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ABSTRACT

Synthesis and Characterization of Epitaxial Thin Film 8-SiC and TiC

Qinghua Zhao, Ph.D

Supervising Advisor: David A. Downham

Epitaxial thin film 8-SiC and TiC were synthesized in a inverted-vertical CVD
reactor, and the defects formed in the thin films were characterized using transmission
electron microscopy.

The TiC, material was used as the substrate for 8-SiC epitaxial growth. Due to
the growth technique limitations, TiC, crystals are nonstoichiometric and contain
substructures and inter-subgrain defects. Three configurations of sub-boundaries are: (i)
wide-extended, fault-like defects (WEFLD), (ii) edge dislocation arrays, and (iii)
dislocation networks. The planar defects, present within the substructures, resemble an
stacking fault-like characteristics. Annealing of TiC, at 2300°C in contact with graphite,
caused a significant reduction in the misorientation level and/or density of subgrains.

Studies of surface morphology and crystallinity of 8-SiC epitaxial growth on TiC,
substrates using scanning electron microscopy (SEM) showed that the optimum growth
conditions were T, = 1157 -1180 °C and Qpsz = 3.2 sccm. Microtwins and double
positioning boundaries (DPBs) were formed in all the 8-SiC epilayers grown on TiC,
substrates. The defect density was affected by the growth conditions and TiC, substrate
orientations. Non-optimum growth conditions and off-(111) orientations of TiC, led to
high density of microtwins and DPBs. The $-SiC grown on a (111) TiC, contained less

XV




concentration of microtwins and DPBs.

TiC epitaxial thin films were obtained on (110)8-SiC, (111)8-SiC, and
(0001)6Ha-SiC surfaces, the TiC/SiC interface remained flat and stable after annealing
at 1300-1400°C for two hours. The TiC films grown on 6Ha-SiC was superior to these
on B-SiC, due to the better crystal quality of bulk-grown 6Ha-SiC, although threading
dislocations were formed in all the TiC films. The quality of TiC epilayers were also
dependent on their thickness. Large TiC/6H«-SiC interface incoherence was observed
when TiC thickness exceeded 17504, and non-uniform TiC layers were produced when
the thickness was less than 160A.
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Chapter 1

INTRODUCTION

Beta silicon carbide (8-SiC) has been considered as a potential semiconductor
material for high temperature, high frequency, and high power electronic devices.®
This is because of its superior electrical and physical properties, such as wide band gap
(B, = 2.35 ev at 300 °K),*® high breakdown electric field (5x10° V/cm),®® high
saturated electron drift velocity (2.5x107 cm/s),**? low dielectric constant (K = 9.7),4?
and high thermal conductivity (o = 4.9 W/cm-°C).4

Silicon carbide has over 170 polytypes;®® one common polytype is 8-SiC which
has a zincblend structure with cubic (C) symmetry, and all the other polytypes are
denoted as a-SiC and occur in hexagonal (H) or thombohedral (R) structures. The most
abundant -SiC polytype is the 6Ha-SiC. The bandgap of SiC increase in proportion to
"hexagonality”, i.e., from 2.35 ev in 3C- or 8-SiC to 3.2 ev in 2Ha-SiC.® The g8-SiC
exhibits higher electron mobility than a-SiC because of the smaller phonon scattering in
cubic crystals. Thus, 8-SiC is currently considered more desirable than any of the alpha
polytypes for use in high performance solid state devices.®

Unfortunately, the development of 8-SiC as an electronic material has been
inhibited due to the difficulties in obtaining high quality and large size single crystal 8-
SiC. Traditional bulk single crystal growth methods from solutions or from vapors are
not suitable. From the equilibrium phase diagram of the Si-C system,®® it can be seen
that SiC is a peritectic reaction product. It is very unlikely that SiC can be obtained

from a stoichiometric melt at atmospheric pressure. The other problem with 8-SiC single




crystal growth is that 8-SiC tends to transform to alpha-SiC polytypes above 2000°C,*?
therefore, growth of 8-SiC needs to be conducted below 2000°C.

Synthesis of single crystal B-SiC is focussing on the epitaxial growth using the
chemical vapor deposition (CVD) technique, on a foreign material substrate. Substrates
materials primarily used are Si,**?” 6Ha-SiC®*? and TiC, substrates.®3® The quality
of B-SiC films depends critically on the substrate structure, orientation, and surface
condition and, of course, the growth conditions used.

Beta-SiC epitaxial thin films grown on Si substrates generally contain a high
concentration of defects including misfit dislocations, threading dislocations, twins,
stacking faults, and antiphase boundaries (APBs).®»2-229 The formation of these defects
can be attributed to the lattice mismatch (about 20%), the thermal expansion coefficient
difference between the epilayer 8-SiC and substrate Si, and the growth process. These
high energy defect APBs can be eliminated from the epilayers by using off-axis (100) Si
substrates,®2® however, the high concentration of dislocations, twins, and stacking faults
are unavoidable due to the large lattice mismatch and the thermal expansion coefficient
mismatch between 8-SiC and Si. The 8-SiC epitaxial films grown on (0001) orientation
6Ha-SiC substrates have much lower density of defects in comparison to S-SiC/Si
system, owing to the identical lattice constant and chemical compositions on the (111),.
sic/ (00011 sic interface plane. However, double positioning boundaries (DPBs)
generally occur, and it is not always possible to achieve epitaxial films containing cubic
B-SiC devoid of a-SiC polytypes.?**%9 A DPB is an incoherent twin boundary with
high internal energy; the potential applications of 8-SiC demand the removal of DPBs
from the thin films. However, previous studies,®? aimed at eliminating DPBs by tilting
the substrate were not successful. Therefore, 8-SiC thin films synthesized on either Si
or 6Ha-SiC substrates are far from perfect and are not suitable for electronic device
applications.

Titanium carbide (TiC,) has been chosen as an substrate material for B-SiC
epitaxial growth.®+3® This is because TiC, has a cubic crystal structure, a small lattice
mismatch with B-SiC (0.6%), and excellent chemical stability within the required




Chapter 2

BACKGROUND

The superior electronic properties of 8-SiC make it a potential semiconductor
material for high performance device applications. However, a high quality single
crystal 8-SiC is not available at the present time. Extensive studies on single crystal
synthesis of 8-SiC were inspired by a two-step CVD process developed by Nishino and
his co-workers in 1980, from which B-SiC epitaxial thin films were obtained on Si
substrates. ®

The purpose of this chapter is to review the crystal structures and electronic
properties of SiC especially 8-SiC, the advantages of 8-SiC as a semiconductor material,
the current status on the study of single crystal 8-SiC synthesis, and general defects
formed in epitaxial thin films.

2.1 Physical and Electronic Properties of SiC

2.1.1 Polytypes of SiC

Silicon carbide can exist in over 170 polytypes, but only three crystal structures,
hexagonal (H), rhombohedral (R) or trigonal, and cubic (C)."® There is only one
polytype of cubic SiC, denoted as 3C- or 8-SiC; the additional 170 polytypes of SiC with
hexagonal and rhombohedral structures are collectively referred to as a-SiC.

The several common polytypes of SiC are listed in Table 2.1, where A, B, and
C denote the close-packed atomic plane. The differences between these polytypic SiC




can be described by the differences in the closed-packed atomic plane stacking sequences.
These polytypes are alike in the two dimensions of the close-packed planes but differ in
the stacking sequence in the dimension perpendicular to the close packed plane.

| Table 2.1. Several Common SiC Polytypes ||

Type Notation Stacking Sequence
cubic or beta 3C ABC..
alpha 2H AB...
4H ABAC...
6H ABCACB...
“ 15R ABCBACABACBCACEB...

Various explanations have been proposed to account for the polymorphism in SiC.
Frank’s dislocation model,®” Ramsdell and Kohn’s polymer model,®® Schneer’s
transformation model,®” and Jagodzinski’s disorder model®?® have been proposed. These
models seem to be fairly satisfactory when they are applied to the longer-period
polytypes such as 4H-, 6H-, and 15R-SiC. However, none of these models can account
for the occurrence of short-period polytypes such as 2H- and 3C-SiC. An electrostatic
model proposed by Yoo and Matsunami“? recently successfully explained the formation
of these two polytypes of SiC.

Different polytypes of SiC have similar physical and chemical properties, but
different electronic properties.“? Since 8-SiC and 6Ha-SiC are the two most important
types of SiC, their electronic properties and their merits for electronic device applications

are reviewed below.

2.1.2 Superior Electronic Properties of §-SiC
The key properties of 8-SiC and 6Ha-SiC for high temperature, high frequency,




and high power circuit applications are compared with commercial semiconductor
materials Si, GaAs, and InP in Table 2.2.%' Since the electronic properties of Si,

GaAs, and InP can be found in numerous text books, the listed references only apply to

B-SiC and 6Ha-SiC.

Table 2.2. Important Properties of Semiconductor Materials

=%
Properties (at 300°K) Si GaAs InP B-SiC | 6Ha-SiC | Ref.
Bandgap Energy 1.12 | 1.43 1.29 2.35 2.86 6-8
(E;, ev)
Breakdown Electric 3x10° | 4x10° | 6x10° | >5x10° | >5x10° | 8,9
Field
(E,, V/cm)
Saturated Electron 1x107 | 2x10° | 2x107 | 2.5x107 | 2.0x107 | 10-12
Drift Velocity
(v,, cm/s)
Dielectric Constant, 11.8 12.8 14.0 9.7 9.7 13
®) ||
Thermal 1.5 0.5 0.7 4.9 49 14
Conductivity,
(o1, w/cm-°K)

Semiconductors with larger bandgaps (E,) are less susceptible to thermal runaway,

and are able to handle higher current densities, and usually have a higher breakdown
electric field (E,). Based upon the properties listed in Table 2.2, figures of merit are
used to predict relative high frequency and high power performance limitations of

semiconductor materials. Two well known figures of merit have been proposed by E.




O. Johnson®? and R. W. Keys.®

In 1965, Johnson developed a simple theoretical relationship between the
breakdown voltage (E,), the electron saturated drift velocity (v,), and the power and
frequency limits of transistors. This analysis can give a simple benchmark value for
comparing semiconductors with respect to the power and the frequency limits of the
devices, and is important in comparing candidate materials for high power, high
frequency devices. Johnson’s figure of merit is obtained from the expression:

E v

M, =P, X)"f, - ;“' 2.1

where P, = maximum power, X, = relative impedance at f;, and f; = the cutoff
frequency. The values of this expression for the several semiconductor materials are
listed in column 1 of Table 2.3. The ratios of the figure of merit with respect to Si are

shown in column 2 of Table 2.3.

Table 2.3. Figures of Merits

Material Johnson’s Figure of Merit Key’s Figure of Merit
(Eyv)/27, x10M Ratio to Si or(v/x)'%, x107 Ratio to Si
(volts/sec) (w/cm*-sec*-°C)
Si 10.6 1.0 13.8 1.0
GaAs 28.3 2.7 6.3 0.5 {
InP 42.4 4.0 8.4 0.6
6H o-SiC 353.6 335 70.4 5.1
B-SiC 442.0 41.7 78.7 5.7




Another important figure of merit was developed by Keyes*® as a relationship
between high frequency limitations, minimum device dimensions, and the semiconductor

properties oy, v, and x. The numerical value for Keys’ figures of merit is given by:
My =6, (v, /0" (2.2)

where oy is the thermal conductivity, », is the saturated electron drift velocity, and « is
the dielectric constant. The values of this expression are listed in column 3 of Table 2.3.
Ratios of this figure of merit relative to Si for the various semiconductors are shown in
column 4 of Table 2.3.

From Table 2.3, it is seen that both 8-SiC and 6Ha-SiC are superior to Si, GaAs,
and InP for electronic applications, no matter which figure of merit is used for the
evaluations. Since the existing commercial semiconductor materials, i.e., Si and GaAs,
have been pushed to their upper limits of performance capabilities*® in today’s electronic
industry, SiC seems to be an ideal candidate for the further development of high
temperature, high frequency, and high power devices. Because of the smaller phonon
scattering in the cubic crystal, the electron mobility of 8-SiC is greater than that of a-
SiC, thus, 8-SiC is currently considered more desirable than any alpha polytypes.®

2.2 Single Crystal Growth of 8-SiC

Silicon carbide is the only compound that exists in a solid state in the Si-C binary
system as shown in the phase diagram Fig.2.1.9® Because of the peritectic nature of
the reaction form SiC, it is very unlikely that SiC can be obtained from a stoichiometric
melt at atmospheric pressure. In fact, SiC does not melt but sublimes at temperatures
above 1800°C® at atmospheric pressure. Therefore, the conventional bulk single crystal
growth methods from solutions, i.e., Czochralski and float-zone methods, cannot be used
for SiC crystal growth.

A sublimation method for SiC single crystal growth was first developed by
Lely.“® Owing to its simplicity, efficiency, flexibility, and controllability, this process
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was studied in great effort and 6Ha-SiC has been successfully produced using the Lely
sublimation method.“’*® However, the Lely sublimation method fails to produce 8-SiC
single crystals. This is mainly because that 8-SiC is a metastable modification of a-SiC,
and it transforms to «-SiC at temperatures above 2000°C according to the Ostwald
rule.®® This temperature is below the sublimation temperature.

Epitaxial growth on a single crystal foreign material substrate is the only
successful approach for obtaining single crystal 8-SiC. Early studies of vapor phase
epitaxial deposition of SiC on single crystal substrates had largely been confined to
substrates of silicon,®>® sapphire® and hexagonal alpha SiC polytypes.®+3®

In recent years, the major efforts have been concentrated on the synthesis of 8-
SiC on substrates of Si,®*? 6Hwa-SiC,**® and TiC, using CVD.®3® The crystal
parameters of Si, 6Ha-SiC, TiC, and B8-SiC, and the lattice mismatch relative to 8-SiC
are listed in Table 2.4.¢™® The current research status on 8-SiC single crystal synthesis
using these three substrates will be reviewed below.

Table 2.4. Crystal Data of 8-SiC, Si, 6Ha-SiC and TiC®"-®
Material Crystal Lattice Parameter | Space Lattice Mismatch
Structure Group Relative to 8-SiC
cubic a=0436nm | F43m 0%
B-SiC .
(zincblend)
Si cubic a=0543nm | Fd3m 20%
(diamond)
6Ho-SiC | hexagonal | a = 0.309 nm ¢ | P6;mc 0% at interface
= 1.512 nm (111)5 5,/ (0001) g1 sic
TiC, cubic a=0433mm | Fm3m 0.6%
|| (rocksalt) | (when x = 0.85)
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2.2.1 B-SiC Grown on Si Substrate

Single crystal silicon is the most widely available commercial semiconductor, it
has very high purity, and is virtually defect free. However, there is a large lattice
mismatch (20% as shown in Table 2.4) between 8-SiC (a = 0.436 nm) and Si (@ =
0.543 nm), which makes direct epitaxial growth of B8-SiC on Si almost impossible.

Chemical conversion of a Si substrate was the first successful method by which
large area monocrystalline 8-SiC films were produced, although the film thicknesses were
very thin. In this process, SiC films were formed by the reaction (carburization) of a
monocrystalline Si substrate with gaseous hydrocarbons, such as C,H,,*** C,H,,®
CLH,,™ and CH,. @

A two-step process which combines buffer-layer formation on Si and chemical
vapor deposition (CVD) of single crystal 8-SiC thin films was developed in 1980.%® In
this method, a sputtered B-SiC layer was formed as a buffer layer on the Si substrate
surface prior to the CVD epitaxial growth. This technique was further improved by
growing the buffer-layer in siru prior to the CVD epitaxial growth of 8-SiC. Large area
monocrystalline 8-SiC on Si was then first obtained by Nishino et al. in 1983. using this
modified two-step method.® Since single crystal Si substrates are readily available and
inexpensive, this two-step approach has been duplicated and modified worldwide.®

23,26,28,70-73)

The CVD system used for B8-SiC growth on Si consists of a conventional
horizontal water-cooled quartz tube reactor. Three major steps included in this method
are (1) etching, (2) buffer layer growth, and (3) crystal growth. The purpose of etching
is to clean the Si surface, and is performed by heating the Si to 1200°C in a mixture of
HCI and H,. The second step provides the buffer layer which is necessary to obtain
single crystal 8-SiC on the Si substrate. In this step, propane C;H; carried by H, gas
flows through the reaction chamber and reacts with the Si surface forming a SiC buffer
layer. After the formation of the buffer layer, a mixture of SiH, and C;Hj, (in a certain
ratio) is established and flows through the reaction chamber, forming $-SiC deposition
film on top of the buffer layer. The buffer layer formed has been identified as a single
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crystal 8-SiC layer,”® which makes further single crystal epitaxial growth of 8-SiC film
possible. :

The crystallinity of epitaxially grown 8-SiC films is strongly affected by Si
substrate orientation.®*?® It was found that, single crystal 8-SiC can be obtained on
(100) and (111) orientation Si substrates, but polycrystalline 8-SiC is obtained if (110)
and (211) Si substrates are used. Since B-SiC epilayers grown on (111) Si substrates
tend to result in cracking, curling and twinning,®® Si substrates with (100) orientation
have become the most popular choice.

The dependence of B-SiC crystallinity on the substrate orientation can be
explained by considering the arrangement of atoms around the ideal 8-SiC/Si interfaces
for various orientations. The Si(100) and (111) have polar surface planes, that is the
(100) or (111) plane consists of C atoms only (or Si atoms only). Therefore, substrate
surface must contain C atoms only (or Si atoms only) to form a single crystal §-SiC
epilayer. This condition is satisfied by the carburization process prior to the B-SiC
growth. After carburization, the substrate surface can be considered to be covered by
C atoms only. Hence, a single crystal 8-SiC can be obtained by subsequent CVD growth
on Si(100) and (111). On the other hand, in the case of nonpolar surfaces such as
SiC(110) and (211), both C and Si atoms are needed to form an ideal 8-SiC lattice. As
stated above, there are only C atoms available on the substrate surface after
carburization, therefore, a single crystal SiC cannot be obtained on these two orientations
of Si substrates using the two-step CVD method.

Generally, a high concentration of defects including misfit dislocations, threading
dislocations, twins, stacking faults, and antiphase boundaries (APBs) are generated in the
B-SiC thin films on Si substrates.®®?® An antiphase boundary (APB) is a special type
of planar defects, which will be discussed later. The formation of defects are due to
several factors, the lattice mismatch, the thermal expansion coefficient mismatch, and the
growth process performed. By using off-axis (100) Si substrates, the high internal
energy APBs can be eliminated from the epilayers.?'> However, the large lattice
mismatch (20%) between $-SiC and Si determines that, there is little hope of reducing
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the concentration of dislocations, twins, and stacking faults formed in 8-SiC on Si to
values suitable for semiconductor device applications.™

Recently, a single molecule reactant source, hexamethydisilane Si,(CH;)s (denoted
as HMDS) was developed by Nishino and his coworkers® for single crystal 8-SiC films
synthesis. Using this single source HMDS, single crystal 8-SiC can be obtained
epitaxially on a (111) Si substrate without the necessity of a buffer-layer. However, a
buffer-layer is required to form single crystal 8-SiC on a (001) Si substrate. A growth
temperature of 1100°C was used for this new reactant source, which is lower than the
growth temperature (1400°C) used in the previous two-step process which utilized
separate Si- and C-containing reactant sources.®” Detailed studies on the crystal quality
and electronic properties of 8-SiC formed by the HMDS source have not been reported.

2.2.2 [-SiC Grown on 6Ha-SiC Substrate

Development of 6Ha-SiC bulk crystal growth capabilities has spurred interest in
its use as a substrate for 8-SiC epitaxial growth. There are two major advantages using
6Ha-SiC as substrates. First, the lattice parameters are identical at the interface (111),
sic/(0001)g..sic, see Table 2.4. Secondly, 6Ha-SiC has a similar linear thermal
expansion coefficient as the 8-SiC. Therefore, lattice mismatch and thermally induced
stress between the epilayer and substrate will be minimized.

Single crystal 8-SiC was produced on the basal plane of 6Ha-SiC substrate (either
(0001) Si face or (0001) C face).?® Compared to 8-SiC grown on Si substrates, the
epitaxial thin films of 8-SiC produced on 6Ha-SiC substrates contained much lower
density of defects such as misfit dislocations or stacking faults. Unfortunately, double
positioning boundaries (DPBs) were formed in the 8-SiC on 6Ha-SiC.®*® The
occurrence of DPBs arises because of the "multiple positioning " during deposition of
cubic $-SiC. The formation mechanism of a DPB is described in section 2.3.3. Since
a DPB is an incoherent twin boundary, it contains a high internal energy. Therefore, the
presence of DPBs seriously degrades the electronic properties of 8-SiC and makes the
development of lateral integrated circuits highly unlikely.
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Elimination of DPBs was attempted by inclining the 6Ha-SiC substrate, as it was
performed by using off-axis Si substrates to eliminate APBs in 8-SiC.?"*® However,
experimental evidence showed that 6Ha-SiC substrates with a small angle off the basal
plane (0001) resulted in the formation of homoepitaxial growth of 6Ha-SiC instead of
B-SiC.8%757 To create an inclined 6Ha-SiC substrate surface, patterning was performed
to form 1 (mm)® die size areas.””™ The CVD epitaxial thin films grown on the
patterned 6Ha-SiC substrate contained mixed polytypes of 8-SiC and 6Ha-SiC domains.
The distribution of 8-SiC was random and uncontrollable. Therefore, high quality 8-SiC
epitaxial thin films can not be produced on 6Ha-SiC substrates using the present CVD

process.

2.2.3 -SiC Grown on TiC, Substrate

Titanium carbide was first chosen as a substrate material by Parsons et al.™ This
choice was based on the consideration of several properties such as crystal structure,
lattice parameter, thermal expansion coefficient, and chemical stability.

Titanium carbide has a cubic crystal structure which enables the epitaxial growth
of cubic B-SiC. The phase diagram of the Ti-C system is shown in Fig.2.2.%® From
the phase diagram, it can be seen that the TiC single phase has an extraordinarily wide
composition range, and therefore, TiC, (x is less than 1) is used to denote the titanium
carbide. The lattice parameter of TiC, varies with the C/Ti ratio x. The minimum
lattice mismatch between TiC, (a = 0.4331 nm, when x = 0.85) and 8-SiC (a = 0.4358
nm) is about 0.6% (see Table 2.4).

The thermal expansion coefficient of TiC, is higher than that of 8-SiC over the
temperature range of interest (from room temperature to CVD deposition temperature
below 2000°K).®® The difference between the thermal coefficient of the two materials
is about 0% at 200°K to about 50% at 2000°K. The higher thermal expansion
coefficient of TiC, will result in compressive loading on the epilayer, which reduces the

chances of forming microcracks and pinholes in 8-SiC.
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The TiC, does not decompose or undergo phase transformations in the
temperature range of 8-SiC epitaxial growth. Therefore, TiC, will exhibit minimal
surface reactivity with the chemical environment in the CVD reaction chamber.

An additional advantage of TiC, as a substrate for 8-SiC epitaxial growth is that
it forms an almost ideal Schottky interface with 8-SiC. The barrier height is controlled
by the work function difference between TiC, (< 3.0 ev) and B-SiC (~4.5 ev).®® This
is extremely beneficial for forming ohmic contacts between n-type S-SiC and TiC,.

Previous studies showed that single crystal 8-SiC can be successfully obtained on
TiC, substrates. %4368 Compared to thin films grown on Si and 6Ha-SiC substrates,
B-SiC grown on TiC, has lower defect densities and a smoother surface. Most
importantly, controllable and repeatable $8-SiC epitaxial thin films have been produced
on TiC, substrates by using a single reactant source 1,2-disilylethane (DSE or Si,C,H,,),
which provides equal numbers of Si and C atoms. ®*?

However, to date, high quality 8-SiC epilayers with suitably low defect densities
have not been obtained. One of the reasons for this is that the TiC, available at the
present time is nonstoichiometric and contains substructures. The development of TiC
single crystal growth technique is still under way. Improvement of the TiC, crystal
quality is necessary for it to be considered as a suitable substrate material for epitaxial
growth of semiconductor material 8-SiC.

2.3 Defects in Epitaxial Thin Films

As discussed in the previous section, defects were formed in the 8-SiC epilayers
grown on Si, 6Ha-SiC, or TiC, substrates. The formation of defects in epitaxial films
have been studied for a long time, it has been found that higher densities of defects are
usually contained in epitaxial deposits than in crystals grown by other methods. This is
due to the constraints imposed by the substrate. Some configurations of defects seem to
be specific to epitaxial films. The formation of defects is certainly associated with the
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nucleation or initial growth mode of the thin film, it is relevant to briefly review some
of the prominent features of epitaxial growth mechanisms before considering the
formation of crystalline defects.

2.3.1 Nucleation Mode

The nucleation mode of an epitaxial film is strongly governed by the bonding
between the deposit and the substrate. It is convenient to employ surface and interfacial
free energies to describe the initial stage of deposition.®® If the deposit is in the form
of a hemispherical cap, then, at equilibrium,

g, = g, + 0,_cosO @3)

v~ s
where o,,, 0,,, and g, are the free energies of the substrate-vapor, deposit-substrate, and
deposit-vapor interfaces, respectively, and @ is the contact angle.

Three types of nucleation modes can be formed and are descried in Figure 2.3.
First, if the contact angle § = 0, which means the deposit "wets" the substrate, equ.(2.3)
has the relation: o,, = 0, + 0,,. In this case, it is to be expected that growth will occur
in a layer-by-layer mode, as shown in Fig.2.3(a). When o,, + 0,, > 0,,, 0 is finite; the
deposit forms by the nucleation of discrete particles that grow three dimensionally (see
Fig.2.3(b)); and eventually these particles agglomerate into a continuous film. This is
called island mode growth. As 0 increases, the bonding between substrate and deposit
becomes progressively weaker than the cohesive bonding between the deposit particles.
The third category corresponds to ¢, + 0,, < 0,,, and here the deposit substrate bonding
is stronger than that within the deposit. Initially, the deposit grows as strongly bound
layers, on top of which discrete nuclei may form at a later stage, as depicted in
Fig.2.3(c).

The most closely studied mode of thin-film formation systems occurs in the
second case, the island mode of the moderate-to-weak bonding situation (§>0). Here
the deposited atoms (or molecules) initially are thermally equilibrated with the substrate
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on which they diffuse and interact to form polyatomic clusters (nuclei). The nuclei
continue to grow, because of their nonuniform spatial distribution on the substrate, and
eventually agglomerate when they merge together. The mode of epitaxial growth plays
an important role in determining defect structures of the subsequent epitaxial deposits.
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Fig.2.3 Three nucleation modes of epitaxial growth.
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2.3.2 Relation Between Nucleation Mode and Epitaxial Growth

The relation between nucleation process and the occurrence of epitaxial growth
is not yet completely clear. In the island growth case, there has been a strong move in
recent years, to the belief that epitaxy is a postnucleation phenomenon.®*® Clusters can
reorient themselves through rotation and migration processes and move over on the
substrate. This type of movement has been reported by many authors.®**? Motois et
al.®V observed that in the case of Au-KCl (100) growing at low temperature (20°C), the
(100) gold orientation resulted from the coalescence of (111) oriented islands which
migrated into each other and rotated to (100) orientation during the subsequent annealing
at T = 200°C. There is little doubt that cluster rotation and migration processes are
important in establishing epitaxial orientation. However, some controversy remains as
to whether the migration-coalescence processes are necessary, Or even occur, to establish
epitaxy in a high temperature deposition. All the experiments performed by the
aforementioned authors were conducted in low deposition temperatures and followed by
annealing,®**? which leads to some doubt.

For layer-by-layer growth, indications are that epitaxy results in almost all
circumstances providing the substrate surface is clean.®** Generally, it is believed that
the substrate has a very strong influence on the form of the thin film produced.®® The
growing film has little option but to choose the best orientation for epitaxial growth. The
initial layers are more or less forced to be related epitaxially to the substrate. Epitaxy
can be "destroyed” by influencing the growth process in a later stage with impurities or
defects. Joyce and co-workers®*? found that a smooth layer-by-layer fashion with no
islands present at all in the Si on Si growth was achieved after removal of carbon
impurities from the system, although island growth was observed initially. A ultra clean
environment is definitely necessary for layer-by-layer growth.

2.3.3 Defect Formation Mechanisms
It is apparent that the constraints imposed by a substrate, and the often highly
nonequilibrium conditions under which epitaxial growth is obtained, can both markedly
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influence the defect structures formed. The dominant source of imperfections in epitaxial
films is misfit between deposit and substrate (and any contaminant that may exist on the
substrate). If the misfit is small, the defects arise mainly as a result of coherency loss
between substrate and overgrowth.

The common defects formed in a epitaxial film are dislocations, stacking faults,
twins, and antiphase boundaries (APBs) which may occur in alloys or compounds. The
possibilities for dislocation introduction during epitaxial growth can be attributed to

various sources:®1®

(1) the extension of substrate defects;

(2) plastic deformation of the thin film, both during growth and subsequent

cooling;

(3)  the formation of dislocation loops by the aggregation of point defects;

(4)  the accommodation of translational and rotational displacements between

agglomerating islands that are close to epitaxial orientation.

Among these possibilities, the fourth, dislocation generation due to the
accommodation of translational and rotational displacements between agglomerating
islands, which is also called “island-misfit’ model, has gathered strong experimental
support especially from work involving in-situ observations of epitaxial growth. This
model was confirmed by Jacos et al.®* in the study of Au films grown on MoS,. The
most striking evidence was obtained by their direct observations of epitaxial growth
inside a TEM. It was found that the initial nuclei were defect-free, but when coalescence
occurred, dislocations were often found in the composite island.

A stacking fault is a planar defect. The formation of stacking faults in epitaxial
deposits have been considered to be associated with the imperfections in the growth
system and the fluctuations of growth conditions. The "island-misfit" model is also the
most acceptable stacking fault generation mechanism. For example, most of the nuclei
grow in the correct relation with respect to the substrate, the stacking sequence above the
*a" substrate layer is bcabc... for a fcc deposit. If one nucleus is incorrectly placed it
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subsequently grows in the stacking sequence cabcab... . When the incorrect nucleus and
the correct nuclei grow together, an outward-growing "triangular® fault is formed.
Various suggestions such as oxygen contamination® and metallic impurities’® have
been proposed as initiation sites for the cause of the incorrect nuclei, which subsequently
cause the formation of stacking faults. The occurrence of stacking faults is also related
to the growth conditions performed. The stacking fault density has been observed to
vary exponentially with growth temperature, and proportionally with the deposition
rate.®®

Twinning defects can also be formed in epitaxial deposits. In many cases, twins
were considered to be generated as a consequence of misfit between coalescing islands,
as discussed in dislocation and stacking fault generation mechanisms. A special form of
twinning seems to be unique to epitaxial thin film, it is called a "double-positioning
boundary (DPB)". This occurs as a result of "multiple positioning”, whereby the deposit
is oriented in several crystallographically equivalent ways on the substrate. Fig.2.4.
illustrates a DPB formed in a fcc epitaxial thin film. One island (phase I) grows in the
sequence of bcabca... on top of substrate, another island (phase IT) grows in the sequence
of cbacba... . The boundary between these two islands is a DPB. As a DPB is an
incoherent twin boundary, at which the atomic structure is disordered, it provides a
source of high internal energy; the free energy of an incoherent twin boundary is about
2/3 that of a high angle grain boundary.®®
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Fig.2.4 Tllustration of a double positioning boundary (DPB) due to equivalent stacking
sequence ABC... and ACB... in a cubic structure deposit.

If the epitaxial film is a compound, a special type of planar defect can be formed,
that is an anti-phase boundary (APB). The formation of APBs arises due to the identity
change of atoms at a given lattice point; but there is no atomic stacking change as in a
stacking fault. For example, two distinct {111} surfaces can exist that contain either all
A or all B atoms in a sphalerite structure compound AB. Holt?"” examined,
theoretically, the defect structures in this lattice and showed that two different types of
APBs are possible; these are illustrated in Fig.2.5. In Fig.2.5(a), an APB is drawn at
which there are equal numbers of wrong A-A and B-B bonds (type I APB), whereas in
Fig.2.5(b) and (c) respectively, only wrong A-A and B-B bonds exist (type I APB). The
later type of APB is important in that it represents an excess of one class of atom in the

crystal; it may be viewed as a thin planar precipitate.
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Fig.2.5 Illustration of an antiphase boundary (APB) formed in a compound AB: (a) type

I APB with equal number wrong A-A and B-B bonds, (b) type I APB with only wrong
A-A, and (c) B-B bonds.
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2.4 Heteroepitaxial Structures

2.4.1 Mismatch Induced Strains

Heteroepitaxy refers to epitaxial growth of dissimilar materials on each other.
There are two types of heteroepitaxial structures, lattice matched and mismatched. A
lattice mismatched heterostructure can be represented by the schematic cross section
shown in Fig.2.6. Both the substrate and the film have a cubic structure, with lattice
constant a, and a;, respectively. The epitaxial layer is either unstrained (Fig.2.6(a)) or
strained (Fig.2.6(b)).?® The former case is usually called relaxed, where the film and
the substrate maintain their lattice constants and cubic structures. Therefore, there
cannot be an interfacial alignment on an atomic basis; the mismatch is taken up by
defects, called "misfit dislocations". The misfit (f) between substrate and film is defined

as:

f:M 2.4)

a,

Misfit dislocations may be represented as edge dislocations uniformly spaced along the
interface. The average spacing s of misfit dislocations depends on the mismatch f and
is of the order of a,/f. For f = 1% and a, = 0.4 nm, s = 40 nm, that is there is one
misfit dislocation every 40 nm on the interface plane.

For a strained system, which is also called pseudomorphic growth, the lattice
constant of the film in the plane of the interface is equal to that of the substrate. A cubic
cell is then distorted into a tetragonal cell. The in-plane strain is defined as:

o0 " @.5)
J
where ag is the parallel-to-the-interface or in-plane lattice constant of the deposited film
material, and a, is the lattice constant of the film material in the bulk or unstrained state.
The in-plane strain is often called the coherency strain. The strain in the direction
perpendicular to the interface is defined as:
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Fig.2.6 Heteroepitaxial growth under (a) relaxed and (b) strained conditions.
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€ = (2.6)
where a;, is the lattice constant perpendicular to the interface.

2.4.2. Critical Thickness of Pseudomorphic Growth

For a small lattice mismatched heteroepitaxial structure, pseudomorphic growth
is possible when the film thickness is less than a critical value. That is, the deposit
grows under strained condition and therefore, the lattice constant of the film in the plane
of the interface precisely matches that of the substrate.

The critical thickness h, for pseudomorphic growth is derived by considering the
thickness dependence of the strain energy and the misfit dislocation energy, and by
minimizing the total energy.®®'?® This model was developed by Matthews,**!!? pased
on the original model by van der Merwe."4!® A number of reviews of the critical
thickness models have recently been published.'”?® The mechanism assumed in the
models is that glissile dislocations, threading from the film/substrate hetero-interface to
the free surface, may move due to the forces caused by the lattice-mismatch-induced
strain in the film. Such a dislocation could glide only on an inclined slip plane, and so
would leave a misfit dislocation with an inclined Burgers vector. The glide force
depends on the film thickness. As the threading dislocation glides, a restoring force will
be introduced due to the energy of the new misfit dislocation core created. The critical
thickness can be approximated from the balance of these two forces.

In an elastic approximation, the strain energy of a thin film with a thickness h is
given by Cahn®?" as |

E, = Bh Q.7

where ¢ is the in-plane strain of the film (¢ = ¢j). The constant B is a complicated
function of the elastic constants of the film material.®%®

The energy density of misfit dislocations is given by
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_ Wb L 2.8
E = niiy V- @+ 1 @8

where g, is the shear modules, » is the Poisson’s ratio, and b is the Burger’s vector.

The combined energy of strain energy and dislocation energy is then given by

cerpne MO o h 2.9
E, =¢’Bh+ 221V f-e [ln(b) + 1] 2.9

The strain that minimizes the total energy is obtained by setting dE,/de; = 0, to yield
the critical strain, €'. Then

. B b h, .,
=3 __mnE) +1 (2.10)
€ = ama-vs )+
where, constant B is given for an elastically isotropic film as
1 +v)
B =2 2.11
By =) 2.1

Since the largest possible value of ¢ is the misfit f, if the value of ¢” is equal to
f, the film will be strained to precisely match the substrate. Of course, € can never be
greater than f. The film thickness h_, at which it becomes energetically possible for the
first misfit dislocation to be made, is obtained by setting ¢ = f. Then this critical
thickness is given by

b g, 2.12
. 81:(1+v)fﬂn(b) I @12

As discussed, the derivation of the critical thickness relies on the energy balance
between strain energy and dislocation energy. Since the contribution to the dislocation
energy from the heavily disordered dislocation core is somewhat uncertain, it follows that
the formula for the critical thickness, eq.(2.12), should be considered only as an

estimate.
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2.5 Research Plans

The potential applications of 8-SiC as a high performance semiconductor material
have been recognized for a long time. However, the superior electrical properties of 8-
SiC has not been demonstrated experimentally due to the lack of high quality single
crystal 8-SiC.

The peritectic phase transformation nature of SiC makes it very unlikely to growth
SiC from solution. The metastable property of 8-SiC relative to a-SiC determined that
growth of B-SiC needs to be conducted at temperatures below 2000°C. Epitaxial growth
of B8-SiC using CVD processes has been shown as a successful approach. The three
substrate materials used for 8-SiC growth are Si, 6Ha-SiC, and TiC,. Beta-SiC grown
on Si substrates contained large amount of defects, such as, dislocations, stacking faults,
twins, and high internal energy defect APBs. There is a little hope of reducing the
concentration of these defects to values suitable for semiconductor applications, due to
the large lattice mismatch (20%) between 8-SiC and Si. Single crystal 8-SiC produced
on the basal plane of 6Hwa-SiC substrates contained much lower density of defects
compared to 8-SiC films grown on Si substrates. Unfortunately, DPBs were formed in
the 8-SiC thin films. The presence of DPBs seriously degrades the electronic properties
of §-SiC and makes the development of lateral integrated circuits highly unlikely.

Titanium carbide was chosen as the substrate material because of its small lattice
mismatch with 8-SiC (0.6%), cubic crystal structure, and excellent chemical stability.
However, TiC single crystal growth technique is still not fully developed, the available
titanium carbide crystals are far from perfect. First, the TiC is not stoichiometric with
carbon deficiency, and thus referred as TiC, (x <1), secondly, these TiC, crystals
contain many substructures. These substructures will be replicated into 8-SiC thin films
during epitaxial growth. Therefore, it is necessary to remove these substructures from
TiC, crystals to make them suitable substrates for 8-SiC growth.

The intentions of this research were from three aspects: (1) to characterize the
defect structures especially the subgrain boundaries in as-grown TiC,, and then to
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improve the TiC, crystal quality through an annealing process; (2) to synthesize 8-SiC
on the improved TiC, substrates. The growth conditions will be optimized based on the
B-SiC surface morphology and crystallinity. Defect structures formed in 8-SiC will be
examined using TEM in cross-section, by considering the effect of growth conditions and
the TiC, substrate orientations; (3) to synthesize TiC epitaxial films on 8-SiC and 6Ha-
SiC substrates. This approach is designed to obtain a stoichiometric TiC with suitably
low density of defects, and therefore, the TiC thin film can be used as a substrate for the
further growth of 8-SiC. Another desired benefit of this approach is that TiC can form
ideal ohmic contacts with n-type 8-SiC or 6Ha-SiC and rectifying contacts with p-type
B-SiC or 6Ha-SiC.

There is no doubt that the results of this study will provide significant information
on the understanding of defect formation mechanisms associated with 8-SiC grown on
TiC,, on the semimetal/semiconductor (TiC/SiC) interface structures, and on a further
exploring of 8-SiC synthesis on stoichiometric TiC thin films. Therefore, this study will
be a significant contribution to obtain a high performance 8-SiC semiconductor material.



Chapter 3

DEFECT CHARACTERIZATION IN SINGLE CRYSTAL TiC,

3.1 Introduction

Several properties of single crystal titanium carbide (TiC,) make its use as a
substrate for nucleation and growth of 8-SiC epilayers potentially advantageous.®™
These advantages are based on its crystal structure, lattice parameter, thermal expansion
coefficient, and chemical stability. Titanium carbide has a rock salt crystal structure
which can exist, as a single phase, within an extraordinarily wide composition range, as
shown in phase diagram Fig.2.2.®® The minimum lattice parameter mismatch between
TiC, and B-SiC (a = 4.358A) is about 0.6% when x=0.86 (ar,c=4.331A), see Table
2.4. The thermal expansion coefficient of TiC, is greater than that of 8-SiC; thus, 8-SiC
epilayers grown on TiC, are under compressive strain, which reduces the chances of
formation of microcracks and pinholes in 8-SiC.®*® The melting temperature of TiC, is
about 3100°C,*® and it does not decompose or undergo phase transformations in any
temperature range of interest for epitaxial growth of B-SiC.

At the present time, single crystal TiC is not available commercially, and the
crystal growth technique is still under development. Titanium carbide has a very high
melting point (about 3100°C),®® at this high temperature there is no suitable crucible
material which does not react or contaminate the melt. The High-Pressure Floating-Zone
(HPFZ) method is one of the few options used for titanium carbide single crystal
growth (212  The problem with this method is that it tends to produce non-
stoichiometric composition TiC, (x = C/Ti, x is less than 1).
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The TiC, crystals grown from HPFZ are not single crystal strictly speaking.
Each wafer contains several grains with size range from ~5 mm? to ~1 cm?. Device
fabrication can be achieved within a grain as long as the grain size is larger than the
device structure. However, the TiC, crystals are not perfect even within each grain, pits
can be observed after polishing in naked eyes. These pits are the reflection of defects
present in TiC,.

The predominant defects in single crystal TiC, are sub-boundaries. The sub-
boundaries are thought to be due to thermal stress caused by non-uniform temperature
gradients at the solid-liquid interface and across the solidified crystal during high pressure
float zone (HPFZ) growth.®?® These sub-boundaries in TiC, can be reproduced in 8-SiC
epilayers, which will provide electrical shorting paths for current leakage. Therefore,
they are a major obstacle to TiC, as a substrate for epitaxial growth of device quality 8-
SiC. Development of TiC, single crystals which can serve as substrates for epitaxial
growth of device quality 8-SiC, requires the removal of these sub-boundaries from TiC,.

Planar defects, associated with the sub-boundaries in TiC,, are thought to be due
primarily to impurities, such as boron.U%13 The apparent stacking fault defects
observed by Williams,"®*!? were subsequently identified as platelet TiB,
precipitates. 126131133 Equilibrium stacking faults are not anticipated in TiC,, because of
its high stacking fault energy.®® The high stacking fault energy of TiC, is explained by
the d-band electron structure model.®*” In this model, the magnitude of the stacking
fault energy is related to the d-band filling; where, metals with a filled d-band have a
lower stacking fault energy than those with partially filled bands. Titanium carbide has
a d-band structure identical with that of the first long-period transition metals.

This chapter describes the details of the: (1) characterizations of defect structures
formed in the as-grown TiC, crystals using TEM, and (2) removal of the sub-boundaries
from TiC, single crystals through high temperature annealing.




32

3.2. Experiment

The TiC, ingot was grown by high pressure float zone (HPFZ) method. Slices
for TEM sample preparation (0.9 mm thick) were cut - parallel to the ingot growth axis -
from 10 mm diameter x 1.0 mm thick TiC, wafers, using a Buehler ISOMET low speed
saw. Each slice was mounted on a supportive cylinder and prepared from two sides.

The first side was lapped with 15 um diamond paste and polished with 6 um and
1 pm diamond paste. The polished surface was laminated to a molybdenum (Mo) washer
for mechanical support. The sample was then turned over and the second side was
lapped. The thickness of the slice was reduced to 50 um using 15 um diamond paste,
and to a thickness of 30 um using 6 um diamond paste. The second surface was then
polished and dimpled with 1 pum diamond paste, until the thickness at the center of the
TEM sample was 15-20 um. A Mo washer was laminated to this side. Finally, the
sample was ion-milled from both sides, simultaneously, until perforation was observed.

A Hitachi-800 TEM (operated at 200 kV) was used to examine defects in as-
grown TiC,. Two-beam conditions and trace analysis methods were used to characterize
the defects.®*13% Two-beam conditions were obtained by tilting the TEM sample, such
that the image was formed by the transmitted beam plus one diffracted beam. The (hkl)
plane which produced the diffracted beam is referred to as the reflecting plane, and the
plane normal (g) is called the operating reflection. Trace analysis methods were used
by combining the crystallographic and orientation information provided by selected area
diffraction patterns with the geometry of the electron micrograph. From this analysis,
some important crystallographic details of the defects, such as the habit planes, the
direction of the dislocation lines, can be deduced.

The invisibility criteria of dislocations and stacking fault fringes were used to
analyze the defects.™® It should be pointed out that the invisibility criteria of g* b =
0 was used for a unit dislocation, both a screw and an edge dislocation. There is no
problem for a screw dislocation using this criteria, however, it is known that an edge

dislocation has a complete invisibility when both g- b = 0 and g b x u = 0; where,
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b is the Burgers vector and u is the dislocation line direction. In practice, g- b = 0 can
be used as the invisibility criteria; because the residual contrast was very faint under this
condition even if g- b x u is not zero.

The stacking fault extrinsic/intrinsic nature was determined based on the direction
of the operating reflection g vector used relative to the out-fringe formed by the fault.®*?
If the origin of the g vector is placed at the center of the fault in a DF image, g points
all {200}, {222}, and {440} (type A) reflections. If the operating reflection is of type
B {400}, {111}, {220}, the reverse is true.

The as-grown TiC, wafers were annealed at 2300°C for 24 hours in Ar. Heating
of the TiC, wafers, sandwiched between 2 graphite discs, was accomplished by passing
a DC current through a graphite block, as shown in Fig.3.1. The temperature was read
from the edge of the wafer with a Leed and Northrup disappearing filament optical
pyrometer. The temperature, observed through a process chamber window, was not
.corrected for emissivity. The effect of annealing on the crystallinity and sub-boundaries
in TiC, was examined by comparing the X-ray rocking curves obtained before and after

annealing. The X-ray spot size was 2 mm x 1 mm for all measurements.
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® 1lpm
Fig.3.2 A sub-boundary consisted of wide-extended, fault-like planar defects in the as-
grown TiCy: () g = [002], (b) g = [220].
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A sub-boundary can also be formed by two sets of these fault-like planar defects,
as shown in Fig.3.3. The planar defect set A was composed of very fine fringes, which
were almost invisible at the low magnification. Fringe patterns of set B were clearly
seen in Fig.3.3(a) when using g = [002]. The TEM images of Fig.3.3(a) and (b) clearly
show the cross slip of partial dislocations which bound the fault-like planar defects.

(b) dislocation arrays

Two merging sub-boundaries are shown in Fig.3.4(a). Each of them is formed
by an edge dislocation array. The two sets of dislocations are labeled as A and B with
Burgers vectors b, and by, respectively. The invisibilities of the two dislocation arrays
and the g - b values under various operative reflections are listed in Table 3.1. From
the values listed in Table 3.1, the Burgers vector of the two dislocation arrays are b, =
1£[011] and bgy= '%[011] using the g+ b = 0 dislocation invisible criteria. The parallel
dislocation array is the result of pure symmetrical tilted sub-boundaries,®® each
dislocation of the dislocation arrays is an edge type dislocation, the boundary can be
illustrated as Fig.3.4(b). The dislocation directions (u), the sub-boundary plane, and the
dislocation slip plane were determined by the combination of the geometry and trace
analysis, and listed in Table 3.2.

(c) dislocation networks

Fig.3.5(a), (b) and (c) are the BF images of a dislocation network under g =
[002], g = [111], and B = [110], respectively. A change in the dislocation visibility
with respect to the g vectors can be observed in the images Fig.3.5(a)-(c). In Fig.3.5(c),
which was taken with the electron beam along [110], triangular planar defects with fault-
fringes were observed at the dislocation nodes of the sub-boundary network.




® 1pum
Fig.3.3 A sub-boundary consisting of two sets of fault-like planar defects.
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sub-boundary plane

A

slip plane

il Do

(d)
Fig.3.4 (a) Two symmetrical pure tilted sub-boundaries consisting of parallel edge
dislocation arrays A and B, respectively, (b) illustration of the geometric relation between

the Burgers vector, the dislocation direction, the sub-boundary plane, and the dislocation
slip plane.
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ll Table 3.1 Visibility of Dislocation Arrays A and B “

g g - b values and dislocation visibility
15[101] | ®%[011] | %[110] | ~[110] | »[011] | %[i01] | A | B
i 111 0 -1 0 1 0 -1 no | yes
111 -1 0 0 -1 -1 0 yes | no
002 -1 -1 0 0 -1 -1 yes | yes
220 -1 1 0 2 -1 1 yes | yes
113 1 2 0 -1 1 2 yes | yes
242 2 -1 3 1 3 0 yes | yes
202 0 1 -1 -1 1 2 yes | yes
Table 3.2 =Important Parameters of the Symmetrical Tilted
Sub-boundaries A and B in Fig.3.4

Dislocation | Burgers vector | boundary plane direction slip plane

A 14[011] (oin 211] (111)

B 14[011] (011) 211 1) “
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A third set of unit dislocations, not visible in Fig.3.5(a) and (b) under two-beam
conditions, was observed in Fig.3.5(c). The three sets of unit dislocations (A, B, and
F) and the three sets of Shockley partial dislocations (C, D, and E) which bound the
triangular planar defects, are illustrated in Fig.3.5(d).

By imposing the dislocation invisibility criteria of g+ b = 0, the Burgers vectors
of the three sets of unit dislocations, A, B and F, are 4[101], £[011], and %[110],
respectively. The habit plane of the triangular defects was determined to be y-(111) from
trace analysis. Therefore, the Burgers vector of dislocation F does not lie on this y-(111)
habit plane. This set of dislocation F did not dissociate, from Fig.3.5(c).

The three possible Burgers vectors of Shockley partial dislocations on a y-(111)
plane can be determined from Thompson’s tetrahedron net,"*” which shows all the unit
dislocations and partials dislocations existing in a fcc crystal. The dislocation A and B
(with b, = 4[101] and by = £[011]) can have dissociation reactions: Ay + YD = A
and By + yD = B. Using the dislocation nodal sum rule, the dislocations illustrated in
Fig.3.5(d) have relations: C + D = A and E + D = B. Therefore, the Burgers vectors
of the three partial dislocations C, D and E are b. = 1/6[211], b, = 1/6[112] and by =
1/6[121], respectively. The values of the Burgers vectors (b.p) obtained above were
consistent with the invisibility criterion of g - b,=0 or g - b, = 1/3, for a Shockley
partial dislocation.®*® The Burgers vectors of the six dislocations and the habit plane of
the triangular planar defects are listed in Table 3.3.

L —
—

Table 3.3 Burgers Vectors of the Dislocation Network and the Habit Plane of the
Triangular Planar Defects in Fig.3.5

A B C D E F habit plane

1211013 | 1210117 | w6211 | we[112) | ve[i21] | 17211101 | 4-(111)




42

(@ 0.2um

® 02pm
Fig.3.5 BF images of a sub-boundary dislocation network under different observation

conditions: (a) g = [002], (b) g = [111], (c) electron beam parallels to [110], (d)
illustration of image (c).



Fig.3.5 Continued.
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These dislocation network structures are very common in the as-grown TiC,
crystals. Fig.3.6(a)-(d) show another this type of sub-boundaries consisted of two sets
of unit dislocations, obtained using g=[111], [002], [113], and [111], respectively. The
dislocation dissociations or knitings can be seen clearly in Fig.3.6(c) when g=[113],
where the three partial dislocations were formed at the dislocation nodal sites.

This type of fault-like defect is similar to that reported by Venable®™!"3» and
Chien™, who identified that the formation of stacking fault like defects in TiC, were
due primarily to impurities, such as boron. Equilibrium stacking faults are not
anticipated in TiC,, because of its high stacking fault energy.®*” The fault-like defects
in titanium carbide was first observed by William,?!? and identified to be related to
boron impurities by Venables.®*"*? In a recent report, this type of defects was observed
in the high pressure float-zone grown TiC, crystals,®?® and were identified as platelet

TiB, precipitates using high resolution electron microscopy techniques.

3.3.1.2 Inter-subgrain Planar Defects

Planar defects formed within the subgrains were observed in TiC,, as shown in
Fig.3.7(a) and (b). This is the first reported observation of inter-subgrain planar defects,
to our knowledge. Fig.3.7(a) is the bright field (BF) and Fig.3.7(b) is the associated
dark field (DF) images with g = [002]. These planar defects resemble stacking faults.
The fault nature of these defects A-H shown in Fig.3.7 are determined and listed in
Table 3.4, where I and E mean intrinsic- and extrinsic- stacking -fault, respectively.

Table 3.4 Nature of the Fault-Like Planar Defects in Fig.3.7

fault A B C D E F G H

Nature E I E E E I E I
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®) 1lpm
Fig.3.7 Inter-subgrain planar defects with g = [002] and B = [110]: (a) BF and (b) DF

images.
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3.3.2 Defect Formation Mechanism

The formation of sub-boundaries in TiC, is the result of dislocation rearrangement
to lower the total strain energy. A variety of mechanisms exist to account for the
introduction of dislocations into crystals grown from the melt:®® (1) thermal stresses,
(2) mechanical stresses, (3) vacancy and interstitial supersaturation, and (4) constitutional
stresses. No matter what the mechanism of stress introduction into the crystal, if
dislocation sources are readily available, the stress converts some of the total stress to
plastic strain depending on the yield stress of the material. The number of dislocations
per square centimeter introduced by the plastic strain is ny ~ 2[(0-0,)/(E - b)].%*®
Where o is the total stress, o, is the plastic stress, E is Young’s modulus, and b is the
Burgers vector of the dislocations. Since the yield stress near the melting point is
approximately zero for metals or metallic compounds, many dislocations will be
introduced into the solidified crystals.

For the crystals grown by the float zone method, thermal stress is certainly one of
the major stress sources. If the crystal has a temperature distribution, as illustrated in
Fig.3.8, the outside of the crystal wants to contract but cannot do so fully, because of
the high temperature interior, thus, the outside will be in tension while the inside will be
in compression. If the temperature difference between the inside and outside is AT, the
thermal stress is a* AT - E, where « is the thermal expansion coefficient.

Dislocations generated in a crystal by various mechanisms will interact with each
other behind the interface to form boundaries and arrays (Sub-boundaries) in order to
lower the total dislocation energy.4***D The temperature of the solidified zone was still
very high since it was next to the melt in the float zone growth. This high temperature
provides thermal energy required for dislocation movement.

The formation of inter-subgrain stacking fault-like defects in TiC, was associated with
the segregation of boron impurity at dislocation sites. As stated in the formation of sub-
boundaries, dislocations introduced in the crystal rearrange themselves into walls or sub-
boundaries in order to lower the total dislocation energy. For those dislocations, which

were not able to move to the sub-boundaries during the "recovery" stage, were left




48

within the subgrains, they were also the preferred sites for the diffusion of impurities
such as boron. The high concentration of impurities at these dislocation lowered the

stacking fault energy and promoted the dislocation dissociation into partials.

solid

solid

Fig.3.8 Ilustration of temperature distribution during the float zone crystal growth.
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3.3.3 Effect of Annealing on TiC, Crystallinity

The as-grown TiC, wafers were annealed at 2300°C for 24 hours in Ar, the annealing
set-up is illustrated in Fig.3.1. The effect of annealing on the subgrain boundaries in
TiC, was examined by comparing the X-ray rocking curves obtained before and after
annealing.

High temperature annealing of TiC,, in contact with graphite, significantly reduced
the misorientation level and/or the density of subgrains. This was substantiated by the
double crystal X-ray rocking curves obtained from a TiC,, wafer. Fig.3.9(a) and (b)
show the X-ray rocking curves before- and after-annealing, respectively.

The as-grown TiC, g wafer contained more than § subgrains per mm?, with an average
misorientation between the neighboring subgrains of approximately 0.05°, from
Fig.3.9(a). The x-ray rocking curve, Fig.3.9(b), obtained from the TiC, wafer after
annealing indicates that the misorientation between subgrains has been reduced to less
than 0.01°, and/or that the subgrain density has been reduced. This implys that some
of the sub-boundaries formed in the as-grwon TiC, crystals were removed through
dislocation movement mechanisms.

Three conditions must be satisfied for the movement of a dislocation boundary. First,
the geometrical aspects governing the movement of individual dislocations. If slip is
involved the boundary can move only when the dislocations in the boundary are free to
move on the slip planes defined by the dislocation lines and their Burgers vectors.
Secondly, the thermodynamic condition is permittable that movement can result in a
reduction in energy of the boundary. Thirdly, the driving force is sufficient to produce
dislocation movement, for example, due to the excess vacancy concentration. Movement
of boundaries, in the absence of an external stress, requires diffusion. High temperature
annealing of TiC, in contact with graphite provides the necessary driving force: the high
thermal activation, higher vacancy concentration, and carbon atoms diffused from

graphite to make-up the carbon deficiency in the as-grown non-stoichiometric TiC,.
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®)
Fig.3.9. X-ray rocking curves from a TiC,; crystal taken (a) before annealing, and (b)
after annealing.
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3.4 Conclusions

Three types of sub-boundaries and planar defects within subgrains were observed in
the as-grown TiC, crystals. The sub-boundaries were classified by their structures as:
(i) wide-extended, fault-like defects (WEFLD), (ii) edge dislocation arrays, and (iii)
dislocation networks. The planar defects, observed on sub-boundaries and within sub-
grains, resemble an stacking fault-like characteristics. This is the first reported
observation of planar defects formed within TiC, subgrains, to our knowledge.
Annealing of TiC, at 2300°C in contact with graphite, caused a significant reduction in
the misorientation level and/or density of subgrains. The improvement of TiC,
crystallinity through annealing makes it possible to use these TiC, crystals as substrate
for B-SiC epitaxial growth.




Chapter 4

EPITAXIAL GROWTH OF g-SiC ON TiC, SUBSTRATES

4.1 Introduction

In this study, B-SiC thin films were grown epitaxially on TiC, substrates using
1,2-disilylethane (DSE or Si,C,H,,) as the single reactant source. The growth was
conducted by chemical vapor deposition (CVD), in a water-cooled and inverted-vertical
(IV) reactor. The interface structures (8-SiC/TiC) and defects formed in epilayer 8-SiC

were examined extensively using cross-sectional transmission electron microscopy

(XTEM) technique.
4.2 Experiment

4.2.1 MOCVD Growth System

A schematic diagram of the CVD) system, used for the synthesis of 8-SiC thin
films, is shown in Fig.4.1. This technique was first developed at Hughes Research
Lab.®5%? The CVD reactor is a water-cooled, inverted-vertical (IV) reactor, as shown
in Fig.4.2. This reactor configuration provides a true stagnation point flow pattern,
theoretically ideal for achieving the best possible uniformity over the largest possible
area, at atmospheric pressure. In addition, it eliminates backstreaming eddy currents by
allowing the natural buoyancy of hot gases to expel them out of the reactor at high

velocities, ®*
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Fig.4.1 MOCVD epitaxial growth system.
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Fig.4.2 The inverted-vertical CVD reactor configuration.
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In the MOCVD reactor, the growth-face-downward substrate is placed on a
graphite mask which rests on the inside bottom of a pedestal. The pedestal is made of
pyrolytic boron nitride (PBN), and is coaxially supported within the reactor by a support
collar which rests on a pedestal support ring fused to the reactor wall. Two PBN heat
shields are mounted over the graphite susceptor, between the susceptor and the pedestal
vertical wall, to reduce heat loss.

The growth source enters from the bottom, below the downward-facing substrate.
After decomposition of the source molecules, the gaseous reactant products are pushed
radially outward until they reach the edge of the pedestal. Beyond this point, the
pressure gradient in the reactor and buoyancy carry the reactant products upwards,
through the annular volume between the outer pedestal wall and the inner wall of the
reactor chamber. The reactant by-products exit through holes at the top of the pedestal,
after which they exit through the exhaust port in the reactor cap.

4.2.2 Epitaxial Growth Procedure

The B-SiC epitaxial growth was conducted in the MOCVD systems described
above. Before the growth, the system was pumped to below 1 millitorr and leak-
checked, then backfilled with Ar.

Fig.4.3 illustrates the major procedures involved in an epitaxial growth of 8-SiC
on a TiC, substrate. The TiC, substrate was heated up, in the flow of C,H,, to the
growth temperature by RF inductive heating through a graphite susceptor. The substrate
temperature (or the growth temperature) was measured through the reactor chamber
water cooling jacket with a Leeds and Northrup disappearing filament optical pyrometer.
Growth of §-SiC was initiated by introducing the DSE (1,2-disilylethane: Si,C,H,p)
reactant source into the reactor carried by H,. The disilylethane source was in a liquid
phase and stored in a stainless steel bubbler maintained at 15°C. The amount of the
liquid transferred can be calculated by knowing the H, flowing rate and the vapor
pressure of the liquid source at 15°C. Since there are equal molecule numbers of Si and

C in the source, the Si/C ratio can be controlled precisely in the gas phase; and
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therefore, complete nucleation or stoichiometric form of $8-SiC can be obtained. The
growth was terminated by bypassing the DSE source, and then the system was cooled

down to room temperature.
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Fig.4.3 Major steps involved in 8-SiC epitaxial growth on a TiC, substrate.
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4.2.3 Cross-Sectional TEM Sample Preparation

The B-SiC/TiC interfaces were examined in cross-section using transmission
electron microscopy. Cross-sectional TEM (XTEM) provides the most detailed
information on the interface structures, the defect initiation sites, and the relation between
the B-SiC epitaxial layer and TiC, substrate. The successful procedure developed during
the research is illustrated in Fig.4.4.

Cross-sectional specimens were prepared by cutting the sample into two pieces
using a low speed diamond saw and attaching them together using epoxy with 8-SiC layer
face-to-face. Sandwich bars were sliced through the glue joint and mounted on a Gatan
grinder using crystalbond, and ground with 15 um and 6 pm diamond paste, respectively,
and followed by 1 um diamond paste polishing. Before turning over to another side, the
sample was reinforced by laminating 2 3 mm diameter molybdenum (Mo) washer to it,
and ground the second side in the same way to a thickness of less than 30 um. The
second side was then dimpled using 1 um diamond paste until the center of the disc was
less than 20 um thick. A Mo washer was also laminated to this side before final thining.
Ar ion-milling was performed from two sides of the sample, with 5 kV working voltage
and 1.1-1.5 A current. An 18° milling angle was used until perforation occured at
which time the angle was reduced to 15° for further thining until the interface was
electron transparent. A Hitachi-800 transmission electron microscope (TEM) operated
at 200 kV was used for the TEM studies.

Two-beam conditions were used in the defect examinations by tilting the TEM
sample, under which the images were formed by the transmitted beam plus one diffracted
beam. The operative reflection gg; used for each two-beam condition was then the
vector from the transmitted spot (000) to the diffracted spot (hkl). The electron beam
direction (B) was determined from the zone direction of the associated selected area
diffraction pattern (SADP).
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Fig.4.4 Illustration of cross-sectional TEM sample preparation procedures.
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4.3 Results

4.3.1 Growth Condition Optimization

An optimized growth condition should be the controllable and repeatable growth
parameters which lead to unpolytyped, single crystal or epitaxial 8-SiC thin films with
a smooth and shining surface.

Extensive studies on the growth conditions have been done previously. ®436:30%0
The examinations of 8-SiC crystallinity and surface morphology indicate that suitable
growth conditions are the key factors to produce high quality single crystal §-SiC.
Among these conditions, growth temperature is one of the most critical parameters in §-
SiC nucleation and growth process. It directly controls the decomposition behavior of
the reactant source DSE (Si,C,H,;). Within a certain temperature range, the reactant
source decomposes to yield to equal number of Si and C atoms which then form
stoichiometric 8-SiC. On the other hand, if the growth temperature is too low, excess
Si are produced after the decomposition of the DSE source. If the growth temperature
is too high, excess C atoms are produced. Both cases would result in nonstoichiometric
SiC layers that would deteriorate the surface morphology and crystal quality of the 8-SiC
films. A growth temperature in the range of 1157 - 1180°C with the DSE reactant
source flow rate at about 3.2 sccm, were found to be the optimum growth conditions.

The surface morphologies of 8-SiC thin films were examined in the SEM. The
difference in the as-grown surface morphologies of the 8-SiC epitaxial films grown under
the optimum condition and non-optimum conditions are shown in Fig.4.5(a) and (b). The
B-SiC film obtained under the optimum condition revealed uniform crystal facets
(Fig.4.5(a)), no inclusions or domain structures were observed. However, the 8-SiC film
grown by non-optimum condition contained a lot of particles on the surface, as shown
in Fig.4.5(b).




® Spm
Fig.4.5 SEM micrographs showing the as-grown -SiC surfaces obtained under (a)
optimum and (b) non-optimum conditions.
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However, the 8-SiC thin films grown even under the optimum condition consisted
of multiple large grains, see Fig.4.6(a). The large grain structure is the reproduction of
grains in the TiC, substrate. Since the TiC, crystals used as the substrates were grown
by the high pressure float zone method, they were not perfect single crystals as discussed
in chapter 3. In fact, the TiC, is not single crystal but contains many large grains.
However, single crystal structure can be considered within each large grain. The
crystallinity of a B-SiC thin film was determined using the selected area electron
channelling pattern (SAECP). The SAECP is very similar in appearance to the reflection
Kikuchi pattern formed in transmission electron microscopy (TEM). The detailed
discussion of electron channeling contrast has been given in reference.®? Fig.4.6(b)
shows the SAECP obtained from a 2 um thick 8-SiC film grown on a (111) TiC,
substrate under the optimum growth condition. The sharp and clear SAECP with three-
fold symmetry indicates that the 8-SiC layer has repeated the (111) orientation of the
substrate single crystal, and thus the growth was epitaxial.
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-0
Fig.4.6 SEM micrographs of the as-grown 8-SiC film on a TiC, substrate showing (a)

large grain structures and (b) selected area electron channelling pattern.
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4.3.2. Interface Structures of §-SiC/(111)-TiC

4.3.2.1 Grown by Optimum Condition

The B-SiC epitaxial layers grown on (111)-oriented TiC, substrates, even under
the optimum growth conditions, contain a substantial number of defects. Microtwins
were formed as the primary defects in 8-SiC, and both coherent twin boundaries and
incoherent twin boundaries were observed. Off-(111) orientation TiC, substrates resulted
in a higher concentration of defects in comparison to 8-SiC epilayers grown on a (111)

TiC,.

(a) B-SiC grown on (111) TiC, Substrate

Microtwins, as the primary defects, were formed in the 8-SiC epilayers and were
lying on {111} twinning planes as shown in Fig.4.7(a). These twins initiated from the
interface (formed by the epitaxial layer 8-SiC and the TiC, substrate), and some of them
propagated through the thickness of the 8-SiC epitaxial thin film. Fig.4.7(b) is the
associated selected area electron diffraction pattern (SADP) obtained from the interface
area. The strongly diffracted spots in the SADP were from the reflective planes of 8-SiC
matrix with a [110] zone. The extra spots were due to the presence of twins which
diffracted the electron beam differently from the matrix.

The detailed description of twining structures can be found in a numerous
textbooks. A twin is simply one part of a crystal that is oriented with respect to another
according to a symmetry rule. From the TEM micrograph point of view, extra spots will
arise in the SADP because a twin is oriented differently from the surrounding matrix
relative to the incoming electron beam. In a face-centered cubic (fcc) crystal and those
with diamond or zincblend structures (such as 8-SiC), extra diffraction spots due to the
presence of twins (including double diffraction spots) occur at n-¥%<111> positions of
matrix spots in the diffraction pattern, 35149

In Fig.4.7(b), it seems that all the spots are shifted away except two spots [111]
and {111]. The twinning plane was then the (111) or (111) plane, and the twinning axis
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was [111] or [111]. The extra spots caused by the presence of twins can be indexed by
rotating the matrix diffraction spots 180° along the twining axis [111], as illustrated in
Fig.4.7(c).®” By comparing the image Fig.4.7(a) and the SADP Fig.4.7(b), the
interface plane was perpendicular to [111] direction, and therefore, the interface plane
was (111) plane. Since the twinning plane was also (111), twins lying parallel to the
interface were expected. This direction of twins was seen at a higher magnification
micrograph, Fig.4.8. It was also noticed that microtwins lying on the parallel-to-
interface plane extended to about 28 nm from the interface and terminated as the film
grows.

Besides the primary defect microtwins, a special type of twin boundary - double
positioning boundaries (DPBs) were also observed in the 8-SiC films. Fig.4.8 shows two
DPBs (arrows) formed in the 8-SiC epilayers. These DPB had a average spacing of 150
nm and extended about 175 nm in the epilayers. It’s also noticed that microtwins were
divided into small regions by the DPBs. The detailed analysis on DPBs will be discussed

in a later section 4.3.2.2.

(b) B-SiC grown on off-(111) orientation TiC, substrate

The TiC, substrate with a small angle off the (111) orientation not only resulted
in the formation of a higher concentration of defects, but also a rougher interface formed
by the epilayer and the substrate. The comparison of 8-SiC thin films grown on (111)-
TiC, and off-(111)-TiC, were conducted by examining the samples using the same
operating reflection from same zone axis.

Fig.4.9(a) and (b) show the XTEM micrographs of the epitaxial structures S8-
SiC/TiC with (111) and off-(111) orientations, respectively. Both the photographs were
taken using g = [002] obtained by tilting the sample a small angle away from [110] zone
axis. The difference in the defect concentration is clearly revealed from the microtwin
spacings or densities shown in Fig.4.9(a) and (b). In Fig.4.9(a), only sparsely
distributed microtwins along one direction were visible in the 8-SiC epitaxial layer grown

on a (111)-TiC substrate, the average microtwin spacing was about 338 nm. However,




65
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O Twin
B= [1_1 0]

(©)
Fig.4.7 TEM micrographs showing (a) microtwins formed in 8-SiC epilayer grown on
a (111) TiC, substrate, (b) the associated SADP, and (c) indexed pattern of (b).
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0.05 pm
Fig.4.8 DPBs extending from the 8-S/TiC interface and dividing microtwins into small

regions.
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(b) 100 nm
Fig.4.9 XTEM micrographs showing defects formed in 8-SiC epilayers grown on TiC,
substrates with orientations: (a) (111) and (b) off-(111). Both photos were taken with g
= [002] and B = [110].
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a high density of twins lying on two different {111} planes were observed for the 8-SiC
thin film grown on a off-(111) orientation TiC substrate, as shown in Fig.4.9(b).
Microtwins lying in one direction were closely packed and the twins lying along another
direction had a spacing about 30 nm.

The B-SiC/TiC interface roughness was associated with the TiC substrate
orientation. A rough interface was revealed for 8-SiC grown on a TiC substrate with
16.5° off-(111) orientation, as shown in Fig.4.10. This is believed to be the result of
surface steps due to nﬁs—oﬁentation, and will be explained in the discussion section.

A unique feature was also noticed for the microtwins formed near the interface
of the 8-SiC grown on TiC, substrates. Samples shown in Fig.4.11(a) and (b) were
grown on TiC, substrates with (111) and 11° off-(111) orientations, respectively. The
angles formed between the microtwins and the interface are approximated to be 0° in
Fig.4.11(a) and 11° in Fig.4.11(b). This feature is attributed to the {111} twinning
planes in a face-centered cubic (fcc) crystal. Twinning always occurs on a {111} plane
in fec structures. If the TiC substrate has a (111) orientation, twins formed on the (111)
plane will be parallel to the 8-SiC/TiC interface plane, as shown in Fig.4.11(a). If the
substrate orientation has a small angle (6) off the (111), twins still occur on the (111)
plane for the fcc crystal structural 8-SiC. Subsequently, twins form an angle (6) with
respect to the (111) interface (Fig.4.11(b)). Therefore, the angle between these
microtwins and the interface resembled the substrate mis-orientation with respect to
(111).

Fig.4.11(b) also shows that the density of DPBs formed in the epitaxial thin film
B-SiC grown on a off-(111) orientation (11°-off) TiC, substrate was higher than that in
B-SiC grown on (111) TiC, substrates, in Fig.4.8. The average spacing of the DPBs in
off-(111) orientation was about 120 nm, while the spacing was about 150 nm in (111)
orientation 8-SiC.

Microtwins were formed as the primary defects in 8-SiC epilayers in all the
samples examined. Off-(111) orientation of TiC, resulted in a higher concentration of
microtwins and DPBs in the 8-SiC epilayer due to rougher TiC, substrate surface.




0.05 pm
Fig.4.10 A rough interface formed in the off-(111) 8-SiC/TiC. B = [110].
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® 0.15 ym
Fig.4.11 TEM micrographs showing that the angle () between microtwins and the

interface plane resembled the TiC, substrate misorientation level (6): (@) « = 0° and 6
=0° (b)) a = 11° and § = 11°.
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4.3.2.2 Effect of Growth Condition

Compared to the 8-SiC epitaxial thin films grown under optimum conditions, non-
optimum conditions tend to result in a higher concentration of microtwins and a higher
density of DPBs in the B-SiC epilayers. Fig.4.12(a) and (b) show the XTEM
micrographs of $-SiC/TiC structures grown at reactant source (DSE) flow rates (Qpsp)
10 scem and 3.2 scem, respectively. It can be seen that a higher density of twins were
formed near the 8-SiC/TiC interface due to the high flow rate (Fig.4.12(a)), in
comparison to Fig.4.12(b) grown at 3.2 sccm.

Another deleterious effect of the non-optimum growth conditions is the
introduction of a higher density of DPBs. Fig.4.13(a) shows one of the heteroepitaxial
structures grown at a high growth temperature T, = 1211°C, which was taken with
electron beam direction approximately along [110] direction, see the SADP Fig.4.13(b).
As shown in Fig.4.13(a), several regions were formed due to the presence of DPBs. It
was also noticed that some of the DPBs disappeared as the thin film thickened (labelled
as A), and some of them extended deep into the 8-SiC (labelled as B).

These boundaries were determined to be DPBs according to their morphology and
the diffraction patterns associated with the two neighboring regions. Fig.4.14(a) shows
one example of the these DPBs. The two regions A and B shown in Fig.4.14(a) should
have a twinning relation if the boundary is a DPB. This was confirmed from the electron
diffraction patterns. Fig.4.13(b) is the SADP from region A and Fig.4.14(c) is the
SADP from region B. Both of the diffraction patterns from either A or Bhasa <110>
zone axis, the extra spots occurred in the diffraction patterns were due to the presence
of microtwins within each region of A and B. By comparing Fig.4.14(b) and (c), it’s
noticed that there is a rotation between these two patterns. This is a simple case of
twinning relation, which is the twinning plane lies parallel to the electron beam. The
strong diffraction spots in Fig.4.14(b) and in Fig.4.14(c) were drawn in Fig.4.14(d) as
solid dots and circle squares, respectively. The zone axis of the solid dot pattern from
matrix A was arbitrarily defined as [110]. From Fig.4.14(d), the diffraction spots from
B can be obtained by rotating spots from A about [111], axis. Therefore, region A and
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() 0.3 ym
Fig.4.12 XTEM micrographs of 8-SiC/TiC grown at reactant source flow rate Qpgz: (2)
10 sccm, and (b) 3.2 sccm. Taken with g = [111] and B = [110].
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@ 0.1 um

(b)
Fig.4.13 TEM images showing: (a) DPBs formed in B-SiC grown at a high growth
temperature T, = 1211°C and (b) associated SADP with B = [110].
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B =[T10] for @ A

© (d)
Fig.4.14 (a) A DPB formed in $-SiC grown at T, = 1211°C, (b) SADP from region
A, and (c) SADP from region B, and (d) diffraction spots from matrix in regions A and
B showing that pattern (c) can be obtained by rotating (b) along [111], twining axis.
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region B have a twinning relation. Fig.4.15 shows another DPB formed in a 8-SiC
epilayer grown at a high flow rate (Qpsz = 10 sccm). It’s seen that microtwins can grow
through the double positioning boundary or terminate at the boundary.

The DPB was not always a perfect line but contained a lot of small steps. This
feature is attributed to the formation of alternating (111) coherent twin boundaries and
(112) incoherent twin boundaries, as illustrated in Fig.4.16. When two twinning regions
were stacked on top of each other, the boundary formed between them was a coherent
twin boundary (C); however, when they positioned side-by-side, an incoherent twin
boundary was then formed (I). The difference in the coherent twin boundaries and the
incoherent twin boundaries can be clearly seen in Fig.4.17, a TEM image depicting the
DPBs formed in 8-SiC grown on a off-(111) TiC, substrate.

4.3.3 Defects Formed in §-SiC Grown on (110)-TiC

The B-SiC epitaxial thin films grown on (110)-oriented TiC, substrates contain a
much higher concentration of microtwins and DPBs compared to 8-SiC/TiC,-(111)
heteroepitaxial structures.

Fig.4.18 and Fig.4.19 are the TEM micrographs showing defects formed in 8-SiC
epilayers grown on (110) and (111) TiC, substrates, respectively. From the micrographs,
two important differences were noticed between the two orientations of §-SiC. First,
microtwins formed in (110) B8-SiC and (111) B-SiC epilayers revealed different
orientations relative to the interface. In the (110) 8-SiC epilayer, most microtwins were
stacked on top of each other and were almost parallel to the interface. While the
majority of microtwins in (111) B-SiC were initiated from the 8-SiC/TiC interface and
propagated perpendicular to the interface plane. Another difference between the two
orientations of B8-SiC epilayers is the density of defects. Higher densities of microtwins
and DPBs were formed in the (110) 8-SiC films, and also these DPBs extended all the
way to the top surface of the 8-SiC, while the DPBs formed in (111) 8-SiC terminated
within the film as it was thickening.
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0.05 pm
Fig.4.15 A DPB formed in B8-SiC grown by a high flow rate 10 sccm, showing that

microtwins were either terminated or grown through the DPB.
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Fig.4.16 Illustration of a stepped DPB with (111) coherent twining plane and (112)
incoherent twining plane.

Fig.4.17 Observations of alternating coherent and incoherent twining planes formed in

a 3-SiC epilayer grown on a off-(111) TiC, substrate.



®) 0.05 um
Fig.4.18 Microtwins formed in B-SiC epilayer on a (110) TiC, substrate with (a)
B = [110] and (b) g = [111].
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() 0.05 pm
Fig.4.19 Microtwins formed in B8-SiC epilayer grown on a (111) TiC, substrate with (a)
B = [110] and (b) g = [111].
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4.4. Discussion

4.4.1 Origins of Defects

Defects were formed in the 8-SiC epitaxial films grown on a TiC, substrate from the
TEM examinations. Apparently, the constraints imposed by the TiC, substrate, and the
possibly impurities and unstable growth conditions, are the origins of defects. In the
heteroepitaxial growth under the assumption of a clean system, three major sources are
attributed to the defect introductions in the epilayers: (i) the lattice parameter mismatch,
(ii) the thermal expansion coefficient difference, and (iii) the substrate surface defects.

4.4.1.1 Lattice Mismatch

Lattice mismatch in a heteroepitaxial growth system is one of the major defect
formation sources. The lattice mismatch between 8-SiC and TiC is very small (0.6%),
however, its effect on the formation of defects in the epilayer is still not negligible. The
direct effect of lattice mismatch is its introduction of misfit dislocations. The lattice
misfit is also an important factor in controlling the critical thickness of an epitaxial thin
film, which means the maximum thickness can be achieved to obtain misfit dislocation
free epilayers.

For a heteroepitaxial system, the thin film can be grown under either strained or
relaxed conditions, as discussed in chapter 2. If the thin film is under strained
conditions, which means pseudomorphic growth, the atom positions match exactly on the
interface plane between deposits and substrate, no mismatch dislocations are formed in
the epitaxial thin film. However, pseudomorphic epitaxial growth can only be obtained
for a very thin thickness of film, even theoretically. Further growth of the epilayer
beyond the critical thickness will be energetically favorable to the formation of misfit
dislocations. The critical thickness of a pseudomorphic layer is strongly related to the

lattice mismatch, and is given by:@%113.14)
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b gk, 4.1
h, v )fﬂn( b) 1] (“.1)

where b is the Burger’s vector of the misfit dislocations, v is the Poisson’s ratio for the
epilayer material, and f is the lattice mismatch. The Burger’s vector b is equal to
1/2[110]ag; in the B-SiC cubic crystal which is about 3.06x10® cm. The Poisson’s ratio
v was calculated from the known stiffness constants of 8-SiC as 0.28, see Table 4.1.
The lattice mismatch f in the 8-SiC/TiC heterostructure is 0.6%, from Table 2.4.

l Table 4.1 Elastic Constants of 8-SiC
Stiffness® cll = 3.523
(x10" dynes/cm?) cl2 = 1.404
c44 = 2.329
| Poisson’s Ratio v = (¢ + c)fcy; = 0.28
Young’s Modulus Y = [(c;; + c)eny + 2¢)V (e + €12
= 2.71x10" (dynes/cm?)
= 1.69x10* (ev/cm®)
Shear’s Modulus B = Cy = 2.329x10" (dynes/cm?
“ = 1.45x10* (ev/cm®)

The equation (4.1) can then be written as

h, h
= = 5208[n—< +1 “4.2)
p - 2084l

This equality is closely satisfied by h/b = 21.08. From the Burger’s vector b =
3.06x10°® cm, the critical thickness h, is about 64.5 A. This value is only about 25
(h/dyy;; = 64.5/2.526 = 25) monolayers of (111) 8-SiC planes.
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Since the derivation of the critical thickness equation (4.1) relies on the energy
balance between strain energy and dislocation energy, the formula equ.(4.1) of h, can
only be considered as an estimate. Only a very thin pseudomorphic §8-SiC can be
produced on a TiC, substrate, from the estimated value of critical thickness. It should
also be mentioned that, a defect-free 8-SiC epilayer can not always be obtained even if
the thickness is less than the critical value. This is because a pseudomorphic epilayer is
under strained or meta-stable condition, highly strained energies are stored within the
crystal. If the epitaxial growth temperature is high enough for the strain energy to
relieve, defects will then be formed as the result of stress relief. Therefore, a low
growth temperature is one of the required conditions for pseudomorphic lattice growth.
For the 8-SiC/TiC, system, the growth temperature is over 1000°C, this seems to be too
high to keep the thin film under strained or unrelaxed condition.

4.4.1.2 Thermal Expansion Coefficient Difference

The difference in the linear thermal expansion coefficients between 8-SiC and TiC
acted as the most important factor in the introduction of defects in 8-SiC thin films. The
linear thermal expansion coefficients () of 8-SiC and TiC are 3.9x10%/°C and 5.5x10°¢
/°C, respectively.®4>149  From the growth temperature (about 1157°C) to room
temperature (27°C), a big temperature drop occurred (AT was about 1130°C). The
thermal stress introduced by the linear thermal expansion coefficient difference is:

€ = AxAT = 0.18% 4.3)

Since this strain is less than the value at yield stress, which is about 0.2%, the elastic
approximation is assumed. Therefore, the stress can be calculated using the elastic
coefficients of 8-SiC:

g = Ye = 3.04x102 (evicm?3) 4.9

where Y is the Young’s modulus of 8-SiC, which was calculated from stiffness constants
as 2.71x10" dynes/cm? or 1.69x10* ev/cm®, see Table 4.1.
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It will be more understandable to describe this stress relative to each atom. The
volume of each unit cell in 8-SiC crystal is (agc)® = 8.12x102 cm?, and each unit cell
contains 8 atoms, therefore, the atomic density is 9.8x10? atoms/cm®. The thermal

stress applied on each atom will be:

23
_ o _ 30410 4.5)

This stress can be released by forming dislocations and twins in a §8-SiC thin film.
It is interesting to compare this stress to the energy generated by forming a dislocation
in the B-SiC epitaxial films. It is known that the strain energy for the edge dislocation
differs from that of the screw dislocation by a factor of 1/(1-»).%4" Since » for most
metals is near 1/3 (0.28 for 8-SiC), the strain energy for the edge dislocation is thus
larger than that for the screw dislocation. Therefore, it seems to be more reasonable to
compare the strain energy of an edge dislocation with the strain energy introduced by
thermal stress.

The strain energy per unit length around the core of an edge dislocation is

approximately:**”

¢, - —EV . 15:00% (evicm) (4.6)
4n(l-p)
where the Poisson’s ratio for 8-SiC is about 0.28, the Burgers vector b is 3.06x10® ¢m,
and the shear modulus p is 1.45x10* ev/cm?®, see Table 4.1.

To the first approximation, only the atoms around the dislocation core are considered,
as illustrated in Fig.4.20. Considering a misfit dislocation lying on the interface plane
with a length of L = 1 mm, the core volume around this dislocation is 2b-2b-L =
3.75x10 cm®. Each unit cell (v = (agc)® = 8.12x102 cm?®) contains 8 atoms for a
zincblend crystal structure, therefore, there are N = 8 (3.75x107%/8.12x10%) =
3.69x10® atoms in this tunnel volume around the edge dislocation core. Therefore, the

strain energy averaged on each atom will be:




J & 1100 4.06 (ev/atom) “.7

It is seen that the strain energy per atom around an edge dislocation is in the same
level of magnitude as the strain energy generated by the thermal stress, by comparing
equation (4.5) and (4.7). Therefore, the strain energy generated due to the thermal
expansion coefficient difference can be a significant factor in the introduction of defects
in §8-SiC epitaxial films.

Fig.4.20 Tlustration of an edge dislocation.
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4.4.1.3 Substrate Surface Defects

The substrate surface is the starting place for epitaxial growth. An ideal surface
should be completely smooth and absolutely clean, which means the surface lattice plane
is occupied by correct atoms at the correct lattice sites, i.e., those determined by the
ideal bulk crystal. However, in reality, the crystal surface exhibits irregular deviations
from its perfect smoothness.

The surface has a microscopic structure associated with atomic displacements and a
macroscopic structure associated with surface steps and other surface defects. In other
words, the surface can contain terraces, steps, kinks, and others, as shown in
Fig.4.21.0%.4D Gteps or kinks, far from perfect, can form high-energy binding sites for
deposited materials. The high binding energies at these surface defects can then be
released by forming defects in the epitaxial films.

Monatomic step

Adatom
Step-adatom

vacancy

Fig.4.21 Schematic diagram of surface defects.?%!1?
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The substrate surface steps were generated from two ways: (a) a bulk dislocation
intercepts the surface, and (b) crystal miscut or off-orientation growth. The termination
of a dislocation can give rise to a surface step. As shown in Fig.4.22, a surface step can
be formed due to the movement of a edge dislocation to the free surface. This is also
true for a screw dislocation. The TiC, crystal used as the substrate for B8-SiC epitaxial
growth contains a high density of defects including sub-boundaries and planar defects,
as we discussed in chapter 3. These sub-boundaries and planar defects were basically
composed of dislocations and partial dislocations. After annealing in a C-rich
environment prior to 8-SiC epitaxial growth, the sub-boundary density or misorientation
levels were significantly reduced in the TiC,. The reduction of the defect densities was
partly owing to the dislocations moving away from bulk crystal to free surfaces.
Subsequently, surface steps were then formed.

The major contributor to surface steps is due to miscut or misorientation. Miscut
occurs simply because a crystal is never cut exactly parallel to a crystal plane. For a
small angle of miscut, the surface plane will be described by extended terraces of major
planes and steps. Fig.4.23 illustrates a miscut of angle 6 relative to a <111> major
surface plane. The surface step height (h) is given by

h = Lyand @.8)

where L, is the step spacing , and 8 is the miscut angle.

In a similar way, the surface steps can be formed if the substrate material was grown
with a small off-angle from the desired major orientation. This is very common for TiC,
bulk crystals, because the growth technique used is far from perfect. Most of the TiC,
crystals used in this study have several degrees off from < 111> orientation, as
determined from X-ray Laue patterns.

From equation (4.8), the larger the off angle, the smaller of the step spacing or the
larger of the step height. Consequently, a rough surface was formed if the substrate has

a large misorientation. This expection was actually observed in our TEM examinations.
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Fig.4.22 Surface steps generated by termination of an edge dislocation at the free

surface.
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h —~ ~
0 T
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Fig.4.23 Surface steps formed due to miscut or misorientaiton crystal growth

relative to the desired low index orientation.

As shown in Fig.4.10, a rough interface was formed for the B-SiC epilayer grown on a
16.5° off-(111) TiC, substrate. Therefore, it is very important to use substrates with
correct orientation and high quality surface.

The surface steps were observed to be the microtwin initiation sites. Fig.4.24(a) and
(b) are the TEM images obtained from 8-SiC films grown on a (111)-TiC, substrate. It
can be noticed that twins were initiated from the high energy step sites. The step spacing
was measured from Fig.4.24(a) as about 456 nm, and the step height measured from
Fig.5.24(b) was 12 nm, and therefore, the angle 6 is about 1.5° from equ.(4.8). The
substrate used for this sample has a (111) orientation according to Laue pattern. The
small off angle (1.5°) can be considered as a measurement deviation of the X-ray Laue
technique.
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(b) 0.1 pgm
Fig.4.24 Cross-sectional TEM micrographs showing that microtwins initiated from the

surface steps.
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4.4.2 Comparison of (111) and (110) 8-SiC/TiC Interfaces

Although both TiC and 8-SiC have cubic crystal structures, the lattice symmetry is
different for the two materials. TiC has a rocksalt structure and B-SiC has a zincblend
structure, which then determines the dependence of epitaxial 8-SiC/TiC interfaces on the
TiC substrate orientation.

4.4.2.1 TiC Surface Configurations

The substrate surface is the first place the deposited atoms come in contact with,
therefore, its configuration will certainly affect the crystallinity of the subsequent
deposits. It has been reported that, clean (111) and (100) TiC surfaces remain in stable
(1x1) configurations, and also the stable (111) surface is a (1x1) Ti-terminated
configuration, while (110) and (112) surfaces reveal (111) facets.®®150 In fact, the
(111) facets formed on (112) TiC surface have been observed by Chien.®5?

The stable (1x1) configuration of (111) TiC surface should produce higher quality of
B-SiC epilayer compared to the (110) TiC, because a (110) TiC surface contains many
(111) facets which act as surface steps or surface defects. From the origins of defects
discussed in section 4.4.1, the surface steps are the initiation sites of defects in epitaxial
films.

4.4.2.2 Ideal 8-SiC/TiC Interface

The (111) and (110) surfaces of TiC and 8-SiC are depicted in Fig.4.25 and Fig.26,
respectively, along the <110> projection. As shown in Fig.4.25, both TiC and 8-SiC
have a polar (111) plane, which means each (111) plane contains two separate atomic
layers of Ti and C in TiC, and Si and C in 8-SiC. According to previous reports, 14150
the (111) TiC substrate surface is Ti-terminated (1x1) stable surface. During deposition
of B-SiC, incoming C atoms will first be absorbed by forming Ti-C bonds and followed
by deposition of Si atoms on top of them to form 8-SiC. The (111) 8-SiC/TiC interface
is illustrated in Fig.4.25, atoms can be matched very well at the interface.
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The (110) TiC and (110) B-SiC are non-polar, both Ti and C atoms in TiC (Si and
C atoms in 8-SiC) lie on the same plane, see Fig.4.26. The Ti atoms on the (110) TiC
surface will form Ti-C bonds with depositing C atoms, and then followed by the
formation of Si-C bonds. While there are also C atoms on the surface, these atoms can
(i) remain as the original C atoms belonging to TiC substrate, (ii) absorb Si atoms to
form C-Si bonds, and (iii) absorb C atoms to form C-C bonds. For the first case, C
atoms produce dangling bonds. This not only degrade the electrical properties of the
metal/semiconductor junction, but also have a deleterious effect in the interface lattice
structure by attracting neighboring atoms. In the latter two cases, if the C atoms form
C-Si or C-C bonds, the ideal periodic lattice structures near the interface are then
destroyed.

From the above analysis, (111) TiC substrate is superior to (110) TiC as the substrate
for B-SiC epitaxial growth. This expectation matches with our TEM observations that
B-SiC epitaxial films grown on (110) TiC substrates which contain a higher density of

defects including microtwins and DPBs.




Ti-terminated e
(111) TiC surface

Fig.4.25 (111) planes of TiC and B-SiC along [110] projection.
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™
(110) TiC surface

Fig.4.26 (110) planes of TiC and 8-SiC along [110] projection.
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4.5 Conclusions

Single crystal 8-SiC films were successfully synthesized on bulk grown (111), off-
(111), and (110) TiC, substrates. Defects formed in the 8-SiC epilayers were examined
extensively in cross-section. It was found that heteroepitaxial growth of a zincblend
structure B-SiC on a rocksalt structure TiC, was strongly influenced by the growth
conditions, and the choice of substrate crystal orientations. The major characteristic of
the defects in the epitaxial structures were summarized in Table 4.2. A higher
concentration of microtwins and DPBs were observed in 8-SiC films especially near the
interface region, when a non-optimum growth condition (either high growth temperature
or high flow rate) was used. The TiC, substrate with a small angle off from the desired
(111) orientation resulted in a rough surface, which led to a rough 8-SiC/TiC, interface
and higher density of defects in the 8-SiC epilayers.

Two main differences were observed for the defects formed in (111) and (110) 8-SiC
epilayers. In the (110) B-SiC epilayer, most microtwins were stacked on top of each
other and were almost parallel to the interface. While the majority of microtwins in
(111) B-SiC were initiated from the 8-SiC/TiC interface and propagated perpendicular
to the interface plane. Another difference between the two orientations of B-SiC
epilayers was the density of defects. A high density of microtwins and DPBs were
formed in the (110) 8-SiC films, the DPBs extended all the way to the top surface of 8-
SiC, however, the DPBs formed in (111) B-SiC terminated within the film as it
thickened.

The main barriers to the development of 8-SiC using TiC, as the substrate are: (i) the
low quality of bulk-grown TiC, crystals and (ii) the dissimilar thermal expansion
coefficient between 8-SiC and TiC. Due to the imperfection of the TiC, growth
technique, substructures are formed in the nonstoichiometric TiC,, which largely degrade
the use of TiC, as the substrate material. The thermal property mismatch between TiC
and SiC makes it very difficult to obtain high quality 8-SiC thin films.
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Table 4.2 Effect of Growth Condition and Substrate Orientation on the Defect
Structures Formed in 8-SiC

Influencing Factor Defect Structures

Growth Condition (1) Optimum growth condition: Ts = 1157-1180°C,
and flow rate of 1,2 disilylethane reactant source =
3.2 scem.

(2) Non-optimum condition: result in higher

concentration of microtwins and DPBs.

TiC, Substrate Off-(111) | Misorientation led to a rough TiC, surface, thus a
Level rough B-SiC/TiC interface and high density of
microtwins and DPBs.

TiC, Substrate (1) Higher density of microtwins and DPBs in (110)
Orientation B-SiC than these defects in (111) B-SiC;

(2) Microtwins were stacked on top of each other and

were parallel to interface plane in (110) 8-SiC, while

microtwins were initiated from interface and

propagated perpendicular to the interface plane.

It




Chapter 5

Epitaxial Growth of TiC on 8-SiC and 6Ha-SiC Substrates

5.1 Introduction

The physical and electronic properties of TiC indicate that it can play an integral
role in SiC semiconductor device and circuit technology. Its low workfunction (=3
eV), 32159 Jow resistivity, ¥2!? and thermal stability® are desirable attributes for ohmic
contacts to n-type SiC and rectifying contacts to p-type SiC.®

The rock salt structure of TiC, can exist as a single phase in the composition
range 0.6<x<1.0.®® The minimum lattice parameter mismatch between TiC, (4.331
A at x=0.85)®® and 8-SiC (4.3582 A),*” is about 0.6%. The melting temperature of
TiC is about 3100°C,*® and it does not decompose or undergo phase transformations in
any temperature range of interest for B-SiC epitaxial growth, or for SiC device
applications at high temperature.

Single crystal interfaces of TiC on SiC can form nearly ideal electrical contacts.®?
Epitaxial growth of stoichiometric TiC on single crystals of SiC, and the properties of
the resulting TiC epilayer and the TiC/SiC interface have not been reported. However,
extensive studies have been conducted on the reaction layers including (1) thin film
growth of Ti on 8-SiC,®**» 6Ha-SiC,%, and Si,**® (2) metal matrix composite Ti-SiC,
57158 (3) SiC-SiC joints using Ti-containing alloys brazing.®*® It is generally accepted
that the reaction products are TisSi;, TiC and Ti;SiC,. It was also observed that the
formation of TiC during the deposition of Ti on SiC was performed by consuming the
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C atoms covering the surface and followed by an attack of the SiC substrate with the Si
being expelled to the surface as elemental Si.%*15% However, a good lattice match was
also observed between TiC and SiC.®” Therefore, it is possible to form an abrupt
TiC/SiC interface both from thermodynamic or from crystallographic points of view.
In this study, TiC epitaxial growth conditions were established. These conditions
were used to grow TiC epilayers on (0001) 6Ha-SiC bulk single crystal substrates, and
on (111) and (110) 8-SiC epilayers. The defects, crystallinity and thermal stability of

TiC epilayers and TiC/SiC interfaces were investigated using transmission electron

microscopy (TEM).
5.2 Experiment

Thin film growth of TiC was performed by atmospheric pressure chemical vapor
deposition in a cold wall, inverted-vertical CVD reactor as shown in Fig.2.2. The
growth sources were TiCl, (in a liquid state and therefore contained in a stainless steel
bubbler at 15 °C), and 10 volume % C,H, in balance H,. Hydrogen was used to
transport TiCl,, and to provide the make-up gas required to give a total flow rate of 2.9
SLPM for each growth run.

Substrates, either 8-SiC epilayers grown on bulk TiC, substrates or 6Ha-SiC
substrates, were first cleaned using the standard cleaning procedures in hot TCE, hot
acetone, and hot methanol for 5 minutes, respectively, followed by a 2 minute etching
in 4.8% HF to remove the native oxide surface layer. Substrates were subsequently
loaded into the CVD reactor and heated to the designed growth temperature in 2.9 SLPM
H,. The surfaces of (111) 8-SiC epilayers, grown on (111) bulk TiC surfaces, were used
as substrates to establish TiC epitaxial growth conditions. The conditions for TiC
epitaxial growth were identified by a parametric study of growth rate, surface
morphology, and crystallinity as a function of substrate temperature (1027 - 1277 °C)
and C,H, to TiCl, flow rate ratios (0.6 - 2.4). Substrate temperatures (T,) were read by
a Leeds and Northrup disappearing filament optical pyrometer, through a water cooling
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jacket at 20° relative to the substrate surface. The TiCl, flow rate was 0.85 sccm for
each growth run. Growth rates were measured from micrographs of angle lapped
surfaces. The as-grown surface morphologies and crystallinities were examined using
scanning electron microscopy (SEM) by secondary electron imaging and selected area
electron channeling patterns (SAECP), respectively.

Titanium carbide thin films were grown on three types of substrates: (110)-
oriented $-SiC, (111)-oriented B-SiC, and (0001) 6Ha-SiC. The heterostructures of
TiC/SiC were then annealed at 1400 °C for two hours after deposition of TiC. The
defect structures and interface properties were examined in thinned TiC/SiC cross-
sections, using a Hitachi-800 transmission electron microscope (TEM) at an operating
voltage of 200 kV. The TEM samples were prepared following the conventional
"sandwich method”. Slices were cut perpendicular to the interface using a low speed
diamond saw. Two slices were then glued together using epoxy to form a sandwich with
the TiC layers facing each other. The sandwich was mechanically thinned to about 20-30
pm and subsequently dimpled. Final thinning was performed with a 4 Kev Ar ion beam,
until the TiC/SiC interface was perforated.

5.3 Results

5.3.1 TiC Epitaxial Growth Condition

Epitaxial growth of TiC was obtained at T,> 1200 °C. Mirror-like as-grown TiC
surface were obtained at 1 <C:Ti<2. The surface morphology and growth rate were
functions of growth temperature T, and C:Ti ratio at all growth conditions investigated.
Rough surfaces were obtained at all T, when C:Ti<1. As-grown surfaces obtained
below 1200 °C were grainy under microscopic examination. The growth rate of TiC
epilayers (1.710.1 pm/hr) was dependent only on TiCl, flow rate at 1200 °C = T, <
1277 °C. The optimum TiC epitaxial growth conditions were identified as: growth rate
= 1.7 pm/hr, growth temperature T, = 1238 °C, and the C,H, to TiCl, flow rate ratio
(C:Ti) = 1.
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(@) 5 um

(b)
Fig.5.1 SEM micrographs showing a as-grown TiC epilayer on a (0001) 6He-SiC
substrate with: (a) surface morphology and (b) SAECP.
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Fig.5.1(a) shows an example of the TiC epilayers, with specular as-grown surface
morphologies, grown on a (0001) 6Ha-SiC substrate. The epitaxial character and
orientation of the TiC films were confirmed by selected area electron channelling patterns
(SAECPs) obtained from their surfaces. A sharp SAECP with three fold symmetry
obtained from the (111) TiC epilayer revealed in Fig.5.1(a) is shown in Fig.5.1(b).

5.3.2 Interfacial Structures of TiC/g-SiC
Six cases of TiC epitaxial thin films were studied as listed in Table 5.1, which

include TiC on (110)-oriented 8-SiC, TiC on (111)-oriented 8-SiC, TiC with thicknesses
of 1800 A, 1750 A, 160 A, and 70 A on (0001)-oriented 6Ha-SiC.

Table 5.1 TEEpitaxial Thin Films Examined I
Case Growth Structure |
1 TiC on (110) 8-SiC
2 TiC on (111) 8-SiC
3 TiC on 6Ha-SiC, TiC thickness = 1800 A
4 TiC on 6Ha-SiC, TiC thickness = 1750 A
|{ 5 TiC on 6Ha-SiC, TiC thickness = 160 A
“ 6 TiC on 6Ha-SiC, TiC thickness = 70 A

5.3.2.1 TiC on (110)-oriented §-SiC
Epitaxial TiC films grown on (110)-oriented $8-SiC contain defects including
threading dislocations, microtwins, and DPBs, although the density of these defects in
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TiC is substantially lower in comparison to B-SiC epilayers on which TiC were
deposited. Fig.5.2 is a TEM image showing the threading dislocations, microtwins, and
DPBs formed in a 1800 A thick TiC epilayer, which was grown on a (110) 8 SiC.

Threading dislocations are the primary defects formed in TiC films, as shown in
Fig.5.2. The dislocation density was roughly estimated as =250/um®. From the
observed dislocation visibility and the dislocation invisible criteria g+ b = 0, it was
found that these threading dislocations are unit dislocations with a Burger’s vector b =
a/2<110>, as expected for dislocations in a fcc crystal.

The microtwins and DPBs formed in TiC were the result of extension of
microtwins and DPBs present in the (110) 8-SiC. The direct correlation between a DPB
in TiC and a DPB in B-SiC can be noticed in Fig.5.2. The (110) B8-SiC used as the
substrate for TiC epitaxial growth, was grown epitaxially on a bulk-grown (110) TiC,
substrate. In chapter 4, it has been shown that 8-SiC grown on (110) TiC, substrates
contained a high density of microtwins and DPBs. These microtwins and DPBs extended
from B-SiC/TiC, interface to the free surface of 8-SiC epilayers. During the epitaxial
growth of TiC thin films, these microtwins and DPBs were then reproduced into the
epilayers. However, it should be mentioned that not every DPB or microtwin can extend
into TiC epitaxial film.

It may be difficult to identify a DPB from a dislocation in morphologies shown
in TEM micrographs. To determine whether it is a dislocation or a DPB, one thing
should be borne in mind that is, a dislocation is a linear defect surrounded by perfect
matrix , and a DPB is a planar defect which is the boundary between two twinning-
oriented domains. Therefore, a dislocation is revealed as a dark line and a DPB is
revealed as a boundary between two regions which have different contrast.

5.3.2.2 TiC on (111)-oriented g8-SiC
Threading dislocations, along with a small number of microtwins, were seen as
the primary defects formed in TiC films grown on (111) 8-SiC, no DPBs were observed

in this case. Threading dislocations formed in a TiC epilayer grown on a (111)-oriented
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125 nm
Fig.5.2 XTEM micrograph showing defects formed in a TiC epilayer grown on a (110)-
oriented B-SiC epilayer.
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B-SiC epilayer are shown in Fig.5.3. The density of threading dislocations in (111)-
oriented TiC epilayer, however, was higher than that in a (110)-oriented TiC epilayer,
from our TEM observations. The density of threading dislocations in (111) TiC was
roughly at 400/xm? which was 1.6 times the value of threading dislocations observed in
(110) TiC epilayers.

The lack of DPBs in (111) TiC is certainly attributed to the low density of DPBs
in (111) B-SiC. The (111) 8-SiC used as a substrate for TiC epitaxial growth, grown
epitaxially on a (111) bulk-grown TiC, substrate. TEM observations in chapter 4 showed
two main differences for the 8-SiC epilayers grown on (110) and (111) TiC, substrates.
First, microtwins formed in (110) 8-SiC and (111) B-SiC epilayers revealed different
orientations relative to the interface. In the (110) 8-SiC epilayer, most microtwins were
stacked on top of each other and were almost parallel to the interface. While the
majority of microtwins in (111) 8-SiC were initiated from the 8-SiC/TiC interface and
propagated perpendicular to the interface plane. Another distinguished difference
between the two orientation 8-SiC epilayers is the density of defects. Higher densities
of microtwins and DPBs were formed in the (110) 8-SiC films, and also these DPBs
extended all the way to the top surface of 8-SiC, while the DPBs formed in (111) 8-SiC
terminated within film as it thickening. These two differences are believed to attribute
for the lower number of microtwins and lack of DPBs in the TiC thin film grown on a
(111)-oriented 8-SiC.




104

0.1 pm

Fig.5.3 TEM micrographs showing defects formed in a TiC epilayer grown on a (111)-
oriented 8-SiC epilayer, which was obtained using g = (002) and B = [110].
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5.3.3 Interface Structures of TiC/(0001) 6He-SiC

Four thicknesses of TiC thin films were grown on (0001) 6Ha-SiC substrates,
which are 1800 A, 1750 A, 160 A, and 70 A, respectively. Generally, TiC thin films
grown on 6Ha-SiC substrates were superior to these grown on 8-SiC. The epitaxial
TiC/6Ha-SiC interfaces were flat and did not chemically react, even after being annealed
for 2 hours at 1400 °C. The variation of the TiC epilayer quality with its thickness was
examined using TEM in cross section.

Fig.5.4 is a TEM image of the TiC/6Ha-SiC interface showing a very low density
of threading dislocations formed in the TiC epitaxial thin film. These cloud-like dark
shadows present at the TiC/6Ha-SiC interface were the result of coherency loss between
TiC and 6Ha-SiC. The threading dislocation density was about 100/um?.

For a thinner TiC epilayer, the TiC/6Ha-SiC interface became more sharp,
although threading dislocations were still present. Fig.5.5(a) shows a TEM image of the
1750 A thick TiC on 6Ha-SiC in cross section. The lattice fringes were formed by
(0006) planes in the 6Ha-SiC substrate. From Fig.5.5(a), it can be seen that the
interface was flat and contained no inter-diffusion or phase transformation products.
The flat interface demonstrates the difference in thermal stability of TiC/SiC interfaces
formed by epitaxial TiC growth and those formed by Ti deposition and subsequent
annealing. %1% In the case of Ti deposition on a SiC substrate, TiC was formed at
expense of SiC; thus, creating free Si. Therefore, the TiC was in contact with free Si,
which then reacted with the free Si to form Ti,Si, and Ti;Si; above 800 °C. However,
in the case of stoichiometric TiC deposition on a SiC, there was no free Si with which
the TiC could react; thus, the interface was thermally stable to at least 1400 °C.
Fig.5.5(b) and (c) are the selected area diffraction (SAD) patterns acquired from the TiC
and 6Ha-SiC two regions in Fig.5.5(a). The SAD patterns indicate that the TiC layer
and the 6Ha-SiC substrate have a crystal orientation relation: {110}y // [2110)gy.5ic and
(111)gc /7 (0001)gy.sc- This agrees with the result reported previously.




106

6Hao—SiC

0.1 ym
Fig.5.4 A TEM micrograph showing a 1800 A TiC epilayer grown on a (0001) 6Ha-
SiC substrate.
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6Ha=SiC

@@  0.05 um

(®) ©
Fig.5.5 (a) A TEM image showing a 1750A TiC epilayer grown on a (0001) 6Ha-SiC
substrate, (b) SADP from TiC region, and (c) SADP from 6H«-SiC region.
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(b) 0.1 gm
Fig.5.6 TEM images showing a 160A TiC epilayer grown on a (0001) 6Ha-SiC
substrate with (a) BF and (b) DF, using g = (0006) and B = [1120].



0.05 um
Fig.5.7 A TEM image showing 70 A TiC grown on a (0001) 6Ha-SiC substrate.
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When a thin TiC layer was deposited, a non-uniform layer was observed.
Fig.5.6(a) and (b) are the TEM images of a 160A thick TiC layer in bright field (BF)
and dark field (DF), respectively. It can be seen that the thin TiC layer is not a
continuous film but consists of discrete islands. The TiC thickness 160 A was
determined based on a rough average value. The nonuniform TiC layer was due to
island nucleation mode.® During the nucleation and the initial growth of vapor phase
epitaxial growth, nuclei are first formed on the substrate randomly. These nuclei grow
three dimensional; and eventually agglomerate into a continuous film. However, if the
deposit is too thin, the growth was over before these island-shape nuclei reach each other
in the lateral direction, then a non-continuous layer is generated.

This non-uniform TiC growth was also observed in 2 70 A thick TiC film, as
shown in Fig.5.7. However, no defects such as threading dislocations were observed
within the TiC.

§.4 Discussion

5.4.1 Formation of Threading Dislocations in TiC Film

TEM observations showed that threading dislocations as the primary defects are
formed in TiC epitaxial films grown on either 8-SiC or 6Ha-SiC substrates. A basic
concept in dislocation theory is that a dislocation line can never terminate within a
crystal, %139 Dislocations must form either closed loops, branch into other dislocations,
or terminate at a grain boundary or crystal surface.

A misfit dislocation usually lies in the interface plane formed by the two
materials. Since misfit dislocations can not terminate within the crystal, it then extends
its way through the thin overlayer and terminates at the growth surface. Part of the
dislocation network is envisioned as threading through the epilayer film; such a
dislocation is known as a threading dislocation, as shown in Fig.5.8.

The formation of threading dislocations is associated with misfit dislocations.

Due to the lattice parameter difference between TiC and SiC, misfit dislocations were
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MISFIT DISLOCATION

Fig.5.8 Ittustration of a threading dislocation connected with a misfit dislocation buried

in the interface plane.
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formed in the TiC epitaxial films when its thickness was over a critical value for
pseudomorphic growth, see section 2.4.2. Threading dislocations were then created
when misfit dislocations glided across the epilayer. Misfit dislocations are an intrinsic
part of the structure and cannot be avoided in an equilibrium configuration, however,
threading dislocations are a function of the experimental situations (i.e. purity, surface
cleanliness, growth condition etc.) and can be varied by a large factor.

The variation of threading dislocation density formed in TiC epilayers grown on
(110) and (111)-oriented B-SiC are due to the differences in the distribution of
microtwins in the two orientation 8-SiC epilayers. It was shown in chapter 4,
microtwins formed in the (111) 8-SiC epilayer were almost perpendicular to the 8-SiC
free surface, and therefore, led to a rough surface for subsequent TiC epitaxial growth,
These high energy surface steps on a (111) 8-SiC became the initiation sites of threading
dislocations. For the (110) 8-SiC, most microtwins were stacked on top of each other
and were almost parallel to the 8-SiC surface. In this case, TiC thin film was deposited
on a flatter surface, which then produced a lower density of threading dislocations.

5.4.2 Reproduction of Defects From 8-SiC To TiC

Some of the microtwin or DPBs formed in the TiC epilayers were reproduced
from 8-SiC substrate. From the TEM observations, Fig.5.2 and Fig.5.3, defects present
in 8-8iC extended into the TiC epitaxial films. The reproduction of these microtwins or
DPBs can be explained using the island nucleation mechanism. The island mode is the
most common nucleation mechanism in a chemical vapor deposition process. Fig.5.9
and Fig.5.10 schematically illustrate the rough 8-SiC surface caused by the presence of
microtwins in 8-8iC, and the stacking sequence variations across a DPB, respectively.
Discrete nuclei were first formed randomly on the substrate surface. Each nucleus had
the same stacking sequence or crystal orientation relative to the substrate below it, as
shown in the first stage (a) of Fig.5.9. The nucleus on top of the twinning area had the

same stacking sequence Abcabc... in comparison to the neighboring nuclei, however,
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Fig.5.9 Reproduction of microtwins from 8-SiC into TiC films due to island nucleation
and epitaxial growth.
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Fig.5.10 Reproduction of DPBs from 8-SiC into TiC films due to island nucleation and

epitaxial growth.
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there was a twinning relation between them. In the case of Fig.5.10, the nucleus I
deposited in the order of Abcabe..., and the nucleus I continued in the order of
Acbacb.... Lateral growth of these nuclei resulted in the impingement of neighboring
islands, therefore, microtwins and DPBs were formed in the TiC film.

5.4.3 Dependence of Strains in TiC Epilayer on Its Thickness

Strains were introduced in the TiC epilayer grown on a $-SiC or 6Ha-SiC
substrate due to the lattice mismatch. The strain versus TiC thin film thickness can be
illustrated using reduced strain unit as:

¢ M:.f_. 6.1

where ¢ is the critical strain, e, is the maximum strain (¢, = f, the misfit).

The critical strain ¢ is the value which minimize the total strain and therefore
relates to strain of film at the critical thickness h,. The ¢ is a function of the thin film
thickness as discussed in chapter 2, it is given by

b h '
. A fid 1], h 5.2a
81:(1+v)hnn(b)+] h >h, ©-2)
and
e =f  h<h, (5.2b)

The critical thickness h, is defined as:%%®

b h,
T S A— T 0. R | (5.3
¢ 81:(1+v)f[m(b) ]

In the epitaxial structures of TiC on §-SiC or TiC on 6He-SiC system, lattice
misfit f is 0.006, the Burgers’ vector b is a/2[110] = 3.06x10® cm. The Poisson’s ratio
of TiC is 0.2."Y  The equ.(5.3) was satisfied when h/b = 22.8, and therefore, the
critical thickness value of TiC films was about 70 A.
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When the TiC film thickness is over h,, the reduced strain can be obtained using
equation (5.1), (5.2a), and (5.3),

h +
i [lnl(-b-) 1]

€rd = h>h (5.4)

h h ’
"‘ﬂn(-—bf) + 1]

By defining the reduced thickness as h,, = h/h,, this strain versus thickness in
reduced units can be shown in Fig.5.11 for TiC thin film grown on a §-SiC or on a
6Ho-SiC substrate, respectively. Beyond the critical thickness, strain decreases
approximately as 1/h,;, When the TiC layer thickness was less than h,, the TiC epilayer
was strained to precisely match the SiC substrate at the interface. As TiC thickened, this
mismatch strain was reduced and the interface lost its coherency by forming misfit
dislocations. Therefore, the incoherency at the TiC/SiC interface became larger in a
thicker TiC epilayer, as observed in Fig.5.2. The strain does not reduce infinitely with
TiC thickness, but becomes stable when the thickness is over about 10 times the critical
value, which is about 700 A.

The critical thickness of 70 A for a TiC on a 6Ho-SiC also implys that, a
pseudomorphic TiC layer can be obtained within this thickness. No dislocations were
observed for the TiC epilayer with a 70 A thickness, as shown in Fig.5.8.
Unfortunately, a non-uniform layer was produced when very thin TiC was deposited.
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Fig.5.11 Strain versus thickness relationship of a TiC thin film grown on a 6Ha-SiC

substrate.
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5.5 Conclusions

Conditions were established for epitaxial growth of TiC (rocksalt structure) on 8-
SiC (zincblend) and 6Ha-SiC (wurtzite) structures. Epitaxial growth of TiC on (110) 8-
SiC, (111) B-SiC, and (0001) 6Ha-SiC, was demonstrated, and the TiC/SiC interfaces
remained flat and free of titanium silicides even after annealed at 1300-1400°C for two
hours.

Along with the primary defects of threading dislocations, microtwins and DPBs
were also formed in a TiC film grown on a (110) B-SiC, but no DPBs were observed in
a TiC grown on a (111) B-SiC. The lack of DPBs in the (111) TiC epilayer was
attributed to the terminations of DPBs present in the (111) 8-SiC on which TiC was
grown. The formation of microtwins or DPBs in the TiC films were the result of
reproductions of these defects present in 8-SiC substrates.

The TiC epitaxial films grown on (0001) 6H«a-SiC were superior to that grown
on (110) or (111) B-SiC, owning to the good crystal quality of bulk grown 6Ha-SiC
substrate. Threading dislocations were the only defects observed in TiC epilayers grown
on (0001) 6Ho-SiC. The TiC/6Ha-SiC interface coherency was dependent on the TiC
epilayer thickness, interface incoherency became visibly large when TiC thickness
exceeded 1750 A. when a thin TiC with thickness less than 160A was deposited on a
6Ha-SiC substrate, non-uniform TiC layer was produced due to thé slow lateral growth.




Chapter 6

CONCLUSIONS AND FUTURE WORK SUGGESTIONS

A potential high performance semiconductor material 8-SiC was synthesized on
(111), off-(111), and (110) bulk-grown TiC, substrates using a CVD process and 1,2-
disilylethane as the reactant source. Epitaxial growth of TiC thin films were also
obtained on (110)8-SiC, (111)8-SiC, and (0001)6Ha-SiC substrate. Defects formed in
8-SiC and TiC epilayers were characterized using TEM in cross-section.

The TiC, material used as the substrates for 8-SiC epitaxial growth was obtained
by a high-pressure float-zone technique. These TiC, crystals are nonstoichiometric with
carbon deficiency, and also contain substrates and inter-subgrain defects. The sub-
boundaries were classified by their structures as: (i) wide-extended, fault-like defects
(WEFLD), (ii) edge dislocation arrays, and (iii) dislocation networks. The planar
defects, observed on sub-boundaries and within sub-grains, resemble an stacking fault-
like characteristics. This is the first reported observation of planar defects formed within
TiC, subgrains, to our knowledge. Annealing of TiC, at 2300 °C in contact with
graphite, caused a significant reduction in the misorientation level and/or density of
subgrains.

Single crystal 8-SiC films grown on the TiC, substrates contain microtwins and
DPBs. The density of these defects were found to be affected by the growth conditions
and the TiC, substrate orientations. An optimum growth condition was growth
temperature T, = 1157 - 1180 °C and the reactant source flow rate Qpsy = 3.2 scom.
Deviation of either growth temperature or flow rate led to higher concentration of
microtwins and DPBs in 8-SiC. The TiC, substrate with a small angle off from the
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desired (111) orientation resulted in a rough surface, which then led to a rough §-
SiC/TiC, interface and higher density of defects in the §-SiC epilayers. Two main
differences were observed for the defects formed in (111) and (110) 8-SiC epilayers. In
the (110) 8-SiC epilayer, most microtwins were stacked on top of each other and were
almost parallel to the interface. While the majority of microtwins in (111) 8-SiC were
initiated from the 8-SiC/TiC interface and propagated perpendicular to the interface
plane. Another difference between the two orientation 8-8iC epilayers was the density
of defects. High density of microtwins and DPBs were formed in the (110) 8-SiC films,
and also the DPBs extended all the way to the top surface of 8-5iC, however, the DPBs
formed in (111) 8-SiC terminated within film as it thickened.

Epitaxial growth of TiC on (110) 8-SiC, (111) 8-SiC, and (0001) 6H«o-SiC, was
demonstrated, and the TiC/SiC interfaces remained flat and free of titanium silicides even
after annealing at 1300-1400°C for two hours. Along with the primary defects of
threading dislocations, microtwins and DPBs were also formed in a TiC film grown on
a (110) 8-SiC, but no DPBs were observed in a TiC grown on a (111) 8-SiC. The TiC
epitaxial films grown on (0001) 6Ha-8iC were superior to those grown on (110) or (111)
B-SiC, owing to the good crystal quality of bulk grown 6Ha-SiC substrate. Threading
dislocations were the only defects observed in TiC epilayers grown on (0001) 6Ha-SiC.
The TiC/6Ha-SiC interface coherency was dependent on the TiC epilayer thickness,
interface incoherency became visibly large when TiC thickness exceeded 1750 A. When
a thin TiC with thickness less than 160 A was deposited on a 6Ha-SiC substrate, non-
uniform TiC layer was produced due to the slow lateral growth.

The main barriers to the development of 8-5iC using TiC, as the substrate are
lying in two aspects: (i) the low quality of bulk-grown TiC, crystals. Substructures
formed in the nonstoichiometric TiC, largely degrade its use as the substrate material
although the substrate density was reduced substantially through an annealing process.
(ii) the dissimilar crystal structures, thermal expansion coefficient, and chemical
compositions between $-8iC and TiC make it very difficult to obtain high quality 8-8iC
thin films. Epitaxial growth of 8-SiC on a intermediate layer TiC, which was deposited
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epitaxially on a (0001) 6Ha-SiC substrate, seems to be a promising approach. In this
heterostructure, the interface plane lattice mismatch is very small for both interfaces
TiC/6Ha-SiC and 8-SiC/TiC. Secondly, the thermal properties of §-SiC and 6Ha-SiC
are similar, and therefore, thermal stress will be at a very low level if the intermediate
TiC layer is substantially thin. The problem with this approach at the present time,
however, is that conditions for a uniform thin TiC layer on 6Hwo-SiC have not been
obtained. The suggestion for future work is the growth condition optimization of thin
TiC epilayer on (0001) 6Ha-SiC substrate, and the study of TiC growth on off-(0001)
6Ha-SiC.
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