epi-
layers. The layers were then polished with 0.1 um diamond paste, followed by
standard cleaning and oxidation (figure 4.2). The wet oxidation was performed at
1100 °C for 1 hour (see chapter 3 for details). Before removal from the furnace,
the samples were annealed for 20 min. at 1050 °C to reduce oxidation-induced
defects and oxide fixed charges. After removal from the furnace at 650 °C, the
samples were immediately loaded into the vacuum evaporator to avoid
contamination. About 3000 A of Al was then evaporated on to the oxide. Finally,
the Al was patterned with photoresist and etched with Al etching solution to
define gate contact pads for beta-SiC MOS capacitors. The substrate contacts
were achieved by removing the titanium oxide (TiOy) on the backside of the

samples before measurements.
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Figure 4.2 Processing steps of n-type Beta-SiC MOS
capacitor.

4.2.2 p type beta-SiC MOS capacitor
The p-type beta-SiC MOS capacitors were processed quite differently
from the n-type capacitors except for the substrate selection because TiCy is a
rectifying contact metall8] for p-type beta-SiC. Boron-doped beta-SiC buffer
layers, about 3.3 um, were first grown on TiCy substrates to isolate the beta-SiC
layers from the conducting TiCy substrates, figure 4.3 and 4.4. The buffer layer
was used to isolate the capacitor from the conducting TiCy substrate (see chapter

5 for more detail information). The 3.3 um p-type beta-SiC epi-layers, the 600 A
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thick oxide and the gate metal deposition were achieved by using the same
procedures as that for the n-type beta-SiC MOS capacitor described in the last
section. However, in order to make a contact to p-type beta-SiC, contact cuts
were first etched by using buffered HF, followed by sputter-deposition of Pt on
the oxide (figure 4.3). The Pt was then patterned by photoresist and etching by
platinum etching solution, HCl : HNO3 : H)O =7 : 1 : 8, at 75 °C to define gate

metal pads for measurements.

p- beta-SiC

Buffer and /
p-type beta-SiC epitaxy W

S—
Buffer beta-SiC

Oxida tion

Gate metal deposition and

photoetching (D3 mask)

Gate metal etching

Photoetching
(D1 maskd

Contact cut

Pt deposition and ‘\\\\\\\\ RN
photoetching (D2 mask> V277777777777 777 7777777 7
ohmic contact metal

Ohmic contact metal

etching
buffer beta-SiC [ZZ7] phatoresist oxide
C  p- beta-SiC 8 Al NN et

Figure 4.3 Processing steps of p-type Beta-SiC MOS capacitor.
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Figure 4.4 Critical Dimensions of p-type
beta-SiC MOS capacitor.

4.3 CHARACTERIZATION

4.3.1 Oxide breakdown field and resistivity

The dielectric strength and resistivity are two important characteristics of
oxide. These two properties were determined by current-voltage (I-V) and
capacitance-voltage (C-V) measurements. I-V characteristics were obtained by
applying one probe on the gate and the other probe on the back contact pad of
beta-SiC MOS capacitors. Because the oxide has much higher resistivity than that
of the beta-SiC layers, the voltage drop across the MOS capacitor is mostly on the
oxide. The resistivity of the oxide was then estimated from Ohm's law. A typical
I-V result for oxide on beta-SiC is shown in figure 4.5. Note the I-V curve is
always asymmetrical because the areas of the contacts (the gate of the MOS
capacitor and the ohmic contact) are different. The resistivity of thermal oxide on

beta-SiC was between 1014 and 6%1014 Q-cm at 1*¥106 V/cm electric field.
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Figure 4.5 Oxide leakage current of 4.2*10"3 sccm doped beta-
SiC. This leakage current is used to calculate the oxide resistivity.
The oxide thickness on this sample is about 380 3, and the metal
gate's radius is 94 um.

The breakdown voltage, defined as the voltage at which the oxide is
punched through, was determined by biasing the oxide to breakdown. The
breakdown field of oxide on beta-SiC was between 2*100 and 5%106 V/cm.

4.3.2 Dielectric constant of oxide
The Auger analysis of thermal oxides on beta-SiC epi-layers showed 10%
carbon atoms or 5% carbon with the consideration of carbon background noise
(chapter 3) although several groups have reported carbon-free thermal oxide on
beta-SiC[2,3.4], Therefore, in spite of the fact that the breakdown field and

resistivity of thermal oxide on beta-SiC show the oxide to be quite similar to
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thermal oxide on Si, it is important to determine the dielectric constant of oxide
in our material system because most of the important calculations for MOS
capacitors are related to the dielectric constant of oxide.

The relative dielectric constant of oxide on beta-SiC was determined by
measuring the maximum capacitance of MOS capacitors. The constant was
calculated from

€ox = toxCmax /AG: 4.1)
where tox is the oxide thickness, AG is the area of gate metal, €54 is the
permittivity of oxide and Cp3x is the maximum capacitance. The calculated
relative dielectric constant from this method is between 3.3 and 4.2 with a 3.77
average value. Dielectric constant of thermal oxide on beta-SiC, 3.8, is used
throughout this thesis. The wide range of calculated dielectric constant is due to
the small sample size and the roughness of the oxide, which causes about 10%
fluctuation in the oxide thickness measurement. In the future the dielectric
constant of thermal oxide on beta-SiC should be determined from ellipsometry,
which measures both thickness and refractive index of the oxide, and calculated
for a more accurate dielectric constant when large TiCy substrates and smooth

beta-SiC epi-layers are available.

4.3.3 C-V measurements

4.3.3a Inversion
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Capacitance-voltage (C-V) measurements of MOS capacitors were carried
out by a Boonton 72BD 1 MHz capacitance meter and an HP4145B
semiconductor analyzer, which is used as a voltage bias source and voltage meter
for capacitance monitoring; the scan rate of the gate bias was 0.8 V/sec. Each
sample was oxidized twice. The measurement results of first oxidation are shown
in figure 4.6 for undoped n-type beta-SiC and figure 4.8 for lightly Al doped
beta-SiC. The results for second oxidation are shown in figure 4.7 for undoped
beta-SiC, figure 4.9 for lightly Al doped beta-SiC and figure 4.10 for heavily Al
doped beta-SiC.

In the first oxidation, where the oxidation was carried out right after
0.lum diamond paste polishing, the low oxidation rate (about 330 A for the
undoped sample) and C-V result of beta-SiC MOS capacitor is similar to the
results published by S. Zaimal17] et al. in 1990 and by K. Shibahara et al.[3] in
1984. This can be explained as due to the high defect density of beta-SiC layer.
Because of this high defect density, the minority carriers, holes in n-type beta-
SiC, are scattered by these defects, and the response time (t;) of minority carriers
increased. Furthermore, the bandgap of beta-SiC is 2.2 eV, which results in the
very low intrinsic carrier concentration(n;) of 5.6 cm™3. Because of this low nj,
the minority carrier concentration becomes very low, and T, becomes extremely
long. With the very low minority density and high defect density in the crystal,
the minority carriers are not able to generate near the oxide-semiconductor
interface fast enough; hence, deep depletion phenomena were observed in the

past.
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The second oxidation was performed after removal of the Al metal contact
pads and oxide. Inversion was obtained in the MOS capacitors after the second
oxidations. The sample's surface, after the first oxidation, contained considerable
damage because of the 0.lum diamond paste polishing. However, before the
second oxidation, the damaged surface was removed, and the second oxide was
able to grow on a low defect single crystal epi-layer. With the low defect density
beta-SiC layer, the minority carries were able to effectively generate near the
oxide-semiconductor interface, and the C-V results showed inversion in dark.
Previous attempts at obtaining inversion in the absence of light by Kee et al.[4]
and Shibahara et al.[3] were unsuccessful. The quality of beta-SiC crystal surface

appears to be the key factor.
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Figure 4.7 1 MHz C-V measurement of undoped beta-SiC after
second oxidation. The scan rate was 0.8 V/sec.
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Figure 4.8 1 MHz C-V measurement of 4.2%10-3 sccm Al-doped
beta-SiC after first oxidation. The scan rate was 0.8 V/sec. (See
figure 4.17 for detail parameters.)
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Figure 4.9 1 MHz C-V measurement of 4.2#10-3 scem Al-doped
beta-SiC after second oxidation. The scan rate was 0.8 V/sec.
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Figure 4.10 1 MHz C-V measurement of 0.21 sccm Al-doped beta-
SiC after second oxidation. The scan rate was 0.8 V/sec. (See figure
4.18 for detail parameters)

In spite of the fact that inversion of beta-SiC MOS capacitors in dark was
not obtained in the past, inversion mode n-channel beta-SiC MOSFETs were
fabricated. The inversion characteristic of these beta-SiC MOSFETs was
explained as the injection of electrons from source and drainl3]. However,
because of the delay of electron injection, the electron mobility calculated from
the I-V results of these MOSFETSlﬁ] was in the low 100 cm2/(V.sec) range. In
contrast, the inversion of MOS capacitors in our beta-SiC epi-layers shows that
our synthesis technique gives lower defect density beta-SiC epi-layers than other
approaches. With a better quality beta-SiC crystal, a n-channel beta-SiC
MOSEFET with high electron mobility may be seen in the future.
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Figure 4.11 Capacitance as a function of gate bias on the 4.176*10-3 scem Al-doped sample
having a concentration of 1.3*1018 ¢m"3 and an oxide thickness of 380A. The high

frequency C-V measurement with a scan rate of 20 V/sec was measured at 1 MHz by
manually changing gate bias.

The deep depletion of beta-SiC MOS capacitors was attempted using the
same setup as the inversion measurement except the sweep rate of the gate bias
was from 10 to 20 V/sec. A typical C-V result is shown in figure 4.11. No deep
depletion phenomenon was observed in any of the three doping concentrations.
This result was also verified by biasing the sample from -10 V to 10 V within 0.5
sec and measuring the capacitance for 30 min.; a typical result of this
measurement is shown in figure 4.12. The total capacitance change within 30

min. was less than 1%, which is within the noise level of the measuring system. A
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possible explanation of the absence of deep depletion on the beta-SiC MOS
capacitors is the tunneling of minority carriers in the high dopant concentration

beta-SiC.
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Figure 4.12 Capacitance as a function of time on 4.2%10"3 scem
Al-doped sample. The gate bias was manually changed from -10 V
to 10 V within 0.5 sec. The capacitance was measured every 10
sec. for 30 min. at 10 V.

A review of the deep depletion theory states; "When gate bias of a MOS
capacitor is changed too rapidly for thermal generation of minority carriers, the
minority carriers cannot maintain the charge neutrality of the MOS capacitor.
Instead, the charge neutrality is maintained by an increase in depletion layer
charge and, therefore, in depletion layer width. The depletion layer width

continues to increase with gate bias until the onset of oxide breakdown or
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additional generation of minority carriers.[7]" All of the tested samples had

carrier concentration of about 1018 cm3. It is very possible that tunneling
occurred before the deep depletion in the C-V measurements because of the high
doping concentrations. In another words, the tunneling of electrons or holes in the
beta-SiC became the other source of minority carriers; therefore, the deep
depletion of beta-SiC MOS capacitors was not observed.

A classical way to calculate the probability of tunneling is by assuming
carriers tunneling through a triangle barrier, figure 4.13. The height of the energy
barrier Eg decreases linearly from Eg at x=0 to 0 at L, where Eg is the bandgap

of semiconductor.

Figure 4.13 The probability of tunneling can be approximated
by considering tunneling through a triangular barrier.

By using the Wentzel-Kramers-Brillouin (WKB) approximation[S], the
probability of tunneling (@) can be approximated by using the barrier height in

the equation
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where Eg(x) is the barrier height at position X, m” is the effective mass of carrier
and 4 is the Planck's constant. Carry out the integration,

© =exp(—P.), (4.3)
where

[,
P = % 4.4)
The well known tunneling in Si MOS capacitors starts at about 1018

cm-3[9]. By using the electron effective mass (0.6) and bandgap (2.2 eV) of beta-
SiC, the Pe ratio between beta-SiC and Si is 1.1. This simple approximation
suggests that the tunneling in beta-SiC MOS capacitors happens at roughly the
same carrier concentration as in Si MOS capacitors. This deduction agrees with
the C-V measurement of beta-SiC MOS capacitors where deep depletion was not
observed because of the high carrier concentrations (about 1018 cm‘3) in beta-

SiC layers.

4.4 MODELING OF BETA-SIC MOS CAPACITOR

The Model for MOS capacitors is well developed, tested on Si MOS
capacitorsl13], and is in a generalized form, which can be used in any
semiconductor material. Although beta-SiC possesses many properties different

from Si, it is important to test this model on beta-SiC MOS capacitors; this
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information can then be used in the future for modifying the high frequency C-V
model of beta-SiC MOS capacitors (if needed). Furthermore, by modeling MOS
capacitor, many oxide properties can be obtained. Therefore, the oxide thickness,
dopant concentration, and flat band capacitance, which are necessary for
modeling of MOS capacitors, are calculated according to the C-V measurement
of MOS capacitors in section 4.4.1. A high frequency C-V Model is discussed in
section 4.4.2 (figure 4.16a, figure 4.17a and fig 4.18a). Total oxide charge and
interface trap density are derived in section 4.4.3. Important properties and
constants used in the calculation and modeling of beta-SiC MOS capacitors are
listed in Table 4.2. Table 4.3 summarizes the results of the modeling and
calculation for all three different conditions of beta-SiC MOS capacitors.

Table 4.2 Important physical constants used for
modeling beta-SiC MOS capacitors

Description Value Reference
Planck's constant (h) 4.135%10- 10 ev s
Boltzmann's constant (k) 8.62*10 eV K-
Elementary charge (q) 1.602*10-19 C
Oxide dielectric constant (Enx) 3.8 section 4.3.2
Al vacuum work function (®;y,) 42¢V
Beta-SiC
Dielectric constant (€) 9.7 [18]
Energy gap at 300 °K (E,) 2.2eV [19]
Intrinsic carrier concentration (n;) | 5.6 cm™ section 4.4.1a
effective mass m” /mg
electrons (my") 0.6
holes (my ) 1.0 *

* not measured in beta-SiC; 6H-SiC values used.
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4.4.1 Parameters for Modeling beta-SiC MOS

capacitors

4.4.1a Intrinsic carrier concentration in beta-SiC
The intrinsic carrier concentration (n;) in beta-SiC is very important for
calculation of all basic parameters of beta-SiC; however, it has not been

accurately measured. Nevertheless, n; can be estimated by the following

equations[10]:
N, =2M, (M’}’I‘#)M, 4.5)
N, = 2(2“':.5’H 2 and 4.6)
ni = NNy exp(_—Eg) 4.7)
kT

where N and Ny, are the effective densities of states at the conduction- and
valence-band edges, respectively, mn* and mp* denote the effective masses of
electrons and holes, M, is the number of equivalent minima in the conduction
band, and k, T and h are the Boltzmann's constant, temperature and Planck's
constant, respectively. Because the effective masses of electrons and holes in
beta-SiC have not been measured accurately, the effective masses in 6H alpha
SiC (0.6 for electrons and 1.0 for holes) were used for the approximate
calculation, and M =1 was used for approximation. The above equations result in

N¢ ~ 1.16%1019 cm‘3, Ny ~ 2.5%18 cm'3, and n; ~ 5.6 cm-3 for beta-SiC.
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4.4.1b Oxide thickness

The dielectric constant of thermal oxide on beta-SiC was determined to be

3.8. Using equation 4.1, the thickness of oxide was calculated. The results are

listed in table 4.3.

Table 4.3 Properties of beta-SiC MOS Capacitor

Density D;; (cm~2eV-1)

Sample Beta-SiC MOS Capacitor
Property undoped | 4.2#10-3 Al doped | 0.21 Al doped
Oxide Thickness tqy (A) | 720 380 590

Flat Band Capacitor 14.4 25.0 3233

CkR (pF)

Flat Band Voltage VEg | -3.9 23 -5.6
(Volts)

Dopant Concentration N | 1.6x1018 | 1.3%1018 3-9%1018
(cm™3)

Total Charge Density 1.1%1012 | -1.4%1012 1.3%1012
Nif (cm‘z)

Minimum Interface Trap | 2*1011 1.4%1012 *

* negative value.

4.4.1c Average doping concentration

The maximum-minimum capacitance method, equation 4.8, was used to

estimate average doping concentration in the depletion layer of n-type MOS
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capacitors.

Na _4kTe:, . Ca
G T 5
1H(Nd/m)+%ln[ln(N4/m)—1] q°et,, Crur(min)

-1)* (4.8

where Ny is the donor concentration, €g is the permittivity of the semiconductor,
Cox (=Cmax) is the oxide capacitance, and Cyp(min) is the minimum
capacitance from the high frequency C-V measurement. For p-type MOS
capacitors, N, instead of N3 was used. This equation originated with Van Gelder
and Nicollian[11,12]. Because of the complexity of this equation, iteration was
used to calculate the average doping concentration. The doping concentration was
also obtained from a calculated chart (figure 4.14), which is derived from

equation 4.8. The results are listed in table 4.3.
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Figure 4.15 Plot of 1/C2 as a function of bias of an Ag Schottky
diode on undoped beta-SiC. The diode's radius was 97.4 um.

The doping concentration calculated by this method was verified by C-V
measurement of silver (Ag) Schottky diodes on undoped samples, figure 4.15; the
measurement shows that its doping concentration is around 71017 c¢m-3, which
agrees with the MOS capacitor result (1.6%1018 cm'3) within an order of
magnitude. Schottky diodes were also fabricated on beta-SiC epi-layers with
other doping concentrations; however, because of leakage current, the
concentrations could not be determined from the C-V measurements of these
Schottky diodes. We also noticed that the breakdown voltages of back-to-back
tungsten carbide (WC) diodes, obtained by probing WC probes on the epi-layers

directly, were less than 5 volts on all three samples. A rough estimate by using
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breakdown voltage for one-side abrupt junctions[ 13],

E N, _
V, = m(ﬁ)m(l—(}%) s, 4.9)

where Np is the background concentration in cm-3, also indicates that the carrier

concentrations in all three samples are about 1018 cm-3.

4.4.1d Flat band capacitance and voltage
Flat band capacitance was calculated by the following three equations.

Debye length (Ap):

eskT

l“’_ qua .

(4.10)

For n-type MOS capacitor, N instead of N, was used.

Flat band capacitance (CEgg) in the depletion layer:

Es
Cras = —. 4.11
FBS x ( )

Total high frequency flat band capacitance, which is the sum of oxide

capacitance and flat band capacitor in depletion layer:

CF BS Cox

it Lt MY (4.12)
(CFBS E Cax )

FB
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The calculated results are listed in Table 4.3.

4.4.2 High frequency C-V model
The measured high frequency capacitance C(V) is a series combination
of the oxide capacitance C,y and the semiconductor surface capacitance Cg:

e CS COI

4.13
C.! +CDX ( )

A generalized modell14] for all semiconductor materials was used to
model the high frequency C-V measurement of beta-SiC MOS capacitors. The

result of this model shows the semiconductor surface capacitance is

Cs=2Cras{l—e~ > (ﬁﬁ(c"”—1)Ei—1+11}rl(vm,ug) (4.14)

where
F (Vw,uB) - 2v;

[f F3 s vs—1] and (4.15)
Fs(vs,us) = 2"*{(us — vs) sinh (us) —[cosh (us) — cosh(vs)]}'/2. (4.16)

up and vg are defined by
=In(N,/n,) and (4.17)
TS L. L (4.18)

kT

where v, is the normalized band bending set by gate bias, dvg is the normalized
small signal ac band bending set by the measuring capacitance meter, and Y [vg]
is the [normalized] total band bending set by the gate bias and the capacitance

meter at the oxide/semiconductor interface. Since vgg is less than 2up at gate bias
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between 40 and -40 V for all three beta-SiC MOS capacitors, Cg can be further
simplified to

Ce=2""2Sgn(vso)Cras(1— eV ) (Veo—1) + V2 (4.19)
for p-type or

Ce =27 Sgn(veo)Cras(e”™ —1)[—(vso+ 1) +€"* ] (4.20)
for n-type, where Sgn(vgy) denotes the sign of vgq; i.e., Sgn(vgg) is 1 if vge > 0
and -1 if vgg < 0. The result suggests that the simplified Cg is independent from
the ac bias set by the capacitance meter and is a function of vgy. Now, the
problem is determining the relation between Vgq and V.

The gate bias at every corresponding vg, can be calculated from the
surface charge Qg(ys). The surface charge (per unit area)[15] at the

semiconductor-oxide interface of a MOS capacitor is

2ekT
Q, =—Sgn(ys) ars 2 (B‘Ih,ﬂ), 4.21)
ghe Dro
where
FBys, ;"" y=[(ePY* + Bye—1) +pﬁ(eﬁ“" —Bys—DI"2, (4.22a)
=2
and p=—r. (4.22b)

Qg is positive when yg < 0 and negative when yg>0. Now that we know the
relation between Qg and Vg, the corresponding gate bias at this band bending can
be calculated from the sum of the voltage drop across the oxide and total band

bending at the interface:
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Ve =—%+%. (4.23)

Therefore, in this thesis the measured high frequency capacitance C(vgg)
was calculated by equations 4.19 (or 4.20), 4.13 and 4.1. The gate bias V@ at the
corresponding vgo was calculated by using equations 4.21, 4.22, 4.23 and 4.18.
The modeling results are shown in figures 4.16a, 4.17a and 4.18a.

The C-V model, which was developed for Si, was found to be very
suitable for modeling the undoped and the lightly Al-doped beta-SiC MOS
capacitors. However, the heavily compensated Al doped sample had a C-V
characteristic very different from the ideal case. This could be due to the high
doping concentration, which increases the defect density. Defects affect the

interface state density, and thereby the characteristics of MOS capacitors.
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Figure 4.16a High frequency C-V measurement of the undoped beta-SiC MOS capacitor.
The solid line is capacitance values measured at IMHz on the undoped beta-SiC on TiCy
substrate, with a donor concentration of 1.6¥1018 cm-3, an oxide capacitance of 14.6pF, and
a gate diameter of 100um.
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Figure 4.16b Plot of surface potential (‘¥g) versus gate bias (V) for the sample in figure
4.16a. Note that the experimental results have been adjusted according to the flat band
voltage for clarity. Minimum interface trap density of this sample is 2¢1011cm-2ev-1,
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Figure 4.17a High frequency C-V measurement of the 4.2¥10°3 scem Al-doped beta-SiC
MOS capacitor. The solid line is capacitance values measured at IMHz on the Al doped
beta-SiC on TiC, substrate, with a donor concentration of 1.3*1018 cm'3, an oxide
capacitance of 24.9pF, and a gate diameter of 94um.
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Figure 4.17b Plot of surface potential (‘) versus gate bias (V) for the sample in figure
4.17a. Note that the experimental results have been adjusted according to the flat band
voltage for clarity. Minimum interface trap density of this sample is 1.4#1012¢cm-2ev-1,
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Figure 4.18a High frequency C-V measurement of the 0.21 sccm Al-doped beta-SiC MOS
capacitor. The solid line is capacitance values measured at IMHz on the Al-doped beta-SiC
on TiCy substrate, with an oxide capacitance of 30.3 pF, and a gate diameter of 94 um. The
theoretical curve was calculated for dopant concentration 9*1018 cm-3. The experimental
values do not fit into the model.
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Figure 4.18b Plot of surface potential (W) versus gate bias (V) for the sample in figure

4.18a. The experimental results have been adjusted according to the flat band voltage for
clarity.
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4.4.3 Charges in beta-SiC MOS Capacitors

4.4.3a Total charge density (N¢o)

Total charge density was calculated by the following equations:

Nw= Cox(d)m i VFB) (424)

For p-type doping,

Dms = dm— (x +%+l¢,,|) (4.25)
q

where ¢p = In(Na [ n:). (4.26)

For n-type doping,

Drms = dm— (3 +LE ~1ul) (4.27)
2q

where ¢»= Eln (Na/ ni). (4.28)
q

In above equations, ¥ is the electron affinity of beta-SiC, Eg is the band gap of
beta-SiC, and ®m is the vacuum work function for the gate metal (Al). x =4.0 V
was used for approximation. The calculated results are listed in table 4.3. As
expected, the undoped sample had a smaller total charge density than the Al
doped samples.

4.4.3b Interface trap density (Djt)
Since the undoped and lightly Al doped beta-SiC MOS capacitors fit the
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high frequency C-V model very well, the Terman method[16] was used to
estimate the oxide/semiconductor interface trap density (Djp). The Terman
method uses the fact that the interface traps in a MOS capacitor do not respond to
the small signal ac bias set by the capacitance meter; however, they do follow the
slowly changing gate bias. This characteristic of interface traps results in a
stretch-out along the gate bias axis of high frequency C-V curve of a MOS
capacitor. By using this stretch-out, interface trap density can be calculated.

Plots of surface potential vs. gate bias were constructed in figures 4.16b,

4.17b and 4.18b by the Terman method. Dj; was then determined from

]. d\IIS -1
Di[ = — . = — £ 5 - 4'29
LG = 1-Citwo) (429)

The calculated results of Dj; are listed in table 4.3. The undoped sample had the
lowest interface trap density, as expected. On the other hand, the surface potential
vs. gate bias plot of the heavily Al-doped sample gave a negative Dj;, which is
undefined in the Terman method. This is because the C-V result of this highly
compensated sample couldn't be fit into the C-V model; that is, the capacitor is
not an ideal capacitor because of its high defect density. These results indicate
that a low background concentration in the beta-SiC epi-layer is necessary for the

best oxide quality.

4.5 SUMMARY

In this chapter, the fabrication procedures of both n-type and p-type beta-

SiC MOS capacitors were described. The dielectric constant of oxides on beta-
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SiC was found to be about 3.8. The C-V measurements of these capacitors were
discussed. Inversion of beta-SiC MOS capacitors in dark was obtained for the
first time. Deep depletion in these beta-SiC MOS capacitors, whose carrier
concentrations were about 1018 ¢cm3, was found to be impossible because of the
tunneling effect. Modeling of the high frequency C-V curve was discussed; the
generalized model was found to be quite adequate for beta-SiC MOS capacitors.
Finally, interface charge and trap density conclude that oxide on the undoped n-

type beta-SiC epi-layer has the best quality.



CHAPTER 5

N-CHANNEL BETA-SIC MOSFET
FABRICATION AND RESULTS

5.1 INTRODUCTION

The fabrication procedure and parameters of beta-SiC MOSFETs
discussed here are not optimized. However, it is important to show the possibility
of fabricating MOSFETSs using current available technology on this material.
Later, beta-SiC MOSFETs may be optimized based on this experience. Basic
components of beta-SiC are discussed in section 5.2. A novel beta-SiC MOSFET
fabrication process is discussed in section 5.3, in which an in-situ doping
technique during the CVD growth was used, and a TiCy "lift-off" layer was used
to define the source and drain. Processing results for these beta-SiC MOSFETSs
are discussed in section 5.4. Finally, section 5.5 summarizes the device

fabrication results.

5.2 BASIC COMPONENTS

Properties of an MOSFET's components affect its characteristics. The
following sections discussed the basic components of a beta-SiC MOSFET,

which were investigated before fabrication.

81
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5.2.1 Buffer layer

Source Gate Draln
! F— N 8 PN 5 Sp— .
] I = | ]
SemHnsulfing S
Current Flow

Figure 5.1 Current flow in a Si MOSFET on a semi-insulting Si substrate.
The current flow is limited to the channel.
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Figure 5.2 Current flow in a beta-SiC MOSFET on a conducting TiC,
substrate. The current flow passes through the conducting substrate.

A common MOSFET structure uses rectifying p-n junctions or a semi-
insulating substrate, figure 5.1, to isolate the device from the substrate. The
rectifying property of a p-n junction or the high substrate resistivity causes the
current injected from the source or drain to be limited to the channel, where the
gate voltage can bias and modulate the charges. On the other hand, if we consider
a lateral structure beta-SiC MOSFET in a 5 um thick beta-SiC epi-layer, which is
directly grown on a conducting TiCy substrate (and without a buffer layer), a
deduction from the simple Ohm's law states that the current flowing from the

source or drain passes through the channel only if the channel length is less than 5
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um. Otherwise, the current travels from the source or drain to the conducting
substrate and, then, from the substrate to the drain or source; see figure 5.2. In the
latter case, the current does not pass through the channel, where the bias voltage
can control it. Therefore, the gate bias cannot modulate the current, and the
MOSFET fails. Attempts to use rectifying p-n junctions for isolation did not
succeed because the beta-SiC p-n junctions have been very leaky; see section

5.4.1. Three solutions to this problem are:

(a) grow a beta-SiC epi-layer thicker than the MOSFET channel length.
(b) decouple the beta-SiC epi-layer totally from the substrate.

(¢) find a semi-insulating buffer layer.

Approach (a) is very difficult to achieve because the present growth rate
of beta-SiC is about 5 um per hour. For a very long channel device, this would
require more than one day to grow the layers; besides, we are presently not able
to grow beta-SiC epi-layers for such long periods.

Attempts to decouple beta-SiC epi-layers from TiCy substrates used either
oxidation or TiCy etching solution to remove the TiCy substrates. In the
oxidation approach, the substrates were polished down to a thickness of about 25
um from the TiCy side of the sample. Then the TiCy substrates were transformed
into TiOy, by 1100 °C wet oxidation. The beta-SiC epi-layer did not adhere to the
TiCy, and we were able to remove the beta-SiC epi-layer. In the TiCx etching

approach, the same thinning procedure was used to reduce the total etching time,
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and the samples were etched at 50°C in TiCyx etching solution for 10 hours. The
TiCy etching solution consumed the entire TiCy substrate so that only the beta-
SiC layers remained in the solution. However, in both approaches, the epi-layers
cracked into small pieces having sizes less than 0.5 mm2. This was due to the
difference in thermal expansion coefficients of beta-SiC and TiCy. This approach
should be tried in the future when thick (>100 um) beta-SiC layers are available
because the strength resulting from thick epi-layers may prevent the beta-SiC
layers from cracking.

Approach (c) was quite appropriate for the present technology. The semi-
insulating buffer was realized by boron (B) compensation doping to electrically
isolate undoped and Al-doped beta-SiC epi-layers from the conductive TiCy
substrates. The growth procedure for the B-doped buffer isolation layer is
described in chapter 3.

To identify the optimal boron flow rate for the buffer layer, B-doped
layers, about 3.3um thick, at several different flow rates of BoHg were grown.
Their breakdown voltages were measured by 1.2 um (in diameter) WC probes,
which formed back-to-back Schottky diodes. The breakdown voltage of the
Schottky diode indicates the degree of compensation; that is, the ideal buffer
layer should have the lowest doping concentration and, therefore, the highest
breakdown voltage. The 45 sccm ByHg doped beta-SiC epi-layer had the highest
breakdown voltage of 450 V. The buffer isolation layers were therefore doped at
this flow rate.

Transmission line measurements were used to characterize the buffer
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isolation layers. To perform transmission line measurement, an undoped or Al-
doped beta-SiC epi-layer was grown on top of the buffer isolation layer, followed
by evaporation of Al onto the epi-layers. The Al transmission line patterns (TLP),
figure 5.3, were patterned on top of the undoped or Al-doped layers and annealed
in Ar at 500 °C for 1 min. in an RTA furnace.

— 160u —= — — — —
40u 10u
Figure 5.3 Transmission line patterns used for MPD and TLM

measurements.

Current-voltage measurements were performed at different pad distances.
From a plot of resistance (V/I) vs. pad distance, we obtained for each sample the
maximum penetration distance (MPD). The MPD is the maximum lateral distance
a current can travel through the device before shorting through the conducting
substrate. Figure 5.4 illustrates this method.

In figure 5.4a, all currents pass through the conducting substrate before
reaching another pad. Since the currents in all three cases travel through almost
the same distance in the beta-SiC, which has much higher resistivity than the
TiCy substrate, the measured resistance (V/I) will also be similar. Therefore, the
resistance vs. pad distance plot shows very little increase; see the inserted curve in

figure 5.4a.
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Figure 5.4a Sample with an MPD less than d2

In figure 5.4b, all currents are confined inside the layer; also note that the
currents are limited in beta-SiC not in the buffer SiC because the buffer SiC has
much higher resistivity. Since the current measured at longer pad distance travels
longer distance in the beta-SiC, the resistance vs. pad distance plot shows a linear

increase.
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Figure 5.4b Sample with an MPD larger than d0. Note that only the major
electric field is shown in figure 5.4b and 5.4¢c.
In figure 5.4c, the currents are confined inside the layer when the measurement is
between pads A,B and pads B,C. But the current passes through the conducting
substrate upon measuring pads C,D. Therefore, the resistance vs. pad distance

plot shows a linear increase before the measuring distance is larger than the MPD.
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The MPD here is between d1 and dO.
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Figure 5.4c Sample with an MPD between d0 and d1.
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Figure 5.5 MPD measurement of 0.042 sccm Al doped beta-SiC.

An MPD measurement of the 0.042 sccm Al-doped beta-SiC layer is
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shown in figure 5.5. The Al-doped beta-SiC layer without a buffer isolation layer
has an MPD close to zero. This is because the epi-layer thickness was about 3.3
um, which is smaller than the minimum distance between TLP. A sample with the
same Al doping but having a 3.3 um buffer isolation layer showed a 220 um
MPD, and the same sample with buffer isolation and wet oxide passivation, done
at 1100 °C with 70 °C H5O for 1 hr., exhibited an MPD of more than 400 um.
This suggests that the surface leakage current on the beta-SiC epi-layer
significantly affected this measurement.

From the MPD measurement of 0.042 sccm Al doped beta-SiC, the 3.3
um boron doped beta-SiC buffer isolation layer is suitable for isolating devices of
up to 400 um channel length. Therefore, the boron doped beta-SiC buffer layer

was used for MOSFETs, whose channel lengths are much shorter than 400 um.

5.2.2 Channel

An MOSFET channel should have a low dopant concentration and,
therefore, high resistivity. Since we are not able to determine the carrier
concentration by either Schottky diode or MOS capacitor measurements (because
of the high background concentration, or non-optimized ohmic contacts in beta-
SiC epi-layers), the breakdown voltage was used to estimate the dopant
concentration of the 0.042 sccm Al doped beta-SiC channel. The estimated carrier
concentration from equation 4.9 is in the low 1016 cm-3 range, and the carrier
type as determined by a hot probe measurement is p-type. The sheet resistance of

this sample was determined by using the above transmission line measurement;
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this method of determining sheet resistance and specific contact resistance is
known as the transfer length method (TLM), originally proposed by Shockley[1 I,
Assuming identical contact resistance for all contact pads allows the total

resistance (RT), the resistance measured between two pads, to be written as

p.d
R.=——4+2R 5.1
p =" +2R, 5.1)
sihiese R, =YPPe ooy [2.3] 52)
z 7L

Z and L are the width and length of the contact pad, respectively (see figure 5.3).
d is the pad distance, pyg is the substrate sheet resistance, p, is the specific contact
resistance from the contact metal to the substrate, and L= (pc/ps)lfz. Using
equations 5.1 and 5.2 with the results of transmission line measurement in figure
3.5, the sheet resistance of the 0.042 sccm Al doped beta-SiC is estimated at 40
kQ/square. This result shows that the 0.042 sccm Al-doped beta-SiC has high

resistivity and is suitable as a channel material.

5.2.3 Source, drain and contacts
Ideally, the source and drain should be highly doped to yield low
resistivity. Also, the contact metal should have a low contact resistivity to the
source and drain.
The undoped beta-SiC epi-layer was used for the source and drain of the
MOSFET. The background carrier concentration of undoped beta-SiC is around
1018 ¢m-3, which was found by measuring both MOS capacitors and Schottky
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diodes in chapter 4. Its sheet resistance was determined by using the transfer
length method. The results are shown in figure 5.6.

The undoped beta-SiC epi-layer sheet resistance calculated from equations
5.1 and 5.2 is roughly 0.54 kQ/square, and the specific contact resistance of Al on
undoped beta-SiC is around 1 uQ-cm2. These results show that Al was acceptable
as a contact metal for the undoped beta-SiC sources/drains tested here and that

undoped (but n-type) beta-SiC is suitable for source and drain.

0.5

B U103 with buffer and amg’

o
>

Total Resistance RT (ohms)
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Figure 5.6 Transmission line measurement of Al on undoped beta-SiC epi-layer.
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5.2.4 Gate oxide
The C-V measurements of MOS capacitors in chapter 4 indicate that wet
thermal oxide on beta-SiC is suitable for oxide devices. The gate oxide of the
beta-SiC MOSFETs was grown using the same procedure as that for the MOS

capacitors.

5.3 N-CHANNEL BETA-SIC MOSFET PROCESSING
The beta-SiC MOSFET process was modeled after the Si MOSFET
process. However, the final processing steps were quite different from those for
Si. We describe the beta-SiC MOSFET processing here. The device cross sections
shown in the following sections use the legends defined in figure 5.7. The mask
set used in the MOSFET processing is shown in table 5.1 in the end of this

chapter.

n-w'pebeta-ac

Figure 5.7 Legend of beta-SiC MOSFET process.

5.3.1 Substrate selection through Al deposition

The titanium carbide substrates used for the beta-SiC MOSFETs were first
chosen according to their subgrain and pit densities. Only substrates having

subgrain densities lower than 2 mm-2 and very few pits (< 2 mm-2) were used for
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the processing. After the standard cleaning procedure, a 3.3 um buffer isolation
beta-SiC epi-layer was grown on top of the substrate to isolate the channel from
the conducting TiCy substrate. On top of the buffer isolation layer, 1.6 um thick
0.042 sccm Al-doped p-type beta-SiC was grown. The surface was then polished
with 0.1 um diamond paste. After the polishing, a 2000 A thick TiCy "lift-off"
epi-layer was grown on top of the p-type beta-SiC to define sources and drains.
For device isolation, mesas were created around the devices by reactive ion

etching in SFg using 4000 A thick Al as a masking material. The device cross

section then looked as shown in figure 5.8.

[ il

nc

Figure 5.8 The TiC, substrate as grown with buffer, p-type and TiC, "lift-off"
layer. Note that the mesa is only shown on the left-hand side because the mesa
on the right-hand side is made far from the device and, therefore, is not shown
here.

5.3.2 Source/drain formation

5.3.2a Current approach
The source and drain of the beta-SiC MOSFET were achieved by an in-
situ growth of undoped (but n-type) beta-SiC. The procedure is described in this
section. The sample was first evaporated with 4000 A thick Al, which was used to
define the sources and drains. It was subsequently patterned with photoresist,

which defined the source and drain windows, then etched in the Al etching
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solution and the TiC etching solution. After the definition of source and drain
windows, the sample was loaded into the RIE system and etched for 8 min.,

resulting in about 5600 A deep source/drain recesses (figure 5.9).

Figure 5.9 Side view of the MOSFET after RIE defining the source/drain
recesses.

The sample was next loaded into the CVD system, where an undoped
beta-SiC layer was grown; see figure 5.10. Since the TiC etching solution does
not attack beta-SiC, the sample was first polished with 0.1 um diamond paste
until the shining metal surface of TiC epi-layer was exposed. After the TiC epi-
layer was exposed, the sample was etched in the TiC etching solution, and the

TiC layer was removed. The sample then looked like figure 5.11.

/mmec

Figure 5.11 Side view of the MOSFET after the polishing by 0.1 um diamond
paste and the etching in TiC etching solution.
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It is important to verify the characteristics of the source/drain and channel
structure next. One simple test of this structure is to use tungsten carbide probes
to probe directly on the channel region and on the source/drain region. Typical I-
V results are shown in 5.12a and 5.12b. The results are similar to those obtained
from the same doping conditions of undoped or Al doped beta-SiC epi-layers
after CVD growths (and without further processing). Therefore, the source/drain

formation using this technique is acceptable for the present technology.

Figure 5.12a I-V plot of the channel region in the A038 MOSFET
using two WC probes.
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Figure 5.12b I-V plot of the source region in the A038 MOSFET
using two WC probes.

5.3.2b Other approaches

We attempted to use the thermal oxide of beta-SiC for the lift-off process
of MOSFETs. However, the hydrogen gas, used to carry the organometallic
sources, etches thermal oxide above 1100 °C. A 2000 A thermal oxide was
completely etched off before the epi-growth started. Therefore, we were not able
to use oxide for the lift-off process. Silicon nitride, which is known to be stable at
higher temperatures, should be investigated in the future.

Other alternative approaches, besides the in-situ doping technique
described above, should also be studied to optimize the source and drain. Ion

implantation seems very successful in the past for phosphorous[4] and nitrogen(3]
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n-type dopants. However, ion implantation of p-type dopants, such as boron and
Al, is yet to be investigated since activation of implanted p-type dopants in beta-
SiC requires temperatures higher than 1400 °C. At such temperatures, most
common dielectrics used in device processing will melt. The laser annealing
techniquel®] seems to be a promising way to activate these ion-implanted p-type
dopants. This laser annealing technique uses laser pulses which have a duration of
a few nanoseconds; therefore, the samples can be heated to a high temperature.
And because of the short duration of the heating process, the heating is limited to
a few tenths of a micrometer on the unmasked area. Consequently, the annealing
process can be localized without damaging other structures on the sample.

Gas immersion laser doping (GILD) involves immersing a substrate in a
dopant gas and forcing the dopant into the substrate with a laser. GILD has
recently been very successful in Sil7]. It has the advantages of both laser
annealing and ion implantation. Also, because of the short heat cycle, formation
of other SiC polytypes can be avoided. Therefore, GILD seems very promising
for doping beta-SiC devices.

Both ion implantation and gas immersion laser doping have their
advantages. They should be investigated on beta-SiC grown on TiCy substrates in

the future to determine the optimal source/drain formation technique.

5.3.3 Oxidation and metallization
As mentioned in the MOS capacitor study, the wet thermal oxide has

better quality after a second oxidation. Therefore, each sample was oxidized
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twice; both oxidations used the same procedure. The wet oxidations (70 °C water)
were performed at 1100 °C for 1.5 hours. After the oxidation, the sample's cross

section then looked like figure 5.13.

Figure 5.13 Side view of the MOSFET after the oxidation.

The final step in the process was fabrication of the Al the contact metal
pads. A 4000 A thick Al layer was evaporated on the oxide right after the
oxidation to ensure clean gate-oxide interfaces. This was followed by defining the
gate metal. After the gate metal definition, the contact cuts for sources and drains

were defined. The cross section of the sample then looked like figure 5.14.

Al gate comtoct metal

Figure 5.14 Side view of the MOSFET after defining the contact pads. Note
that the other Al gate contact metal on the right is belonged to the next
MOSFET because the processed structure contains an MOSFET array (see
table 5.1).
Next, the contact pads to sources and drains were defined by first
evaporating 4000 A thick Al. A wet etch was subsequently performed to remove
unwanted Al, and form the Al contact pads. The device's final cross section is

shown in figure 5.15a. Figures 5.15b and 5.15¢ show the top view of the actual
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process results. The critical dimensions of the MOSFET are shown in figure 5.16.
A complete illustration of beta-SiC MOSFET process is also shown in table 5.2 in

the end of this chapter. Now the devices are ready for testing.

Source Drain

Figure 5.15b Top view of the final MOSFET processing result. The
rectangle bars are the sources or drains, and the "I" shape metal
between the rectangle bars is the gate contact metal. Note that
each MOSFET cell contains 5 MOSFET devices.
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Figure 5.15¢ Enlarge viefv of figﬁre S.ISb. Note the small squares
on the left are alignment marks for photolithography.
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5.4 BETA-SIC MOSFET PROCESSING RESULTS
In this section we discuss the processing results of the beta-SiC
MOSFETs. The p-n junction measurements of the beta-SiC MOSFET are

discussed first, followed by the beta-SiC MOSFET results.

5.4.1 p-n junctions of source and drain
The p-n junctions have been very leaky. Another member in our group is
working on improving p-n junctions in beta-SiC devices. To date, no better
results have been obtained.
I-V and C-V measurements were used to study the p-n junctions under the
MOSFET sources and drains. Their results are described in the following

sections.

S.4.1a Current-voltage measurement
A typical I-V curve obtained by positioning one probe on the source and
the other probe on the drain is shown in figure 5.17. Since this is a measurement
of a n-p-n (source-channel-drain) structure, the results of this measurement
should be explained as a back-to-back p-n diode; that is to say, the diode is under
reverse bias under both positive and negative bias. The results show no reverse
saturation current and are similar to results from a back-to-back beta-SiC p-n

diode.
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Figure 5.17 I-V measurement between the source and drain of
A038 MOSFET. No reverse saturation current was observed.

The C-V results for MOS capacitors, discussed in the last chapter, suggest
that heavily compensated p-type beta-SiC has a high defect density. Therefore,
one possible explanation of this leaky p-n interface is the high background
concentration in beta-SiC epi-layers, which is caused by the auto-doping effects
explained in chapter 4. Another possible explanation of this leaky interface is due
to the surface leaky. However, more studies are necessary to identify the major

cause.

5.4.1b Capacitance-voltage measurement

The structure between the source and drain of the MOSFET is a back-to-
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back p-n diode. The C-V measurements on this diode are shown in figures 5.18a
and 5.18b. In figure 5.18a, capacitance (C) is plotted against gate bias (V), and
1/C2 is plotted against V in figure 5.18b. Figure 5.18b shows an excellent linear
relationship between 1/C2 and V. This indicates that the sources and drains
formed by our in-situ doping technique form abrupt junctions with the channel.
The carrier concentration in the channel calculated by the one-sided abrupt p-n
junction model from this C-V result is around 5%1016 cm'3, which is very close

to the result obtained by the breakdown voltage measurement.

C PP
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Figure 5.18a C-V measurement between the source and drain of
A038 MOSFET.
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Figure 5.18b Plot of 1/C2 as a function of gate bias for A038
MOSFET in figure 5.18a. The excellent linear result suggests the
p-n junctions under the source and drain are abrupt junctions.

Figure 5.19 Structure of a back-to-back beta-
SiC p-n diode.

We were not able to obtain such a simple C?! « V relationship in the C-V

measurement of either back-to-back Schottky diodes or back-to-back p-n diodes.

In the case of back-to-back Schottky diodes, we could not obtain such a result

because of the non-optimized metal-semiconductor interface. On the other hand,
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we couldn't obtain such a result for back-to-back p-n diodes, which have non-

recessed structures (figure 5.19), because of the non-optimized ohmic contacts.

5.4.2 MOSFET

Since we could not obtain low leakage p-n interfaces, the results of the
beta-SiC MOSFETs were affected by the non-saturated reverse current. The I-V
measurement of a beta-SiC MOSFET with a buffer layer is shown in figure
5.20a. Also, the I-V result of a beta-SiC MOSFET without a buffer layer is
shown in figure 5.20b. The I-V curve of the beta-SiC MOSFET without a buffer
layer showed no modulation due to the gate bias and a higher leakage current, as
predicted in section 5.2.2. On the other hand, because the source/drain current
passed through the channel, the beta-SiC MOSFET with a buffer layer showed a
lower leakage current, and that the gate bias voltage did modulate the channel
charges, as predicted in the C-V measurement of the beta-SiC MOS capacitors.

These results suggest that a beta-SiC MOSFET on TiCyx is possible.
Formation of the source/drain by the in-situ doping technique is quite adequate
for the present technology. The wet thermal oxide on beta-SiC is suitable as an
insulator for MOS devices. A buffer isolation layer is necessary for lateral devices
on TiCy substrates. The boron doped buffer isolation layer is appropriate as a
buffer isolation layer for lateral devices in beta-SiC on TiCy substrates. With
better control of surface leakage and p-n junctions in the future, beta-SiC

MOSFETsS on TiCy can be improved.
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Figure 5.20a Draili -éﬁrrent as a functit;li. of drain voltage for
various gate voltages of the A038 beta-SiC MOSFET. The channel
length of this MOSFET was 10 um.

Figure 5.20b A typical result of drain current as a function of
drain voltage for various gate voltages for a beta-SiC MOSFET
without a buffer layer. The drain current was not modulated by
the gate bias.
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5.5 SUMMARY

In this chapter, we have described the first successful fabrication of n-
channel beta-SiC MOSFETs on TiCy substrates. The formation of source and
drain was by in-situ growth of undoped beta-SiC. The channel of the MOSFET
was doped with about 6 x 1016 cm=3 Al. Al was used as a contact metal to the
source and drain; the contact resistance of Al on undoped beta-SiC was about
1uQ-cm2. A boron doped buffer isolation layer was used to isolate lateral
MOSFET devices from the conducting TiCy substrates. The maximum
penetrating depth (MPD) measurement was developed to evaluate the beta-SiC
buffer isolating layers. The B doped buffer isolation layer was found to
adequately isolate lateral devices up to 400 um from the conducting TiC;

substrates.
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Table 5.2 Processing steps of beta-SiC MOSFET
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CHAPTER 6
CONCLUSIONS AND SUGGESTIONS

6.1 CONCLUSIONS

1. Results of current studies suggest that beta-SiC epi-layers grown on TiCy
substrates have better crystal quality than any of the other approaches, and that the
characteristics of beta-SiC epi-layers on TiCx substrates are quite different from

those on Si or 6H alpha-SiC.

2 A model oxidation process on beta-SiC is developed. Our experimental
results fit the model very well. The activation energies (to initiate diffusion HpO
through the oxide and to break Si-C bonds) calculated from oxidation results
suggest that the beta-SiC crystal grown on TiCy is closer to the ideal crystal than

those obtained from any other approach.
3. Inversion of beta-SiC MOS capacitors is possible if a low defect beta-SiC

crystal is available. And the high frequency C-V measurements of beta-SiC MOS

capacitors can be easily modeled using the existing model. This modeling result

113
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shows that the thermal oxide on undoped beta-SiC has a very low interface trap

density.

4. All basic components for fabricating a beta-SiC MOSFET are available
although they have not been optimized. Processing of MOSFETs or MOS
capacitors on beta-SiC grown on TiCy substrates is possible in spite of extra steps

and precautions required.

& The high background carrier concentration of these beta-SiC epi-layers was
a key problem. Availability of larger diameter TiC substrates may eliminate this

problem.

6.2 CONTRIBUTIONS

The major contributions of this work are:

. Measurement and characterization
L. Obtained basic properties of thermal oxides grown on beta-SiC
grown epi-layers.
.7 Developed models for beta-SiC oxidation process.
3 Demonstrated inversion of beta-SiC MOS capacitors in dark at

room temperature for the first time, ever.
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4. Developed testing procedures for buffer isolation layers on
conducting substrates.
. Device processing
L First MOSFET in beta-SiC grown on TiCy substrate.
2 First recessed source/drain beta-SiC MOSFET by the in-situ doping

technique.

6.3 SUGGESTIONS FOR FUTURE WORK

. p-n junction
Optimized p-n junctions are necessary for both unipolar and bipolar devices
(except for MIS diodes). Once optimized p-n junctions are available, other device
structures, such as JFETs, MESFETs, MOSFETs, bipolar transistors and
thyristors, can easily be fabricated. High background concentration of beta-SiC
epi-layer and surface leakage are the two obstacles. Investigations on surface
passivation and on reducing background doping concentration should be

performed.

. Processing
Processing procedures need refinement. The roughness of TiCy after
oxidation must be eliminated. Approaches to this problem include removal of beta-
SiC epi-layers from the TiCy substrates, and protecting the TiCy substrates with

other materials. Both of them need investigation.
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