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ABSTRACT

DEVELOPMENT AND CHARACTERISATION OF TiC OHMIC
CONTACTS FOR N-TYPE SiC

Ajay K. Chaddha, Ph.D

Supervising Professor: James D. Parsons

TiC ohmic contact metallization to n-type B-SiC and 6Ho-SiC was
developed and characterized. TiC was deposited using dc sputtering and chemical
vapor deposition.

A metal-organic chemical vapor deposition (MOCVD) system, with an
inverted vertical reactor, was designed and built. A MOCVD process using a single
reactant source (1,2-disilylethane or Si,C,H,,) was optimized and used to grow
single crystal SiC on TiC substrates. The epilayers had a smooth morphology and
were free of double positioning boundaries, antiphase domains and stacking faults.
NH; was used for in-situ nitrogen doping. In-situ B doping for isolation layers was
achieved by B,H;. Epitaxial CVD TiC was grown on SiC using TiCl, and C,H,
sources. Sputtering system was built and TiC sputter deposition was developed.

Transfer length method was used to measure the specific contact resistance

(p.), sheet resistance of n-type SiC (p,) and contact resistance (R.) of TiC ohmic
xi




contacts. TLM test structures were fabricated using photolithography, reactive ion
etching (SFq) and wet etching.

The p. values obtained are the lowest ever reported for ohmic contacts to n-
type SiC. Average p, obtained for epitaxial TiC contacts on n* (4 x 10" cm™?) 6Hao-
SiC was 1.30 x 10 Q.cm? and for sputtered TiC contacts = 2.89 x 10 Q.cm?. The
=~ 55% lower p. for epitaxial contacts compared to that of sputtered contacts
suggests that epitaxial ohmic contacts are more ideal Schottky barriers. For epitaxial
TiC contacts on n* (2 x 10! cm3) B-SiC, p, was 5.44 x 10 Q.cm? which is 60%
lower than for CVD TiC/n* 6Ho-SiC contacts. The comparative value is in
accordance with superior transport properties of B—SiC.

Cross-sectional transmission electron microscopy of CVD TiC/SiC interface
did not show presence any third phasés‘ or interdiffusion. Contact resistance
remained unaffected after subjecting the contacts to high current density conditions

for one hour. Excellent hardness and adhesion was shown by all contacts.
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CHAPTER 1

INTRODUCTION

The potential of SiC semiconductor for high power, high temperature and
high frequency applications in electronics is well recognized.!S Owing to its
superior electronic properties it can out perform semiconducting materials currently
in use.

However, the SiC device technoklgégj’development is still in its infancy.
Significant progress in single crystal synthesis and device processing has been made
in recent years,”® especially in case of 6Ho—SiC. High quality bulk grown 6Ho—SiC
single crystals are now commercially available which can be used for homo-
epitaxial chemical vapor deposition of 6Ho—SiC thin films.!? The same is not true
for B~SiC. Hetero-epitaxial chemical vapor deposited B—SiC thin films grown on Si
and 6Ho—SiC substrates continue to be plagued by high defect densities. A large
part of the problem is the choice of substrates, namely Si and 6Ho—SiC. On the
other hand, Parsons et al.!3'772 have dévéloped B-SiC thin film synthesis by
chemical vapor deposition on TiC substrate and this approach has shown most
promise thus far. B—SiC epitaxial growth on TiC substrate comes very close to a
lattice matched growth and hence yields epilayers with significantly lower defect

densities.




On the device processing front of the technology development, development
of ohmic contact metallization for the semiconductor is critically important. The
requirements in case of SiC are particularly stringent because not only do the ohmic
contact resistances have to be very low (for‘ high frequency device operation) but
they also must be stable at high temperature and high power (high current density)
conditions. Most important power devices require only n-type ohmic contacts,
therefore considerable effort is presently devoted to exploring n-type SiC ohmic
contact materials, contact formation processes and contact/SiC interface
properties.?>%6-104112 The lowest reported specific contact resistances to n-type
SiC97-10L112 gre greater than 10 Q.cm?. Specific contact resistances of the order of
10 Q.cm? are desired for operation of gigahertz frequency range SiC circuits.

The need for a contact metal to éompletely meet all the requirements of
ohmic contacts for n-type SiC, led to the objective of this research work to
investigate and develop TiC ohmic contact metallization for n-type SiC. The work
was accomplished using following major steps:

(1) Optimization of B—SiC and 6Ha—SiC epitaxial growth by metal-organic
chemical vapor deposition (MOCVD) on TiC and 6Ho—SiC substrates respectively.
This step was necessary because good quality single crystal SiC thin films were
needed to form the contact layers for the ohnnc contacts.

(2) Sputter deposition and chemical vapor deposition of TiC on p—SiC and
6Ho—SiC. These were the two contact formation processes selected for TiC ohmic
contact metallization.

(3) Measurement of specific contact resistance!% (contact resistance per unit




area) of the TiC ohmic contacts deposited by the two contact formation processes. In
order to do the measurements, Transfer length measurement (TLM) structures were
fabricated on which the measurements were performed.

(4) Comparison of the results of specific contact resistance measurements,
i.e sputter deposited ohmic contacts versus chemical vapor deposited, and ohmic
contacts to B—SiC versus ohmic contacts to 6Ho—SiC.

(5) Determination of hardness and adhesion of TiC contacts, and
determination of stability of TiC/SiC interface. The interface stability was evaluated
by two methods. First, by cross-section transmission electron microscopy of
chemical vapor deposited TiC/SiC interfaces (effect of high temperature) and
second, by subjecting the ohmic contacts to high current density conditions for long
duration. o

This dissertation is organized into seven chapters including this introduction.
Chapter 2 contains a literature review of SiC device technology, including its
advantages as a semiconducting material, recent progress in research and the main
hurdles facing SiC device technology development. Chapter 3 discusses the
approach taken for single crystal SiC synthesis and results of process optimization.
The choice of TiC to form ohmic contacts to n-type SiC, the selection of contact
formation processes, and the processes that were developed, are described in chapter
4. Chapter 5 presents the methods and procedures used to characterize the TiC
ohmic contacts. Results and discussion of ohmic contact characterization constitute

chapter 6. Conclusions are presented in chapter 7.




CHAPTER 2

LITERATURE REVIEW OF SiC DEVICE TECHNOLOGY

The unique thermal and electronic properties of silicon carbide have been
known since early 1950’s. These properties have lead to one of the highest figures of
merit!3 for any semiconductor material for use in high power, high speed, high
temperature, high frequency and radiation hard applications. SiC synthesis was a
bottleneck to any rapid progress in the development of SiC electronics for a long
duration. Only in recent years has the development of SiC device technology been
given a new impetus by significant advan::es in SiC synthesis.!31317 This chapter

reviews these recent developments along with the properties which make this

semiconductor so promising for afore-mentioned applications.

2.1. CRYSTAL STRUCTURE OF SiC

Silicon carbide is the only stable compound species that exists in the solid
state in the Si-C system. It has four known polymorphé with the following crystal
structures:2022 cubic (C), hexagonal (H), rhombohedral (R), and trigonal (T). The
cubic form crystallizes in a zincblende (ZhS)k‘structure and is known as 3C-SiC or
B-SiC. The rest of the crystal structures are collectively referred to as a-SiC.

SiC, a close-packed structure, exhibits an unusual phenomenon of

4




polytypism.2?3 Polytypism can be called a one dimensional polymorphism.
Polytypes are alike in the two dimensions of the close packed planes but differ in the
stacking sequence in the direction perpendiéular to these planes. In SiC, a specific
polytype is identified according to the stacking sequence of double layers of Si and
C atoms. Each double layer consists of close-packed Si over a close-packed C. This
double layer is actually a close packed plane of covalently bonded primary
coordination tetrahedra (either SiC, or CSi4).- Only three possible relative positions
for the double layers are allowed in a close-packed stacking arrangement, denoted
by A, B, C. The stacking sequence for $—SiC is that of a face centered cubic, i.e.
ABC. The rest of the crystal structures (0—~SiC) have a simple hexagonal stacking
sequence ABAB or more a complex, wider range, larger period stacking sequence.
More than 250 stacking sequences and hence polytypes have been identified in o—
SiC.2* Some common SiC polytypes are listed in Table 2.1. In the notation of each
polytype, the number preceding the crystai s&ucture designator (C, H or R) is the

number of double layers in a stacking repeat sequence.

Table 2.1: Selected SiC Polytypes.

Notation Stacking Sequence
Cubic or Beta 3C ABCABC...
2H ABAB...
Alpha 4H ABACABAC...
6H ABCACBABCACB...
ISR | ABCBACABACBCACB..




Different polytypes have similar physicochemical properties but offer a wide
range of band gap energies (from 2.4 eV to 3.3 eV) and differ in other electrical
properties.?> This increases SiC’s versatility giving rise to interesting different

applications from electronics viewpoint.

2.2. SiC AS A SEMICONDUCTOR

B-SiC, because of its unique propértie.s, is the best candidate for meeting the
future semiconductor device and integrated circuit requirements, namely

(1) higher operating temperatures

(2) higher power outputs

(3) higher operating frequencies

(4) high speed integrated circuits

(5) greater resistance to radiation damage

2.2.1. HIGH TEMPERATURE, CORROSION RESISTANT PROPERTIES

Si electronics start to fail in hostile environments. Most corrosive gas species
etch or easily diffuse into Si at temperatures as low as 100 °C. It becomes
impossible to use Silicon above 300 °C for extended periods of time because of
movement of dopant impurities. SiC on the other hand has very low diffusion
coefficients of dopant impurities and is an extremely inert material, that can only be
etched by molten alkalis or chlorine and hydrogen gases at high temperatures.

The properties considered to be imost important for high temperature

semiconductor applications are: (1) Band gap energy, (2) chemical stability, (3)




Debye temperature, (4) density, (5) fractional ionic character of interatomic bonds.

Wide band gap semiconducting materials are less susceptible to thermal
excitation of charge carriers by internal or external heating and hence less
susceptible to thermal runaway.

Chemical stability is of primary importance because it is essential that the
semiconductor does not decompose or undergo a phase transformation at operating
temperatures. High bond strength of Si-C bond (= 5 eV) causes high chemical
stability in SiC.

The Debye temperature is that temperature at which virtually all lattice
modes are oscillating at maximum or Debye frequency (vp) for a particular crystal
lattice. This parameter is important, because as the distribution of lattice frequencies
approaches vy, the electronic transport properties deteriorate due to increased
collisions between charge carriers and the crystal lattice. The Debye temperature for
SiC is at least double than that for Si and GéAs (Table 2.2).

Density can be considered as a qua;litative measure of resistance to diffusion
of foreign atoms in the lattice. Dopant atoms are less likely to move in a dense
crystal. SiC has a high density of 3.21 g/cm? whereas Si has a density of 2.32 g/em3,
at 300 °K.

The fractional ionic character of the interatomic bonds is very important for
semiconductor device applications. The donor electrons and acceptor holes become
more tightly bound as the fractional ionic character of the bonds in a crystal
increases. This gives rise to poor electronic ;Etransport properties and increases the

voltages required to move current. The ultimate effect of increasing the fraction of




ionic bonding is that the voltages required to free electrons and holes from donor
and acceptor atoms, respectively, are also sufficient to free electrons from host
atoms and to move ions. In this worst case scenario the material would become

conductive. SiC has a acceptable fractional ionic character of 0.18 and Si of 0.00.

2.2.2. HIGH POWER, HIGH FREQUENCY, HIGH SPEED PROPERTIES

SiC is not only suitable for high temperature, corrosion resistant
semiconductor requirements but also has an excellent potential for: (1) higher power
outputs, (2) higher operating frequencies, and (3) increased device packing density.
The key properties responsible for such performance are: (1) large band gap, (2)
high breakdown electric field, (3) high thermal conductivity, (4) low dielectric
constant, (5) high saturated drift velocity, and (6) high low field mobility (Table
2.2).

As stated earlier, large band gap semiconducting materials are less
susceptible to thermal runaway. This enables them to operate at higher power levels
and handle higher current densities becaﬁsé the heat dissipated due to joule effect
does not degrade performance. Also, they usually posses high breakdown electric
field. This parameter has dual importance in power devices. Its primary importance
in power switches is to maximize the reverse blocking voltage or to reduce the
channel thickness required to block a given voltage. In high frequency power FET’s,
it allows one to reduce the device dimension for a given power output and thus
increases maximum operating frequency.

b3

Thermal conductivity (c,) is a limitingtfactor in the duty cycle and maximum




packing density of high frequency, high power devices. SiC has o, equivalent to that
of copper at room temperature, unlike any other semiconductors. In qualitative
terms, SiC can dissipate 3.3 times more power than Si and 10 times more power
GaAs for the same amount of cooling.

The dielectric constant (x), the ratio of permittivity of the semiconductor to
the permittivity of free space, is important to high frequency device operation
through its effect on the dielectric relaxation time. This is because the amount of
charge to set a given potential is directly prdportional to K. A low x value, as is in
the case of SiC, also results in lower parasitic capacitances, and a smaller impedance
per unit device area. This means a smaller transistor can drive the same electrical
signal and device size reduction can be achieved.

The maximum frequency of operation for a transistor is decided by the
minimum charge transit time from the point of injection to the point of collection.
The charge transit time depends on the low field mobility and saturated drift velocity
of the carriers. B—SiC has a mobility value comparable to that of Si whereas 6Ho—
SiC has lower mobility value. This is becziusc; B-SiC has higher symmetry than o—
SiC and reduced phonon scattering. The reported values of mobility for SiC in Table
2.2 have considerable uncertainty because of variation in material quality. An
important fact here is that SiC has a higher Debye temperature than Si or GaAS
which means that it will experience much less mobility reduction per degree rise in
temperature.

Small devices generally operate at highef electrical fields where the

maximum operating frequency depends Sn the saturated drift velocity (V). The
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V. value for f—SiC determined by Parsons ;t al. lies between 2.0 x 107 cm/s and
2.5 x 107cm/s,?> whereas the theoretically predicted value is approximately 2.5 x 107
cn/s.3 6Ho-SiC has a slightly lower value of 2.0 x 107 cm/s*é due to higher phonon
scattering. Both values are superior to those of GaAs and Si.

Table 2.2: Comparison of important electronic properties of B-SiC, 6Ho.-SiC, Si
and GaAs.

Properties Units B-SiC | 6Ho-SiC Si GaAs | Reference
Bandgap Energy eV 235 | 2.86 1.12 1.43 26-28
N-type Dopant meV 20 63 39 6 28-30
Eq
P-type Dopant meV 160 210 45 26 28,30,32,
E, 33
Drift mobility cm?V-s | > 800 <400 1380 | 8500 | 28,34,36
(Electrons)
Drift mobility cm?/V-s ? ? 495 400 28,34
(Holes) ‘
Hall mobility cm?/V-s 750- 400-607 | 1500 9000 | 28,31,37-
(Electrons) 4670 1. 42
Hall mobility cm?V-s | 50-650 50 450 450 | 28,42,43
(Holes)
Breakdown Electric | V/iem | >5x10% | >5x10%|3x10° | 4x10° | 2844
Field Eg
Saturated Drift em/s [ 2.5x107 | 2x107 | 1x107 | 2x107 | 28,36,37,
Velocity (e7) v, 45,46
Dielectric Constant 9.7 297 11.8 12.8 47
K (&//g9)
Thermal Wi/cm 49 49 1.5 0.5 48
Conductivity o, °K

Debye Temperature °K 1430 -+ 1270 636 360 20,50,51




2.3. SiC SYNTHESIS

High performance devices requirev semiconductor material with good
crystallinity, very low defect density and background carrier concentration. The
difficulty in producing such high quality material has been the main obstacle in SiC
device technology development. The following subsections give a review of recent

developments in bulk crystal and thin film synthesis of SiC.

2.3.1. BULK CRYSTAL GROWTH

Commonly used methods of growihg and purifying bulk single crystals, such
as melt growth (Czochralski method) and zone refining (Floating-zone method),
cannot be used for SiC. This is due to the fact that SiC does not melt, but dissociates
at 2830 °C under Ar pressure of 35 atmospheres.*® Prior to mid 1950’s, SiC was
only available from the industrial Acheson process for making abrasive material. In
1955, Lely™? reported the development of a sublimation process for growing higher
purity o.-SiC single crystals. This process met with some success but had problems
of uncontrolled nucleation and randomlyAsiz‘ed crystals consisting of polytypes.
Subsequent research’!! has resulted in the implementation of a seeded-growth
sublimation process wherein only one large crystal of a single polytype is grown. In
this process nucleation occurs on a SiC seed crystal located at top or bottom of
cylindrical growth cavity. Similar to Lely process SiC sublimes from a
polycrystalline source to form Si, Si,C and SiC, which diffuse through a porous
graphite retainer and along carefully programmed thermal and pressure gradients to

impinge on the growing crystal.
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However, bulk crystal growth of B~SiC by sublimation has been
unsuccessful due to the fact B—SiC is unsta‘lble» above 1600 °C33, much lower than the

temperature needed by sublimation process, and tends to convert to a-SiC

polytypes.

2.3.2. THIN FILM GROWTH

The reportedly successful vapor phase epitaxy (VPE) approaches consist of
growing single crystal B—SiC epilayers by chemical vapor deposition (CVD) or
Molecular beam epitaxy (MBE) on Si, 6Ho~SiC and TiC substrates. The VPE
approach is important for SiC device techﬁolbgy development because it is the only
method by which controlled n-type, p-type, and compensation doping have been
demonstrated.>* In this section the development of these CVD approaches and their
utility to B—SiC device technology development will be discussed.

The availability of large area monocrystalline Si in well characterized,
reproducible forms of controlled purity spurred its use as a substrate for —SiC
epitaxial growth. B—SiC on Si was first achicved by Nishino et al. in 1983 using a
two-step CVD process!3. Later on thle A{las been duplicated and modified
worldwide 3360

In this approach, first carbonization of Si substrate is achieved via reaction
with a carbon containing gas (C,H, or CsHg). A “converted layer” or a “buffer
layer” forms, on top of which B—SiC thin films are grown using SiH, and C,H, or
C;H;.

The lattice parameter of Si and p—SiC differ.by about 20% and coefficients
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of thermal expansion by about 8%. Although the purpose of the converted layer is to
reduce this mismatch, the layers still have a high defect density. Microstructural
analysis via transmission electron microscopy has revealed presence of intrinsic
stacking faults, microtwins, misfit dislocations and inversion domain
boundaries!®196! (a k.a. antiphase boundaries). The density of first two defects is
higher at the interface, it decreases over a distance of 3-4 um and becomes
approximately equal to that at the surface even for very thick films. Inversion
domain boundaries also extend all the way to the surface of the film. The inversion
domain boundaries can be reduced or elinﬁna;cd by growth on off-axis orientations
instead of on-axis orientations.%? o |

Another problem with the B—SiC thin films is heavy compensation. Hall
measurements indicate that while net electron carrier concentration in
unintentionally doped material is in low 10'® cm? range, the atomic donor and
acceptor concentration are about 10! cm® (i.e. N,/Np > 0.9).4262 The source of
compensating acceptors is unknown.

Gas-source MBE of B—SiC on Si has reported B-SiC films nearly as good as
those produced via CVD at high temperatuxj'es".’63

In an attempt to substantially reduce the concentrations of all defects
simultaneously, growth on the Si (0001) and C (0001) faces of commercial 6Ho~
SiC single crystals has been investigated.'* The resulting films were B~SiC (111)
with lower defect density. The only significant defects were double positioning
boundaries (DPB’s) on both Si and C faces.54%5

The occurrence of DPB’s can be explained as follows. There are six atoms
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on the surface of the hexagonal basal plane to which depositing atoms can bond. If
the depositing atoms nucleate as a cubic structure, then there can be only three
bonds to the six basal plane atoms. Thus, to form a cubic structure, the nucleating
atoms must attach to every other atom in the basal plane of the hexagonal lattice.
This results in two equivalent sites (e.g., B and C on plane A in conventional crystal
notation in the [111] direction) on a 0001 or a (111) surface. A nucleus forming from
an assembly of atoms on A sites will be rotated sixty degrees relative to a nucleus
growing on B sites. If the nuclei are incoherent, stacking faults may form to release
the internal energy at the boundaries of the nuclei. If these nuclei grow and meet
each other, DPB’s are formed between thé;n. N

The elimination of DPB’s was achieved by using vicinal 6Ho—SiC
substrates (few degrees off the basal plane), but this yielded homo-epitaxial 6Ho—
SiC layers rather than B—SiC layers.%6-6 Powell et al. patterned a 6Ho—SiC substrate
with 1mm? die-sized areas®®’° CVD growth on this substrate produced a mixture of
Imm? B—SiC and 6Ho—SiC epilayer mesas. Most B—SiC mesas were DPB free. The
stacking fault density was also reduced. However, the distribution of B-SiC mesas
versus 6Ho—SiC mesas on the wafer was ra‘nd_om and uncontrollable. Therefore, this
process is not suitable for mass production.

Recently single crystal B—SiC (001) epilayers without DPB’s have been
reported on 6Ho—SiC (0114) substrates by Molecular beam epitaxy.”' The
epilayers are grown by alternate supply of disilane (Si,Hg) and acetylene (C,H,) gas
molecular beams in high vacuum. These epilayers are also expected to be twinning

free because there is no mismatch with 6Ho—SiC (Oi 14-1) substrates, but at this time
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there is no conclusive evidence that this approach can yield thick, good crystalline
quality B—SiC for device applications.

As discussed above, f-SiC epilayerg grown on Si and 6Ho—SiC fail to
adequately meet the requirements for device development technology. Parsons et al.
chose TiC as the substrate which has a lattice parameter mismatch to B—SiC of
about 0.7% and a cubic crystal structure!>7? (rock salt). There is no fundamental
limit to minimizing defect densities in f~SiC grown on TiC.

Parsons et al.'>!77273 demonstrated single crystal f—SiC on TiC by CVD
using 1,2-disilylethane as a precursor. Compared to B-SiC films grown on Si and
6Ho—SiC substrates, the B—SiC films grown on TiC have much lower defect

densities and smoother morphology.

2.4. HISTORICAL REVIEW OF SiC OHMIC CONTACT TECHNOLOGY

As stated in the introduction, the requirements in case of SiC for ohmic
contact metallization are particularly stringent because not only do the contact
resistances have to be very low, to lower the parasitics in high frequency devices,
but they also must be stable at high temperature (600 °C and above) and high power
(high current density) conditions.

Refractory metals are preferred for such applications because of their high
melting points. These metals also provide better adhesion of contacts because they
are prone to form silicides or/and carbides at the interface. However, this can also
affect the long term stability of the contacts if the chemical reaction occurs during

device operation.
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Chromium,”*  nickel,” titanium,”® tantalum,”® tungsten,’®’® and
molybdenum’® are some of the refractory metals which have been studied. Auger
electron microscopy studies of Mo/SiC and W/SiC interfaces show that these
systems remain stable and change very little even after annealing at temperatures as
high as 800 °C and 850 °C respectively.”® The Au/W/n-type B—SiC ohmic contact
has been reported to have the lowest contact resistance and was found electrically
stable at 600 °C.’6 Au forms rectifying contacts to n-type SiC but degrades into a
ohmic contact at 700 °C.3! It should be remarked that of all the ohmic contact
systems studied, none have shown specific contact resistance better than 104 Q.cm?
(Table 2.3). This value is not sufficient to exploit fully the potential advantages of

SiC in power microwave devices.

Table 2.3: Specific ohmic contact resistance of some metal systems
reported in literature.

Semiconductor Metal system re§iI; :’:Illfgg g)]n _tggz) Ref.
Au/Ta 2x103 76

Aw/W 8 x 10+ 76

n-type B-SiC AuW/Ti . Ix103 76
Au/Ni 2x1073 75

w 8 x 10?2 77

Al/W 1x 10 79

n-type GHO-SIC Ni, Cr 3 x 10 80
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CHAPTER 3

SINGLE CRYSTAL SiC THIN FILM SYNTHESIS

This chapter presents single crystal SiC thin film growth process
development and optimization. Following sections constitute this chapter: MOCVD
system design and construction description (section 3.1); B—SiC thin film synthesis
which includes choice of TiC as a substrate for B—SiC epitaxial growth, TiC
substrate preparation procedure, general}ﬁ'roi:edure for growth and method of
growth process optimization and its results (section 3.2); 6Ho—SiC thin film
synthesis (section 3.3); in-situ doping of SiC (section 3.4) and summary (section

3.5).

3.1. MOCVD SYSTEM DESIGN AND CONSTRUCTION

A MOCVD system for B—SiC thin film synthesis was designed and built.
The schematic of the system is shown in Fig. 3.1.

Chemical vapor deposition refers to the formation of a condensed phase
from a gaseous medium of different chemical composition. The gaseous medium
consists of reactant sources and a transport agent. The design of the MOCVD
system is dictated by the nature of the reactant sources used in thin film growth. The

reactant sources can be either in a gas phase or in a liquid phase. Usually, a gas type
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reactant source is contained in a high pressure cylinder, and a liquid source is stored
in a stainless steel bubbler, which is kept in a temperature controlled bath to
maintain a constant liquid vapor pressure. Hydrogen gas (transport agent) is bubbled
through the liquid, which causes it to saturate with the vapor, and then flown to the
reactor. The amount of the liquid source transferred, n in moles/min, can be

calculated by using the ideal gas equation:

@3.n

&

It
"U|>:
<IN

where V is the H, flow rate in sccm, P is the vapor pressure of the source at
the bath temperature, R is the gas constant and T the temperature of bath in °K

The reactant sources installed in our MOCVD system are listed in Table 3.1.
B-SiC epitaxial growth was achieved by‘ using a single reactant source 1,2-
disilylethane!'® (DSE or Si,C,H,;;). Ammonia (NH;), dimethylaluminum hydride
(DMAH or AlL,C,H;) and diborane (B,Hg) were selected for in-situ doping to
produce n-type, p-type and high resistivity B—SiC, respectively. The system also has
the ability to grow TiC using TiCl, and C,H,, and Si using SiH,. Epitaxial TiC layer
grown on TiC substrate served as a buffer layer in the $—SiC growth process and
epilayer grown on n-type SiC was used for ohmic contact metallization studies (see
section 4.3). Amongst all the reactant sources, Si,C,Ho, Al,C,H; and TiCl, are in

liquid form, and the others are in gas form.
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Table 3.1: Selected reactant sources in §—SiC MOCVD system.

B—SiC growth

Purpose B-SiC | n-type | p-type | highp TiC growth Si growth

growth | doping | doping | doping

Reactant Si,CoHjg | NH; | ALC,H; | ByHg TiCly | CHy SiH4
source (DSE) (DMAH)

Source type liquid gas liquid gas liquid gas gas
(temp.) (0°0C) (RT) | (15°C) | RT) | (15°C) | (R.T) (R.T)

The fundamental requirement for the CVD process is to deliver appropriate
reactant sources to the reactor in a controlled manner. Timing and composition of
the gaseous phase entering the reactor is the primary determinant of the physical
composition and structure of the growing layer. In addition, leak tight integrity of
the system is essential when mixing and transporting these reactant sources. Oxygen
contamination of the growing film inevitably leads to the degradation of the film
properties. Chemically polished 316 stainless steel plumbing is used in the MOCVD
system. The chemical polish smoothens and cleans the inner surface of the
plumbing. All joints are welded or are high vacuum VCR connections using silver
plated gaskets. The system has a leak integrity of better than 10 cc/min helium.
Gas purifiers are installed in all gas lines to reduce impurity concentrations of the
gases.

Precise gas flow control is accomplished by using regulators to maintain the
gas pressures and using electronic mass flow controllers (MFC) to meter the gas

flow rates. As shown in Fig. 3.1, a two-stage regulator is used to control the outlet
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pressure of a gas cylinder. The downstream, low pressure stage, is employed to
maintain a constant inlet pressure to a MFC which controls gas flow from the gas
cylinder to the reactor. In each liquid reactant source line, a second single stage
regulator is used in series with the H, gas cylinder regulator to control the inlet
pressure of the MFC which controls the H, flow through the liquid bubbler. The
reason for the second regulator is to prevent pressure fluctuations from occurring
when two or more liquid source lines are fed by the H, carrier gas. The inlet
manifold of the system has a run-vent configuration, which allows for development
of a steady gas flow to a vent line prior to its introduction into the feed flow to the
reactor. During the growth, the appropriate reactive process gases are directed to the
feed flow, further diluted by the H, carrier, mixed and subsequently introduced into
the reactor. ‘

A special feature of the MOCVD system is the water-cooled inverted-
vertical (i-v) reactor, as shown in Fig. 3.2. The substrate is placed in the reactor by
supporting it growth face downward on a graphite mask which rests on the inside
bottom of a high purity pyrolytic boron nitride (PBN) cup or pedestal. The pedestal
is co-axially supported within the reactor by a support collar which rests on a
pedestal supporting ring fused to the inside wall of the reactor chamber. An
induction heated graphite susceptor rests on the top éf the back side of the substrate.
Two PBN heat shields are mounted over the graphite susceptor, between the
susceptor and the pedestal vertical wall, to feduce heat loss. During the growth,
carrier gas and gaseous reactant sources enter from the bottom of the reactor. After

the reactant source pyrolysis, the gaseous reactant products are pushed radially
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outward until they reach the edge of the pedestal where the pressure gradient in the
reactor and buoyancy carry the reactant product upwards, through the annular
volume between the outer pedestal wall and the inside wall of the reactor chamber.
The reactor products exit this volume through the holes at the top of the pedestal,
after which they exit through the exhaust port in the reactor cap.

This reactor achieves true stagnation point flow by virtue of the inverted
configuration and the orientation of the substrate surface perpendicular to the gas
flow direction. At stagnation point flow the fluid flow ceases completely and the
mass transport occurs across the stagnant layer by simple diffusion. This is ideal for
achieving the best possible uniformity over the largest possible area at atmospheric
pressure. Also back-streaming eddies do not form at the growth surface because the
buoyancy of the hot gases keeps them in contact v;'lith a downward facing surface
until they are pushed beyond the radius of that surface and permitted to flow in an
upward direction. The buoyancy of the hot ga;es also causes rapid exhaust®>* of the
by-products which makes for a simple reactor design without a need for accessories
like a exhaust vacuum pump. Experimental results from GaAs growth using the
same reactor configuration showed uniformity of thickness and carrier concentration

of better than £0.1% over the growth surface of a 2 inch diameter surface.??
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Fig. 3.2. Cross-sectional view of inverted-vertical CVD reactor.



3.2. B-SiC THIN FILM SYNTHESIS

B—SiC thin films were synthesized on TiC substrates using a single reactant
source 1,2-disilylethane (DSE or Si,C,H,,) The choice of TiC substrate is discussed
in the following section. The single reactant source has a single point of origin of C
and Si atoms. Thus it offers a potential édvantage of a more controllable growth
process because there are fewer parameters, namely flow of C and Si reactant

species, to control.

3.2.1. TITANIUM CARBIDE SUBSTRATE FOR B-SiC EPITAXIAL GROWTH
Substrate choice is a critical issue for epitaxial growth. The term epitaxy
refers to the arrangement of atoms or molecules, in a unique orientation, upon a
substrate which can be identical or different from the growing layer. In an epitaxial
process the building of the crystal lattice occurs through the influence of the
substrate atomic and molecular forces. Therefore ‘the substrate has to posses
physical and chemical properties favorable for single crystal epitaxial growth. These
are: (1) crystal structure should be same, (2) lattice parameter mismatch should be
minimal, (3) thermal expansion coefficient mismatch should be minimal, (4) the
substrate should be chemically and thermally stable in the environment in which the
growth process is occurring.
B-SiC grown on Si has high defect density because of large lattice
mismatch between Si and B-SiC (~ 30%). 6Ha—-SiC has a hexagonal crystal
structure whereas P—SiC has a cubic crystal structure. This results in formation of

double position boundary defects in $—SiC thin films grown on 6Ho—SiC. The
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substrate best suited for single crystal B—SiC epitaxial growth has been determined
to be titanium carbide.!3?

The lattice parameter of titanium carbide is close to that of B—SiC (see table
3.2.). At room temperature the lattice mismatch between titanium carbide and B-
SiC is less than 0.7%. Titanium carbide has same crystal structure as —SiC, which
is cubic (rock salt). This offers flexibility of growth orientation and reduces interface
defect density. The melting temperature of titanium carbide (3150 °C) exceeds the
sublimation temperature of —SiC (~ 1800 °C). The growth temperature of —SiC is
below 1500 °C. The thermal expansion coefficient (o) of titanium carbide is
approximately one and a half times the expansion coefficient of B—SiC. This causes
lattice parameter mismatch at the growth temperature and thermal stress at the
growth interface. However the fact that o (titanium carbide) is larger than o, (B—
SiC) causes the epilayer to be under compression instead of tension. A epilayer
under tension is more likely to crack. Titanium rcarbide is stable at elevated
temperatures in H, but reacts with oxygen at temperatures above 500 °C. Overall,

the properties of titanium carbide are well within the limits of epitaxial single crystal

growth requirements.

Table 3.2: Physical Properties of B—SiC and TiC.

Material aI;Ztr:iZ:er Crystal Melting Thermal expansion
123 00 °K) structure point coefficient (300 °K)
B—SiC 43596 A cubic sublimesat | 2.77x10%K!
(zincblende) | > 1800 °C
TiC 4328 A cubic 3150 °C 7.4 x 106K’
(rock salt)
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Table 3.2: Physical Properties of B—SiC and TiC.

Material :rztr:iteer Crystal Melting Thermal expansion
p(3 00 °K) structure point coefficient (300 °K)
Reference 83,84 83,84 83,84 84,85

Titanium carbide also offers important advantages from point of view of B—
SiC devices. It is a semimetal with a very low work function (~ 2.7 eV) and can
form an ideal ohmic contact to B-SiC as well as 6Ho~SiC. The thermal
conductivity of titanium carbide is higher than that of B-SiC below ~ 600 °C, which
ensures effective heat dissipation from B-SiC device through the substrate in

temperature regimes where the device is expected to operate.

3.2.2. TiCx SUBSTRATE PREPARTION PROCEDURE

The standard titanium carbide substrate preparation procedure for B—SiC
epitaxial growth consisted of 3 steps: (1) polishing, (2) de-greasing, (3) wet
chemical etching.

The titanium carbide substrate was ﬁrst lapped with a 15 um diamond paste
on a steel wheel. This was followed by 6 pm and 1 pm diamond paste polishing on a
adhesive back nylon cloth until a specular surface was obtained. Then a chemical-
mechanical polishing on a polishing pad was done for 3 minutes. This served the
purpose of removing the mechanical damage caused by diamond polishing. The
chemical-mechanical polishing solution developed by Parsons®’ has the following
composition: 45 g of K;Fe(CN),, 1 g of KOH, 200 cm?® of de-ionized water and 0.5

g of 0.05 um Al,O; powder.
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The de-greasing was done in hot Tri-chloroethene, acetone and methanol for
5 minutes each. Then the substrate was rinsed with de-ionized water (DI water) and
blow dried with nitrogen. Subsequently, two wet chemical etching procedures were
performed on the substrate surface. The first was a 3 minute etch in 4.8% HF to
remove any foreign oxides and the second was a 2 minute etch in HNO;:H250,::1:4
acid mixture at room temperature to remove TiOy on the surface and about 50 A of
titanium carbide layer. Finally the substrate was rinsed with DI water, blow dried in

N, and immediately loaded into the CVD reactor.

3.2.3. GENERAL PROCEDURE FOR GROWTH

The B-SiC epitaxial growth was conducted in the inverted vertical reactor
using the arrangement described in section 3.1. The temperature of the RF induction
heated titanium carbide substrate was measured through the reactor chamber water
cooling jacket with a Leeds and Northrup disappearing filament optical pyrometer.
The angle of observation was about 20 degrees from the reactor chamber axis.

After loading the substrate, the system was pumped down to less than 1
millitorr and leak-checked, then back-filled with Ar. Then, a 3000 A thick TiC
buffer layer was grown on the titanium carbide substrate using the standard
conditions described in section 4.3. After the TiC buffer growth, the substrate was
heated to about 1600 °C for 10 minutes to remove chlorine reactant products from
the previous growth, and then reduced to the temperature required for f—SiC. f—SiC
growth was started by introducing the DSE (Si,C,H,) carried by H, into the reactor.

The DSE bubbler temperature was kept at 0 °C. The H, flow rate through the




bubbler varied from 2 to 6 sccm. The vapor flow rate of DSE was not determined
because its vapor pressure has not been measured. Growth was terminated by

bypassing the DSE source.

3.2.4. OPTIMIZATION OF GROWTH USING 1,2-DISILYLETHANE

This task was undertaken to achieve the following objectives: (1)
controllable and repeatable growth, (2) single crystal, polytype free epilayers, (3)
best possible growth morphology, (4) minimum possible growth temperature, and
(5) maximum possible growth rate (for higher yield).

Temperature is very important for épit;lxial single crystal CVD. It influences
the growth in following ways:

(1) causes cracking of the reactant source

It should be high enough to ensure complete cracking of the source so that
minor fluctuations in the temperature do not cause fluctuations in the cracking rate.

(2) causes the deposition reaction to proceed in the forward direction

(3) imparts surface mobility to the reactant sl;écies so that they can move to a
lattice site favorable for single crystal epitaxial growth; Surface mobility increases
with increase in the growth temperature. o

(4) determines the sticking coefficient of the reactant species and impurities
in the gas flow. The sticking coefficient decreases with increase in temperature.

(5) lower temperatures can reduce auto-doping from the reactor parts.

In case of B—SiC CVD using DSE source, the C/Si atomic ratio arriving at

the growth surface depends on the cracking temperature. Also higher growth
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temperatures cause larger lattice parameter mismatch because of difference in co-
efficient of thermal expansion of TiC and B-SiC. Therefore a low growth
temperature is desirable but too low temperature can result in polycrystalline or poor
quality layers.

TiCx <111> substrates and a flow of 4 sccm H, gas through DSE bubbler
was used in this study. The optimum temperature for nucleation was determined by
Nomarsky and SEM observations of as-nucleated, polished and etched films grown
at different temperatures. At T, < 1230 °C, the films were polycrystalline and Si
rich; the surface morphologies of these films were rough and impossible to polish to
a smooth surface. At T, greater than 1250 °C, the films were epitaxial, but they did
not completely cover the substrate surface; the fraction of the TiC surface upon
which B-SiC nucleation and growth occurred decreased with increasing temperature
T,. Optimum conditions for B—SiC nucleation were found to occur in a narrow range
around 1240 °C.

The optimum growth temperature was determined by Nomarsky and SEM
observation of surface morphologies of films nlicleated at optimum nucleation
temperature (1240 °C) and then grown at T, from 1230 °C to 1400 °C. Growth at
higher T, was performed by first nucleaﬁng at 1240 °C and then ramping T; to
desired growth temperature. The criterion for optimum was the condition which
gave specular as-grown morphology for the longest growth time. The best control of
growth morphology was obtained by performing nucleation and growth at the same
temperature value of 1240 °C. Fig. 3.4 shows the optimized thermal cycle for

growth.




The effect of CVD growth conditions on the crystalline quality of B—SiC
epilayers obtained from DSE is clearly shown in Fig. 3.5. The B—SiC epilayer grown
by optimized conditions shows a smooth surface, without evidence of stacking
faults, unlike the layer grown under non-optimized conditions.The optimum
condition layer looked shiny with slight milkiness, to the naked eye. Determined by
dektak measurements the surface roughness was of the order of 1000 A.

The growth rate was measured from SEM cross-sections such as one shown
in Fig. 3.6. The epilayer was grown with a flow rate of 4 sccm of H, through the
DSE bubbler. The growth rate measured is about 5 pm/hour. Higher flow rates of
carrier gas H, through the DSE bubbler to achieve higher growth rate, at the
optimum temperature determined, resulted in polycrystalline layers. Electron
channeling contrast pattern (ECCP) was used to determine whether the grown layers
were single crystal or not. A ECC pattern can only be obtained from single crystal
layers. Fig. 3.7 shows a ECC pattern obtained from a <111> oriented B—SiC epilayer

grown at 1240 °C with a growth rate of 5 pm/hour.
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Fig. 3.3. Nomarsky photographs (30X) of a polished TiC substrate

Temp. (°C)

1600°C 20min 1600°C 10min

1230°C 1240°C
lomj.rl B //f
H H 2 o H +DSE | H cool down
2 micy : a2 M2\ 30min
Caly
TiC growth B-SiC growth Time (min)

Fig. 3.4. Optimized thermal cycle for -SiC growth on titanium carbide

substrate.
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Fig. 3.5. S.E.M micrographs of polished B-SiC grown under optimized

conditions (a) and unoptimized conditions (b).



Fig. 3.6. SEM cross section of [-SiC/TiC interface for growth rate

determination.

Fig. 3.7. Electron channeling contrast pattern from (111) B—SiC epilayer.
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3.1. 6Ho—SiC THIN FILM SYNTHESIS

Commercially available, bulk grown single crystal 6Ho—SIC was used as
substrate for 6Ho—SiC thin film growth.!? This is a homo-epitaxial growth process,
and therefore more probable and easily controllable. The growth conditions used for
epitaxial B—SiC on TiC substrate yield epitaxial single crystal 6Ho—SiC when 6Ho—~
SiC (0001) single crystal is used as substrate.

3.2. IN-SITU DOPING OF SiC EPILAYERS

Intentionally doped SiC was grown by introducing the desired dopant
sources along with the 1,2-disilylethane source during the growth. Ammonia (NH3),
dimethylaluminum hydride (DMAH or Al,C,H,) and diborane (B,H,) were used for
in-situ doping to produce n-type, p-type and compensation isolation layers,
respectively. o

Optimized SiC growth conditions described in section 3.2.4 and 3.3 were
used during in-situ doping. The flow rate of nitrogen used to degenerately dope the
SiC epilayers for study of ohmic contacts was 0.0007 sccm for f—SiC sccm and
0.0013 sccm for 6Ho—SiC. The flow rates used were based on studies done on
incorporation of the dopant in SiC using SIMS technique by Parsons et al. at HRL.%
Measurement of electrically active carriers, in case of high doping, in B—SiC was
not possible because of high leakage currents in the Schottky diodes. The flow rate
of boron was 0.27 sccm for growing B-SiC isolation epilayers and 0.29 sccm for

6Ho~SiC isolation epilayers (see section 6.1.1 for isolation results).
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3.3. SUMMARY

An inverted-vertical reactor MOCVD system was designed and constructed.
A CVD epitaxial growth process for B—SiC, using TiC as a substrate and 1,2-
disilylethane as reactant source, was developed and optimized. TiC was chosen as a
substrate for B—SiC growth because of its comparatively much better lattice
matching qualities. Optimum substrate terhperature for B—SiC nucleation and
growth was found to occur in a narrow range around 1240 °C. 1,2-disilylethane was
also used for homo-epitaxial growth of 6Ho—SiC thin films on 6Ho—SiC substrate.

Boron doping was used for creating insulating layers and nitrogen doping for

n-type layers.
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CHAPTER 4

TIC AS A OHMIC CONTACT METAL & CONTACT FORMA-
TION PROCESSES

This chapter describes the development of TiC ohmic contact metallization
to n-type SiC. Following are the sections in this chapter; reasons for choosing TiC to
form ohmic contact (section 4.1); reasons for selecting the two methods for ohmic
contact formation, namely, MOCVD and sputter deposition (section 4.2);
description of the developed contact formation processes (section 4.3); summary

(section 4.4).

4.1. SELECTION OF OHMIC CONTACT METAL

As discussed in section 2.4, metals selected to form ohmic contacts to SiC
are prone to formation of carbides/silicides at the metal/semiconductor interface due
to high temperature operation of SiC devices. This led Parsons et al.}”9% to
investigate direct deposition of carbide or silicide, instead of using elemental metals.
Extensive experiments were performed on ohmic contact formation, adhesion and
stability. The results of these studies confirmed that stoichiometric TiC is the
preferred contact metal for ohmic contacts to n-type SiC.

Stoichiometric titanium carbide, TiC, i1s semi-metal with a low work
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function compared to that of n-type SiC. The work function of TiC is about 2.7 eV
and of n-type SiC greater than 4.0 eV (because the electron affinity is about 4.0
eV2788) The exact value for the semiconductor work function depends on the
doping level because it is the difference between the vacuum level and the Fermi
level. When the work function of the metal is less than that of an n-type
semiconductor, as is the case for TiC/n-type SiC, they will form an ideal ohmic
contact if the interface state density (Tamm states®>*) is below about 10'2 per
square-cm.’! An ideal ohmic contact is the one where the work function difference
between the metal and semiconductor control the Schottky barrier height. The
interface state density can be reduced to a value many orders of magnitude below
10'2 cm? by reducing the number of dangling or unsatisfied bonds, when the
interface is epitaxial.®® This ideal situation is achieved in case of lattice matched
single crystal TiC/n-type B-SiC and 6Ho-SiC epitaxial interfaces.
TiC is also a low resistivity semi-metal. The resistivity of TiCy decreases as
x increases.?>% The minimum resistivity of stoichiometric TiC is projected to be
about 70 pohm-cm. However, reference no. 86 reports a resistivity of 100 pohm-cm
for TiCy¢s which is much lower than that reported in ref. 87, and indicates that the
resistivity of stoichiometric TiC may be less than 10 pohm-cm. This is competitive
with or superior to the resistivity values of ohmic contact metals now in use.
The melting temperature of TiC _is about 3150 °C, and it does not
decompose or undergo phase transformations in any temperature range of interest
for SiC epitaxial growth, or for SiC device applications at high temperature.

The prediction of stability of TiC/SiC interface at high temperature and high
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power operating conditions was based on:*’ (1) Gibbs free energy of formation
curves (Ellingham diagrams) of carbides and silicides and (2) measurement of
electrical characteristics and Auger electron spectroscopy (AES) of Ti/SiC contacts
after annealing at high temperatures. The results obtained show that Ti prefers to
form a carbide and the formation of silicide is unlikely in the presence of free
carbon.

These above mentioned characteristics made TiC an ideal choice for ohmic

contact metallization to SiC.

4.2. CHOICE OF METHODS FOR OHMIC CONTACT DEPOSITION

TiC was chosen to be deposited by DC sputtering and MOCVD. Chemical
vapor deposition was used to obtain an epftaxial single crystal TiC/SiC interface.
Such an interface was expected to provide minimum attainable specific ohmic
contact resistance, as discussed in section 4.1.

DC sputtering has the advantage of being a low temperature process
(desirable for easier integration into IC processing) and the disadvantage of yielding
polycrystalline TiC layers. DC sputtering was selected over e-beam evaporation
because of the high melting temperature of TiC. The specific ohmic contact

resistance was measured after annealing the sputtered contacts.

4.3. EPITAXIAL TIC DEPOSITION BY MOCVD
The technique for titanium carbide thin film synthesis by MOCVD was

developed!®’ to serve a two fold purpose: (1) as one of the methods for ohmic
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contact metallization to n-SiC and (2) to obtain more stoichiometric, relatively
lower defect density, epitaxial TiC on the substrate. The epitaxial TiC serves as a
buffer layer, i.e., provides a new, better quality surface for subsequent nucleation
and growth of B—SiC.

The growth sources used for TiC growth are TiCl, and C,H,. H, is the carrier
gas. The substrate was heated to T, (T, = 1230 °C for growth on titanium carbide and
1260 °C for growth on SiC) in 2.9 standard liter per minute H, and stabilized for TiC
growth. Next, 0.54 sccm of C,H, was introduced into the reactor and thirty seconds
later, 0.85 sccm of TiCl, vapor carried by 100 sccm H, was introduced to start the
TiC growth. C/Ti was about 1.3. The growth rate of the TiC thin film was 1.7 pm/hr.

The surface morphology of the as grown TiC layers was investigated by
scanning electron microscope. Fig. 4.1 shows the surface morphology of a TiC film
grown on (0001) 6Ho—SiC substrate. Under the Nomarsky microscope a defect free
smooth surface was observed.

Electron channeling contrast pattern (ECCP) was used to determine single
crystallinity of the grown layers. A single crystal film gives an electron channeling
pattern, as shown in the Fig. 4.2, obtained from a 3000 A thick TiC layer grown on a
(0001) 6Ho~SiC substrate. The penetration depth of channeling electrons is about
500 A., therefore this \technique is well suited for thin film single crystallinity

characterization.

39




£E181552

Fig. 4.2. Electron channeling contrast pattern from a TiC epilayer grown on

(0001) 6Ho—SiC.
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4.4. POLYCRYSTALLINE TIC DEPOSITION

Polycrystalline TiC ohmic contacts were formed by sputter deposition. This
section gives: (1) a overview of the sputter deposition method together with
discussion of the factors / parameters involved in development of TiC sputter
deposition process, (2) description of the sputter deposition apparatus and the
developed experimental procedure including obtained TiC deposition

characteristics.

4.4.1. SPUTTER DEPOSITION METHOD

Sputtering!!* is a physical deposition process used widely in IC processing
for deposition of both metals and insulators. It has the ability to deposit alloys with
the composition similar to that of the target. Coverége of sputter deposited films is
same as that of electron beam evaporated, but they show better adhesion and high
density because of the characteristic high impact energy of the sputtered material on
the substrate. TiC for ohmic contact study was sputter deposited because of above-
mentioned advantages and the fact that high melting temperature of TiC disallows
the use of e-beam evaporation.

Sputtering involves the acceleration of ions, usually Ar*, through a potential
gradient, and the bombardment of these ions on a target or the cathode. Through
momentum transfer, atoms near the surface of the target material are dislodged or
sputtered and they impact the substrates with rélatively high kinetic energies (can be
up to several electron volts). The process is accomplished in an evacuated chamber

and the pressures range from few millitorr to about 100 millitorr. Either dc or rf
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glow discharge, in a diode system, can be used.

Often, the ion current density to the electrode (target) is increased by the aid
of magnetic fields''3-!' which capture the electrons and cause higher ionization in
the discharge than would normally occur. This results in higher sputtering rates and
also facilitates sputtering of materials which form tenacious oxides like Al and Ti.
Such sources are called magnetron sources.

The most fundamental parameter of sputtering processes is the sputtering
yield. It is defined as the number of atoms ejected from a target surface per incident
ion and is related to the momentum transfer from energetic particles to target surface
atoms. There is a threshold for sputtering that is approximately equal to the of heat
of sublimation. In the energy range of practical interest for sputtering processes (10-
5000 eV), the yield increases with incident energy, and with the mass and d-shell
filling of the incident ion.!'%11° The sputtering yield determines largely, but not
completely the deposition rate of the sputtered films. This is because in glow
discharge systems, bombarding ions are by no means mono-energetic, and it is not
necessarily valid to use yield values for pure metals when alloys, compounds or
mixtures are sputtered. Therefore yield values are used to give a rough indication of
expected etch or deposition rate.

For a given target material both deposition rate and uniformity are
influenced by system geometry, target voltage, sputtering gas, gas pressure, and
power.!20 All other things being equal, raies are linearly proportional to power and
decrease with increasing target-substrate sepr;u"ation. The sputtering gas influences

the deposition rate the same way it influences sputtering yield.
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As the gas pressure is increased the discharge current increases (increasing
deposition rate), but return of the material to the target by backscattering!?!-12%131
also increases (decreasing deposition rate). Backscattering occurs due to simple
collisions of the sputtered material in the gas phase. Along with the above
mentioned two competing processes, another process termed Penning ionization,'??
increases at higher pressures which increases the rate by self-sputtering. Excited
metastable neutrals of the sputtering gas are formed by collisions of electrons with
ground-state gas atoms. The sputtered neutral atoms can be ionized by the Penning
mechanism (the collision of a metastable neutral with a ground-state neutral to
produce an ion and return the metastable neutral to the ground state) when the first
ionization potential of the sputtered atom is less than that of the metastable energy.
Since the metastable energies of the noble gases are greater than the first ionization
potential of most elements, this mechanism can produce a copious supply of ions
which can bombard substrates surfaces and/or return to the target to cause self
sputtering.'?® Thus the amount of Penning ionization that occurs depends on the
nature of gas and increases with increasing gas pressure. The sum of all this leads to
a gas pressure or a small range of gas pressures at which the rate is maximum, which
must be determined empirically. Another effect of increasing sputtering gas pressure
is to slow energetic particles by inelastic collisions. This effect can be used to
maximize or minimize the energy of particles incident on the substrates.

The flux of sputtered material to the receiving substrate is dependent on the
cosine of the angle, ¢, between the normal to the source surface and the direction of

the receiving surface a distance r away. If 0 is an angle between the receiving




surface normal and the direction back to the source, then

D = %cosq)cose 4.1
nr
where D is the deposition rate and the R is the total loss of the material from
the source per unit time and depends on sputtering conditions. When the receiving

surface is spherical and has a radius r(, and the source is on the surface (see Fig.

4.3), then
cos® = cosQ = — 4.2)
and Eq. 4.1 is written as'?*

4.3)

RECEIVER

SOURCE

Fig. 4.3. Idealized view of a source and a substrate mounted on a sphere.
Therefore, the deposition rate is the same for all points on the spherical
surface, which is the principal behind the planétary substrate supporting system used

in deposition chambers. This implies that for large substrates, uniformity of
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deposition across the surface will improve with larger distance from source because
as the radius of curvature of the sphere on which the substrate rests becomes larger,
the substrate surface can be better approximated to be part of the sphere. Since the
deposition rate is inversely proportional to square of the distance from the source, a
optimum separation distance is sought. For smaller substrates the optimum
separation distance is smaller. The edges of the targét no matter how the dark space
shield is constructed, represent regions of gross non-uniformity leading to a finite
minimum achievable non-uniformity.

Pressure gradients in the vicinity of the sputtering targets produce
nonuniform bombardment and film deposition. Local pressure gradients can occur at
the target surface (because of gettering), near the pumping port, or at points of high
or low temperature relative to rest of the system. To offset this problems it is often
necessary to introduce gas at more than one point in the system. This is especially a
problem in very large systems.

Usage of high gas flow rates enal')‘les.'(":onstant sweeping out of impurities in
the sputtering chamber.'?® This implies that the pumping system used must be
operated to obtain maximum pumping speed for the gases used.

In addition to neutral particles, there are secondary electrons and ions,
reflected incident particles, which are produced at the target and are a source of
bombardment of the growing film. Desorption of gases, especially from hot-pressed

127_ can contaminate or effect the deposition rate of the

targets'?® and powder targets
film. The highest purity work is done with very dense targets e.g., vacuum cast or

arc-melted materials. UV and visible light photons, x-rays emitted from the target




46

can cause radiation damage of surface sensitive substrates.

4.4.2. SPUTTER DEPOSITION APPARATUS & EXPERIMENTAL PROCE-
DURE

The sputtering system used for this study has a 5-inch, 7.5 kW Varian S-gun
magnetron source in which 99.99% purity TiC target (cathode) is mounted.
Magnetron sources are low impedance (high current low voltage) sources which
operate at relatively low pressures whilé'con'ventional dc or rf diode sources are
high impedance (high voltage low current) sources operating at higher pressures. To
maximize film deposition rates in conventional sputtering diodes, the cathode is
placed close to the substrates which are on the anode, and a maximum potential is
applied to the cathode. However, bombardment of the substrates by the secondary
electrons occurs causing heating and thermal degradation of the substrates. On the
other hand magnetrons have high cathode erosion rafes and yield useful deposition
rates with substrates supported in planetary support systems. Thus there is a lot less
heating of the substrates. The system used for this research work is set up to support
only one substrate at a time.

S-gun magnetrons utilize circular cathodes and concentric central anodes as
shown in Fig. 4.4.The cathode is clamped without bonding into a water cooled
housing. The contact to cooled metal is achieved through thermal expansion of the
cathode during sputtering operation. The anodes are also water cooled and insulated,
permitting them to be electrically biased. An annular permanent magnet assembly is

used to obtain the magnetic field and values of 0.015T are typical of the flux density
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near the cathode.

Electrons emitted by the cathode are trapped by the influence of the
magnetic field and are forced to travel in long helical paths. As they travel along the
magnetic field lines, the electrons make elastic or ionizing collisions with the argon
gas atoms. The magnetic field makes it possible to generate a current density orders

of magnitude greater than in dc or rf planar diode sputtering systems.

Removoble Plosmo Anode Water

Confinement Shield Cooling -  Cooling

Covity Jocket
Ground Cathode Annulor
Shield {Torge? [ Anode Mognet

e
mr

N SNNN T NN\ |
1%

Fig. 4.4. Cross-section view of the 5 inch S-gun (courtesy Varian assoc.).

A cryo pump aided by a sorption pump was used to create vacuum.
Diffusion pump and mechanical pump were not used because these can cause
contamination due to back-streaming of oil from the pumps into the sputtering
system. The cryopump and the sorption pump work on the principles of
cryocondensation and cryosorption.

Cryosorption is the ability of a cold substance to cool a gas, thereby reducing
its pressure, and prevent its returning to the chamber. This is accomplished in a
cryosorption pump, by using a liquid nitrogen cooléd (-196 °C) and highly porous

molecular sieve material (zeolite). The high porosity gives the zeolite a tremendous
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surface area. The gas molecule gets trapped in the molecular sieve, bounces around
and progressively loses its thermal energy and is thus finally caught. Though
primarily cryosorption, some cryocondensation occurs in the sorption pump too. It
is capable of rough pumping down to 103 torr.

The sticking of most molecules to a chilled surface of around 20 ° K is called
cryocondensation. At this temperature, the combined partial pressures of most gases
is around 10 torr. Cryocondensation alone is not sufficient to obtain the necessary
vacuum. Gas molecules like neon, helium and hydrogen do not stick to a chilled
surface due to their high vapor pressures. Su;:h molecules have to be removed by
cryosorption. Cryocondensation and cryosorption both take place in a cryopump
which utilizes pure helium as a coolant to cool the expansion unit, which is also
called ‘cold head’. The ‘cold head’ is shaped like a inverted bucket. The inner
surface of this is coated with activated charcoal to capture molecules by
cryosorption while the outer surface is uncoated, and cryocondensation occurs on it.
A compressor is used to compress helium from 100 psi to about 300 psi. An oil
separator is used to filter out any oil from the helium after it passes through the oil
lubricated compressor, otherwise the oil wdﬁld solidify and destroy the expansion
unit.

The SiC substrate was de-greased in hot tri-chloroethene, acetone and
methanol for 5 minutes each. Then it was rinsed with de-ionized water (DI water)
and blow dried with nitrogen. A 3 minute etch in 4.8% HF was performed to remove
any foreign oxides. Finally the substrate was rinsed with DI water, blow dried in N,,

mounted on a sputtering substrate holder and loaded into the sputtering system.
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The chamber was first evacuated to a pressure of about 2 x 10 torr, then
backfilled with argon to the desired operating pressure. During operation, the
chamber was constantly pumped through two bellows sealed valves, whose opening
was manually adjusted to maintain the pressure at the desired level. Ar flow rate to
the chamber was controlled by using a standard mass flow controller. After the
operating pressure had stabilized the dc power supply was turned on.

Pre-sputtering of TiC targets was done to clean and equilibrate target surface
prior to film deposition with the shutter, situated over the target, closed. This helped
remove any surface oxides, brought the target surface to thermal equilibrium, and
outgassed the system. Initially, oxides with high secondary electron emission ratio
are sputtered and background gaseous contaminants are broken down (especially
H,0), leading to high discharge current which gradually decreased as the
contaminants were removed from the system and/or covered up with sputtered
material. The pre-sputtering was terminated when the discharge current fell to a
constant value.!?!

Next, sputter etching of the substrate was done. A modification was made in
the system such that an electrode could be swﬁng into position about 3 cm below the
substrate. Then a 500 V ac voltage was applied to this electrode to sputter etch the
substrate. The substrate was grounded. Sputter etching was done for 5 minutes.

De-greasing of the substrate prior to loading was necessary because any
organic contaminant on the surface can get polymerized due to inert ion
bombardment during sputter etching and become very difficult to remove.!28129

Organic contamination can also occur due to backstreaming vacuum pump fluids




and usage of cryo and sorption pump prevented it. With glow discharge sputter
etching, it is rarely possible to obtain an atomically clean surface. In general, this is
only possible in a ultra high vacuum system using ion beams followed by high
temperature annealing.!3® One reason very clean surfaces are difficult to obtain is
backscattering. The return of the sputtered material, which may not only be the
material sputtered from the substrate but also from surroundings like the substrate
holder, can form a new composite surface. This was minimized by using a high
target voltage and low operating pressure. Very high target voltages are not used
because they increase crystallographic damage of the surface. Use of radio-
frequency for target excitation with sputtér-étch voltages around 2 kV or more has
been reported to decrease backscattering in literature!3! Reactive gases similar to
those used for plasma etching, reactive ion etching e.t.c. also have shown to produce
exceptionally clean etched surfaces.!*?

Fig. 4.5 and Fig. 4.6 show the TiC sputter deposition rates obtained as a
function of applied power at constant pressure and as a function of ambient pressure
at constant power, respectively. These curves are in accordance with the sputter
deposition rate dependance mentioned in section 4.4.1 and also show existence of a
optimum gas pressure. TiC ohmic contacts for the study were sputter deposited at
2000 W and 15 millitorr Ar gas pressure. The substrate was connected to ground.
The separation distance between the S-gun magnetron source and substrate, directly
above the source, was 30 cm. The flow rate of Ar was 40 sccm. The deposition rate
measured from cross-sections by S.E.M., was 500 A/min.

The sputtered TiC films were formed and annealed in H, (section 5.1.2).
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4.5. SUMMARY

The low work function, low resistivity, high predicted stability of TiC and
TiC/SiC interface and ability to form epitaxial interface with SiC made TiC an
excellent choice for ohmic contact metallization to n-type SiC. MOCVD and sputter
deposition methods were used to form TiC ohmic contacts. TiCl, and C,H, were
used as reactant sources for epitaxial growth of TiC thin films by MOCVD, on SiC
epilayers at T, = 1260 °C. TiC was dc sputter deposited using S-gun magnetron
source. TiC sputter deposition rate varied linearly with power at constant pressure
and showed a maxima when plotted as a function of gas pressure at constant power.
A sputter deposition rate of 800 A/min at 7 millitoff gas pressure and 1820 W was

used for TiC metallization.
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CHAPTER 5

CHARACTERIZATION METHODS & PROCEDURES FOR TIC
OHMIC CONTACTS

This chapter presents the characterization methods and procedures used to
assess the properties of TiC ohmic contact metallization to n-type SiC. The
characterization was achieved by using three methods: (1) measurement of the
specific ohmic contact resistance (section 5.1), (2) determination of stability of TiC/
SiC interface (section 5.2), (3) determination of hardness and adhesion of TiC
contacts to SiC (section 5.3). Section 5.1 further consists of theoretical background
of specific contact resistance measurement technique, description of process steps to
fabricate the test structures for measuring the specific ohmic contact resistance and

procedure used to perform the electrical measurements.

5.1. MEASUREMENT OF SPECIFIC OHMIC CONTACT RESISTANCE

The measurement of specific contact resistance,!%

at room temperature, of
TiC ohmic contacts to n-type SiC was one of the methods used to evaluate them.
The measurement was based on transfer length method!® which is a commonly

used method and is described in section 5.1. The sample was first processed into
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transfer length measurement (TLM) structures by photolithography as described in
section 5.1.2. After the processing, a probe station and HP4145B semiconductor

parameter analyzer were used to measure the specific contact resistance (R).

5.1.1. THEORY OF MEASUREMENT TECHNIQUE
Specific interfacial contact resistance,?®197 for a metal semiconductor
contact, is the reciprocal of the derivative of current density with respect to voltage,

at zero bias:
(2"
pP; = (8V ;.1

1t is generally represented in ohm-cm? units. It is a theoretical quantity and is

V=0

not actually measurable. The parameter that can be measured is contact resistance
from which specific contact resistance is calculated. The inability to measure just the
specific interfacial resistance arises because, the measured contact resistance not
only includes the specific interfacial resistance but also a portion of the metal
immediately above the metal-semiconductor interface, a part of the semiconductor
below that interface, current crowding effects, spreading resistance under the
contact, and any interfacial oxide that may be present between the metal and the
semiconductor.

The doping should be as high as possible for lowest interfacial resistance.!%
Lowering of the interfacial resistance also lowers the specific contact resistance. The
theoretical calculation of specific interfacial resistance for individual cases is not

only complex but is of little practical value as it does not describe the behavior of
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the real contact.

The measurement technique used in this study, known as transfer length
method, was originally proposed by Shockley.!® The test structure used for the
measurement uses 6 identical TiC contacts with unequal spacing between them of
10 um, 20 pm, 40 um, 80 um and 160 um. The contacts were either DC sputtered or
chemical vapor deposited on a degenerately n-doped SiC epilayer. Assuming
identical contact resistances for all contacts allows the total resistance to be written

as:

d,
Ry = p,> +2R, (52)

where i = 1, 2, 3, 4, 5 or 6. R, is the contact resistance, d is the spacing
between contacts, Z is the width of the contact and p, is the sheet resistance. For the
configuration shown in Fig. 5.1., with the contact width Z equal to the width of the

doped semiconductor sheet W, the contact resistance is given as:!10

= LB con(£) - Pecon &) 5

R, is sometimes referred to as the contact front resistance. p, is the specific

contact resistance, L is the contact length and Ly = m is defined as the transfer
length. It can be considered as the length where the voltage due to the current
transferring from the semiconductor to the metal or from the metal to the
semiconductor has dropped to 1/e of its maximum value. It is equal to the effective
length of the contact which is actually used for passage of the current. In other

words the effective contact length can be much smaller than the actual contact




length L. LZ is the actual contact area whereas L;Z is the effective contact area. The
reduction of the contact length used has important consequences because it can
increase the current density to a value high enough to cause burn out. Two cases lead
to simplification of Eq. 5.3:

) L
=<
First, for S 0.5,

T
P,
R = 1z 54
L
and second for — > 1.5,
Ly
P
R = — .
=Tz (5:5)

The effective contact area is the actual contact area in the first case, but in the
second case it is contact width times the transfer length.

Equation 5.3 is derived under the assumption that p, > 0.2p,t?, where t is the
conductive semiconductor epilayer thickness. The transfer length method has to be
modified if the above condition is not satisfied.!!!

For contacts with L£ > 1.5, Eq. 5.2 can be written as:
T

= Bﬁ + 2psLT

Ry = c~7Z Z

T + 2R

psd
- (5.6)

where approximation given by Eq. 5.5 has been used. The total resistance is
measured for various contact spacings d. Ry is plotted as a function of d as
illustrated in Fig. 5.1. Three parameters can be extracted from such a plot. The slope
= pJ/Z leads to the sheet resistance, with the contact width Z independently

measured. The intercept at d = 0 is Ry = 2R, giving the contact resistance. The
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intercept at Rt = 0 gives d = 2L, which in turn can be used to calculate the specific
contact resistance using p; known from the slope of the plot and the relation Ly =

The transfer length method gives a complete characterization of the contact
by providing the sheet resistance, the contact resistance, and the specific contact
resistance. The intercept at Ry = O giving L; can sometimes be not very distinct
leading to incorrect p. values. The veracity of these values also depends on the fact
that sheet resistance under the contacts is the same as the sheet resistance between
contacts and is unchanged due to the process of contact formation. This method also
neglects the resistance of the metal, which introduces little error if the metal

resistance is low.

58




]

|LIIL] L] |L]
d] d2 d3 d4 d5

L =30 pum, W = 100 um, Z-W = 10 pm, d, = 10 um, d, = 20 pm,
d; =40 um, d4 = 80 pm and ds = 160 pm.

Fig. 5.1. A transfer length method test structure with dimensions and a plot of
total resistance as a function of contact spacing d.
5.1.2. FABRICATION OF TLM STRUCTURES

The process steps to fabricate the Transfer length measurement (TLM)
structures are shown in fig. 5.2. The measurement structures were formed in: (1)

two, three layer 6Ho—SiC structures epitaxially grown on (0001) 6Ho—SiC
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substrates and (2) a three layer B—SiC structure épitaxially grown on (111) TiC
substrate. The SiC epilayers were grown by chemical vapor deposition (CVD),
using 1,2-disilylethane.!!® First, three to four pm thick electrical isolation epilayers
were synthesized by in-situ doping with boron during growth. Second, n*SiC
epilayers, in-situ doped with nitrogen (N), were grown. Both n* 6Ho—SiC epilayers
were approximately 1 um thick, with nitrogen concentration ([N]) = 4 x 10%m3,
This [N] exceeds that which can be substitutionally incorporated into the SiC lattice,
but is less than the maximum [N] that can be accommodated by a single crystal SiC
lattice.” The n* B-SiC layer, was approximatelyA 0.5 pum thick, with nitrogen
concentration ([N]) = 2 x 10%m (see section 3.4).

TiC (111) contact epilayers, 1500 A thick, were grown on one of the n*-
6Ho—SiC epilayers and the n* B—SiC epilayer, by CVD, at 1260 °C, using TiCl, and
C,H, (see section 4.3). A 1500 A thick, polycrystalline TiC contact layer was
deposited on the other n* 6Ho—SiC epilayer by DC sputtering (see section 4.4.2).

An array of transmission line mesas was formed by selectively etching SiC
on each structure by reactive ion etching (dry etchiﬁg), using SFg. This dry etching
technique was used because: (1) SiC does not respond to any conventional etchant
even at high temperatures, owing to its chemical stability, (2) this technique gives
highly anisotropic etching. In the next step, 6 equal area TiC Shockley pads were
formed on each mesa (see Fig. 5.2). The CVD grown TiC Shockley pads were
formed by photomasking and wet chemical etching (5000 A/hr.), using
5:1:4::HNO;:H,S0,:H,0, at 40 °C. The as-sputtered TiC Shockley pads on n* 6Ho~

SiC were formed in 2 steps; first, about 1300 A of TiC was removed by reactive ion
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etching (using SFy), second, the remaining TiC between Shockley pads was
removed as described above for CVD grown TiC. The reactive ion etching (RIE)
step was necessary because the wet-etch rate of as-sputtered TiC was about 50 A/hr.

The RIE caused surface leakage current on the side-walls of the TLM
structures. This was eliminated by annealing in H,. The CVD grown TiC Shockley
pads were passivated by annealing at 1300 °C, for 15 minutes. The side-walls of the
TLM structures with sputtered TiC Shockley pads were passivated during the
forming and annealing procedures.

Sputtered TiC contacts were formed and annealed, in H,, for a total time of
35 minutes (20 min. at 1255 °C and 15 min. at 1295 °C). There were altogether 5
anneal cycles. The effects of each of 5 'anneal cycles were investigated by
microscopic observation of the TiC surface texture, by I-V measurements as a
function of Shockley pad spacing and by attempting to scratch the Shockley pad
surfaces.

The contacts were annealed until they became hard and their pre and post
anneal electrical properties were unchanged. The first three annealing cycles were
performed at 1255 °C, for 5 min., 5 min. and 10 min. The as-sputtered fine grainy
surface of the TiC Shockley pads remained unchanged by these anneal cycles. The
I-V characteristics between Shockley pads were ohmic after the first anneal cycle,
but the linearity of the total resistance (Ry) versus Shockley pad (d) spacing data
improved and the specific contact resistance, decreased after each anneal cycle. The
Shockley pads could be scratched after each of the first 3 anneal cycles.

The fourth and fifth annealing cycles were performed at 1295 °C, for 5 min.




and 10 min. The Shockley pad surfaces exhibited a flat, cracked-like surface after
anneal 4. The Ry versus d data was linear after anneal 4 and the specific contact
resistance was lower than after anneal 3. The Shockley pads could not be scratched
after anneal 4. The contacts exhibited the same morphology, electrical and hardness
properties before and after anneal 5. The significant change in the properties of the
TiC contacts after anneal 4 indicates that a critical temperature for TiC
crystallization and TiC/SiC interface reaction exists between 1255 °C and 1295 °C.
The absence of change in the properties of the TiC contacts after anneal 5 suggests
that the TiC/SiC interface reaction goes to completion rapidly, at a specific
temperature, and thereafter, the interface is very stable at or below 1295 °C. Thus, it
is likely that the forming and annealing process can be performed by rapid thermal

annealing.
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5.1.3. MEASUREMENT PROCEDURE

First, electrical isolation of the SiC layers was checked. This was done from
the I-V curves obtained between probes on Shockley pads of adjacent TLM
structure mesas, using a Tektronix 576 curve tracer.

All transfer length measurement data was obtained (at 300 °K) using an
HP4145B semiconductor parameter analyzer; by measuring current versus voltage
as a function of Shockley pad spacing. In order to accurately measure the total
resistance between the Shockley pads and reduce error, the probe resistance was
determined just before each TLM structure measurement and subtracted from the
resistance measured between the Shockley pads. Caﬁtion was taken to ensure a good
contact with between the probes and Shockley pads, by applying pressure to the
probes and rubbing them on TiC surface. The best contact resulted in lowest
possible observed resistance measurement. The Shockley pad dimensions and
spacing, and the transmission line mesa dimensions were measured from 900x
Nomarsky micrographs.

The sheet resistance p,, contact resistance R, transfer length L, and specific
contact resistance p,, presented in Tables 6.2, 6.3 and 6.4, were determined from the
Shockley pad dimensions and a linear curve obtained from the standard error of
linear regression of the Ry data on d. Thésc ve-llues were determined based on the

theory of transfer length method described in section 5.1.1.

5.2. DETERMINATION OF STABILITY OF CVD TiC/SiC INTERFACE

The stability of TiC/SiC interface under high temperature conditions was




determined by examining thinned CVD TiC/SiC cross-section samples, using 200
KV Hitachi-800 transmission electron microscope (TEM), by Zhao et.al. 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
was perforated. The results observed are presented in the next chapter.

The stability of TiC/SiC interface under high current density conditions was
determined by subjecting the ohmic contacts (shockley pads) to repetitive biasing at
maximum compliance of the HP4145B (105 mA) for 1 hour, and observing any

changes in the total resistance.

5.3. TEST OF HARDNESS AND ADHESION

The hardness and adhesion of TiC contacts was determined by using the
following methods: (1) A tungsten-carbide scriber was used to scratch TiC contacts
(after annealing in case of sputtered TiC). (2) Attempts were made (on a separate,
but identically processed sample) to peel CVD grown TiC from a SiC surface, by
bonding the TLM structure array surface to a thin stainless steel plate with epoxy,
and then trying to separate the TLM structure array from the plate. The results of

these tests are reported in the next chapter.
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B doped SiC isolation layer (3-4 pm)
and n* SiC layer (0.5-1 um) epitaxial
growth

Chemical vapor or sputter deposition

of TiC (1500 A)

Al mask (3000-4000 A) evaporation
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Development of photoresist pattern
for TLM mesas

Fig. 5.2. Process steps for fabrication of TLM structures




Tic” n*-SiC
B doped SiC
6Ha-SiC or TiC
Al
TiC?
n*-SiC - :
B doped SiC
6Ha-SiC or TiC
TiC—
B doped SiC
6Ha-SiC or TiC

n*-SiC

B doped SiC

TiCpad-__

6Ha-SiC or TiIC

) | -/ e B o U v |

n*-SiC

B doped SiC

6Ha-Si1C or TiC

Al etching

Reactive ion etching (SF)

TLM mesas after removal of Al mask

A TLM mesa rotated 90° with S1818
(2.05 um) photoresist pattern for
Shockley pads

TLM structure with six Shockley pads
after TiC etching (dry or wet)
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CHAPTER 6

RESULTS & DISCUSSION OF OHMIC CONTACT CHARAC-
TERIZATION

This chapter consists of the results and discussion of TiC ohmic contact
characterization methods presented in chapter 5. Section 6.1 is on measurement of
specific ohmic contact resistance by TLM, section 6.2 on determination of stability

of TiC/SiC interface and section 6.3 on adhesion of TiC contacts to SiC.

6.1. MEASUREMENT OF SPECIFIC OHMIC CONTACT RESISTANCE
Measurement of specific ohmic contact resistance was carried out on CVD
TiC contacts on n* 6Ha-SiC (Sample A), sputtered TiC contacts on n* 6Ho-SiC
(sample B) and CVD TiC contacts on n* §-SiC (sample C). The TLM structures for
all three sample are shown in Fig. 6.1. The following subsection presents the
measurements results, comparison and discussion of the results of specific contact
resistance measurements, i.e sputter debosifed ohmic contacts versus chemical

vapor deposited and ohmic contacts to $—SiC versus ohmic contacts to 6Ho—SiC.

6.1.1. RESULTS AND DISCUSSION

Table 6.1 lists the dimensions of the transfer length measurement structures
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obtained after photolithographic processing of the three samples. The Shockley pad
dimensions differ from the photomask dimensions (L = 30 pm and Z = 90 pum)
because of TiC wet etchant undercutting/over etching at the photoresist/TiC
interface during Shockley pad etching. However, the Shockley pad boundaries
remained acceptably defined (Fig. 6.2 (a), (b) and (c)).

The Shockley pads on sample C were 17 pm long (L) x 77 um wide (Z), at
their widest point. The rounding of the Shockley pad ends was corrected for by

using Z =75 pm.

Table 6.1: Dimensions obtained after fabrication of TLM structures.

Transmission line | Shockley pad Shockley pad spacing
TLM mesa dimension dimension (um)
Structure (L).(W).(H) @L).(Z)
(pm) (1m) dip dy3 dyy dgs  dsg
530x100x 2.4 25x 85 15 25 45 85 165
B 530x 100x 2.4 29.75x87.7 | 105 20.5 40.5 80.5 160.5
530x 100x2.5 17x 77 23 33 53 93 173

The electrical isolation of the SiC layers was found to be adequately high for
the purpose of Transfer length method measurements. The resistance between TLM
structure mesas on sample A was greater ihén 10° ohms, from O to 10 volts. The
leakage current between TLM structure mesas on sample B was less than 0.1 pA at
7 volts, and less than 1 LA at 10 volts. The resistance between TLM structure mesas
on sample C was greater than 10° from O to 3 volts.

The current between Shockley pads, measured to the maximum compliance
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of the HP4145B (105 mA), was a linear function of applied voltage. This
demonstrated that the contacts are ohmic. The average values of Ry versus d,
obtained from 17 TLM structures on A, 10 TLM structures on B and 10 TLM
structures on C are plotted in Fig. 6.3, Fig. 6.4 and Fig. 6.5, respectively. The
individual and average values of p,, R., Ly and p. for sample A, B and C are
presented in the Tables 6.2 (A), 6.3 (B) and 6.4 (C).

The differences in the Ry versus d slopes, indicated by p, in the Tables, are
thought to be due to thickness differences in SiC epilayers at different TLM
structure positions. These thicknesses were = 1.0 £ 0.05 pm for 6Ho-SiC samples
and 0.5 * 0.025 um for B-SiC sample. The thicknesses in the center were used to
calculate resistivity values of the n* SiC epilayers.

The resistivity value obtained for Sample A was = 1.34 x 103Q.cm™3, for
sample B was = 8.74 x 10*Q .cm™ and for sample C was = 8.08 x 103Q.cm™. The
difference in resistivity calculated for A and B may be due to the higher leakage
current in A and/or a difference in the sheet resistance under the epitaxial and
polycrystalline TiC contacts. The calculated resistivity values of the n* 6Ho—SiC
epilayers agree within a factor of 2, and indicate that p = 1 x 103 Q.cm in n* 6Ho—
SiC as doped in this study.

The resistance between Shockley pads (Ry) for sample A and B, increased
linearly with spacing (d), but for sample C, the linear increase was only for
measurements between Shockley pads 2-3, 3-4, 4-5, and 5-6. The value of Ry
between Shockley pads 1-2 is slightly above the straight line curve through R,3, Rs,,

R,s and Ry This is because the added resistance of the longer current path length
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between the rounded Shockley pad ends, as opposed to between facing Shockley
pad edges, becomes a larger fraction of the total resistance as the Shockley pad
spacing becomes shorter.

A very high value of correlation coefficient for a straight line curve fit to the
measured Ry versus d data, for each TLM structure, was observed. It was better than
0.998 for CVD TIC/n* 6Ha-SiC sample, better than 0.9994 for sputtered TIC/n*
6Ho—SiC sample and CVD TIC/n* B—SiC sample. The average of the correlation
coefficient, was 0.9994 for the 17 measured structures of TIC/n* 6Ha—~SiC sample,
0.9997 for the 10 measured structures of sputtered TIC/n* 6Ho—SiC sample and
0.9998 for the 10 measured structures of CVD TIC/n* B~SiC sample.

The maximum error - determined from the standard error of linear regression
of Ry on d - in the extrapolated values of R, and L, used to calculate p, for A, was
less than * 2.4%. This indicates an uncertainty in the average value of p. of about
4.8%. This suggests that the correct value of p_ is within the range 1.24 x 103
Q.cm? < p, < 1.36 x 10° Q.cm?.

The maximum error in the extrapolated values of R, and Ly, used to calculate
p. for B, was less than + 2%. This indicates an uncertainty in the average value of p,
of about 4% and suggests that the correct value of p, is within the range 2.8 x 103
Q .émz <P.<3x10°Q.cm?

The maximum error in the extrapolafed values of R, and L, used to calculate
p. for C, was about + 9%. This indicates an uncertainty in the average value of p_ of
about 18% and suggests that the correct value of p, is within the range 4.46 x 10

Q.cm?<p,<6.42x 10% Q.cm?
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The average transfer length for epitaxial TiC/n* 6Ho—SiC contacts was 9.5
pm and for sputtered TiC/n* 6Ho—SiC was 17 pm. The epitaxial grown TiC
contacts exhibited about 44% shorter L1 and about 18% lower R, than the sputtered
TiC contacts. The average specific contact resistance of epitaxial TiC contacts!3?
(1.30 x 103 Q.cm?) was about 55% lower than sputtered TiC contacts'®’ (2.89 x 10
3 Q.cm?). It is possible that the sputtered TiC contact properties could be improved
by optimized process development; however, the results obtained here suggest that
interface state reduction at the epitaxial TiC/6Ha—SiC interface may contribute to
lower p, values.”?

The average transfer length for epitaxial TiC/n* B—SiC contacts was 5.0 um.
The average specific contact resistance of epitaxial TiC/n* f—SiC contacts!3 (5.44 x
106 Q.cm?) was 60% lower than epitaxial TiC/n* 6Ho—SiC contacts. This value is
in accordance with superior transport prdperties of B-SiC. An approximate
theoretical calculation of the relative current densities through the two types of
single crystal epitaxial CVD TiC contacts, can be made assuming that contacts are
ideal in nature (because of reduced interface state density). The ideal nature causes
an accumulation type of ohmic contact!%® to form which is desirable because of
absence of any energy barrier to transport of majority carriers (in either direction in
this particular case, see Fig. 7.1). The approximate ratio of current densities at the
same applied bias, neglecting the difference in electron affinity, dielectric constant
and carrier concentration for the two types 6f polytypes, is:

2 1/2
Ty _ Pa@WNe® _ M@ | Mae® 7 _ M| ™™ ® 6.)
J "D, N m m TR 2 ‘
n@  Pa@Ne@  Hao\Mde(a n(a)

My ()™M (a)
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where J is current dénsity, D is diffusion constant, N_ is density of states at
the conduction band, | is drift mobility, m ;, is density of state effective mass for
electrons, m, is longitudinal effective mass of electron and m, is transverse effective
mass of electron. The effective masses are in units of rest mass. The subscripts o
and B denote the polytypes of SiC and n denotes the majority carrier electron.

Substituting appropriate values of the physical quantities!36 we get:

(6.2)

Tuw _ Pap 2750) (0.677 - 0.2472}” >y
To@ (e =20\ 15.025° )
The substituted value of drift mobility of electrons in 6Ho—~SiC is typical of
moderately doped (= 10'7 /cm?) layers.* The substituted value (750 cm?/Vs) of drift
mobility of electrons in B-SiC is a conservative estimate because it is a value in B-
SiC layers grown on Si substrates which have high density of defects due to large
lattice parameter mismatch.3”* Assuming approximately same degradation of
mobility for both polytypes when doped degenerately, it is seen that the value

obtained in equation 7.2 agrees with the ratio of specific contact resistances, pgqy

Pepy = 2.4, for the two polytypes obtained by measurement.
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Fig. 6.1. TLM structure on (a) sampie A, (b) sample B and (c) sample C,

showing TiC Shockley pads; light areas are TiC, dark area is n* SiC.
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Fig. 6.2. TiC Shockley pad dimensions and mesa width on (a) sample A, (b)

sample B (annealed) and (c) sample C.
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TiC n-SiC (B or 0)————

qx(~4eV) qb;
oy (2.7 eV)

Fig. 6.3. Equilibrium band diagram of ideal TiC/n-SiC (degenerately doped)

accumulation type ohmic contact.




76

01 X0€T | 60000 | 091 6L vl 65L0°0 v666'0 | €11E | SS'LI | ¥6°01 | SPL | 99°S | o3emay
¢OIXLO'T | ¥80000 | 0S'1 61°SI ¥00¥°0 €666°0 | L1'Ce | S8'8I | EU'TT | €€L | OV'S €1H
¢O1 X81°T | 980000 | 191 g8°¢l S6L1°0 66660 | 06'tE | ve'61 | 6V'11 | €L'L | TI'9 SIH
¢01 X9¢'T | ¥60000 | OL'T |84 LSE00 00001 | Icee | O8°8I | TOII | 06L It9 LH
¢01 XTO'T | €80000 | 9¥'1 96'¥1 0890 08660 | ¥O'CE | YTLL | 8811 | OV'L | L6Y (L
¢OIXI9T | 011000 | TL'T SeEl °L9T0 96660 | 1¥'6C | €691 | T8OL | LS'L [ TSS Ld
01 XOP'1 | €01000 | 091 (44! 9969°0 9L66'0 | ¥T°6T | TESL | ¥LOL | SEL Ev'e ¥d
o01 X96'6 | TB0000 | V¥l 86'v1 192 440) 16660 | €L'1¢€ | v¥'81 | 8C0l | €9°L 1T¢ LD
¢OI X611 | 660000 | 8L'1 1€°61 8LLTO 66660 | 17°¢c | OT'61 | SY'I1 | L6L | 8¢9 D
¢01T X8E'T | 860000 | £9'1 144! L961°0 86660 | LTTE | TELT | SOTL | 9S°L | LSS 6d
¢OTXLOT | LBOOOO | SP'1 0T¥l1 6vv1°0 66660 | LY'OE | 00°LT | T9OL | 069 | S¥'E 1TH
¢OTXGSL'T | 801000 | 161 12891 L98¢°0 ¥666'0 | 60'ce | TY8L | CETI | S€8 | 919 11D
90T X 8€'8 | LLOODO | 6T1 1744 08s1°0 66660 | €£08 | 9591 | Y001 | €89 | 0TS 01o
¢O1X6TT | $60000 | 091 9Vl LTLTO 9666'0 | 96'0€ | LL'LT | TO'IT | OO°L | S8'S (453)
Ol XEE'T | §60000 | ¥9°1 13 A4 1081°0 66660 | OL'IE | 86°'L1 | LL'OT | OL'L | ¥6'S 84
¢01 X951 | 911000 | 8S'1 1§11 88¥1°0 §866'0 | LI'ST | 8TSI | 056 | TS9 | 89% s1g
01 X681 | PIIO0O | 96'1 65 V1 99LT°0 L6660 | 1€2€ | 8Y8T | OTII | €58 | #§°9 o
001 X16'6 | 980000 | 9¢'1 el 8£9C°0 9666’0 | L8'8T | 06'ST | ¥6'6 | SE9 | OV'S eld
(uryo) "JJo0d
(quo-umyo) | (uo) | (umo) | (bspmyo) | doma'pls | wH0d | (wmo) | (wyo) | (uyo) | (wyo) | (wyo)
°d 1 ! i sy | w | vy | vy | oy | VI
(p uo 1Y) 1y aa1nd resury

“(DIS—OHY U /DIL AAD) SUOHE[NI[ED PUE BJEP JUIWAINSEIW )Fua] JOJSUBL], :7°9 J[qBL




77

01 X68C | 891000 | 961 ol ¥6L00 L6660 | 6STT | THEL | 098 | €29 | 61'S | 38eway
¢O1T X LS Y | 9LT000 | 96T 1ZA4! £66€°0 6660 | 99°T€ | 90°0C | TSTI | 816 | 69L 8d
¢01X97°T | S€1000 | 16'1 eVl €L1TO L6660 | 0S9T | 1S°ST | T€6 | 659 | 8F'S 8H
¢OIXLI'T | SP1000 | ILTT 65¢°01 §e1To 96660 | ¥£€CT | 98°CT | LS8 | 89°C | ¥V S10
¢O1XTLY | 022000 | SP'T 6L'6 70120 $6660 | 69°CTC | €ET'Vi | 66 | 069 119 6D
¢01X5¢ | 061000 | O1C 99'6 §s81'0 96660 | L8'TC | LT'E1 | €€8 | LS9 | €¥S Tid
¢01X98°T | 9L1000 | +8'1 LT'6 10610 96660 | SS0T | 06’11 | +0'8 | €9°S | 66F 911
¢OLXPLT | LETOOO | SP' €6 PLIT'O 86660 | 8661 | TSIT | 10°L | CTI'S | CTI'V L1d
¢OTX¥I°T | €61000 | 09'1 0’6 #0600 66660 | 8007 | €511 | 8S°L | €€S | 6TV 61f{
0L X65T | ILI000 | €L 8’8 68110 86660 | €961 | 85’11 L LS 1344 0zd
¢01X00¢ | 81000 | S8'1 ¥L'8 0Zs1'0 L6660 | 1961 | L6TT | ¥9°L | €9°C | 6LV 611
(umgo) ‘1390
(;wo-umo) | (wod) | (uo) | (bsjuyo) o1 "pis Wod | (umo) | (uryo) | (wyo) | (wyo) | (wyo)
>d Iq g XY oy | sy | ey | ey | uy | HWIL
(p uo 13y) 13 oA TROUIT]

*(DIS—0H9 U /LI, pa19ynds) SUOHRMO[Ed PuE BJEp JUSWIAINSEIW Y)3Ud] JJSuel], :¢"9 Aqu],




78

o0 X ¥H'S | 0S000°0 | SP'1 £8°12 €LSTO 86660 | TTES | ST'0E | €1'81 | 6S°T1 | 886 | d8ewny
o0 X LT'T | L20000 | O1'1 100¢ £V€9°0 66660 | 8Y'IL | 6b'6€ | ¥8TT | S8'ST | SI'TI 64
GOl XP1'S | €40000 | 8S'T | 8TLT 7664°0 86660 | 6LS9 | 89°LE | Lv'TT | vLYI | OL1T 8d
501 X ZT8'T | €€0000 | €11 1¥'sT 65040 86660 | L809 | ¥6'€€ | S961 | TSET | 8S0L LD
GOLXETL | SLO0OO | 81T | 081 LEITO 66660 | 0S'¥S | LL'IE | 9561 | 06'€1 | 0011 8D
oOL XP1°L | 860000 | S9T | S¥IT 1681°0 66660 | 06'CS | €9'6T | 8’81 | 88Tl | 986 o1d
s 0L X0V'L | 190000 | 191 18°61 LEOTO 66660 | Y06y | 0S'LT | 8ELL | 6611 | 686 81
501 X19°0 | 650000 | 8¥'T | L8l 19€5°0 v666'0 | €6'SY | 99°9T | ¥9'91 | 850l | +ES 6f
o0l XEP'E | OVO000 | ST'T | T9IT 065t°0 L6660 | L6'IS | OL'6T | 60°L1 | 88°IL | 8I'6 6D
01 X LO'T | 280000 | L1 £0'91 yLIEO L6660 | 9S°0F | ¥T'€T | Sk'¥T | TEO1 | 958 614
001 X €8°T | THO00'0 | 060 | SI'91 898€°0 9666'0 | TI'6E | L81T | OLTI | €€'6 | 8SL | 07O
(uryo) "JJo0d
(uo-uo) | (wo) | (wyo) | (bspuyo) | 013 'PIS wod | (umo) | (wyo) | (wyo) | (wyo) | (wyo)
°d 1 e i g | g | vy | wy | wy | ANL
(p uo L) 35 oAIno JROUT]

(Q1S—¢ U /DLL dAD) SUONEMI[Ed PUE Bjep JUIINSEIU [)SUd] J3JSURL], :§°9 JqEL




79

00

0¢

*IS-0H9 2d41-u/DLY, GAD 10j Surdeds snsiaa sped APPOYS UIIMII( OUE)SISI adeaaAyV 9 81

(suosoiw) p ‘SAVd AITHOOHOS N33ML3F ONIOVdS

0'0S1

000}

0°0S

00 (o'gergy) 005

! |

T

-

(oz'e ‘0)

00

00l

00¢

00e

ooy

(swyo) 4y ‘savd AT TMDOOHS NIIMLI9 IONVLISISIH



(=
o0

*NIS-0H9 3dL)-u/)i], paaaynds o) Surdeds snsida sped LIPPOYS U3IM)IQ DUE)SISIL adeaaAy °'S'9 ‘31

(suosoiw) p ‘SAVd AT IHOOHOS NIIMLIF ONIOVIS

0'002 005t 0'001 00§ 00 (5ggeg-) 005
_ T _ _ _ . 00
26°€ ‘0) o

- 00l

5 oSl

. 002

0'Ge

(swyo) 1Y ‘savd AT IMOOHS NIIMLIF IONVLSISIH



—
o0

01S—g ad£1-u/D11, AAD 10] Burdoeds snsiaA sped LIP[IOYS UIRAM)IQ DUE)SISAT aSetaay 99 ‘31

(suosoiw) p ‘SAVd AFIHOOHS NIIML3I4d DNIOVCS
0'002 0'0G1 0'001 0°0S 005 66-

! I T T T T T .
ﬁ.m ‘0)

0°0S-
00

- - 00!l

B - 0°0¢

B - 00¢€

B - 0o

B - 0°0S

) ] 1 | 1 | 2 1 o.ow

(swyo) 1Y ‘savd AIIMOOHS NIIMLI9 IONVLSISIYH



6.2. DETERMINATION OF STABILITY OF TIC/SIC INTERFACE

6.2.1. RESULTS AND DISCUSSION

T.E.M. examination of the CVD TiC/SiC interface shows that the interface is
abrupt, there is no interdiffusion and also no formation of any third phase (see Fig.
6.7 (a) and (b)). The only electron diffraction patterns obtained in the vicinity of the
interface were that of TiC or SiC. The pictures shown are representative of entire
interface examined.

The I-V characteristics and hence'tbtal resistance between Shockley pads
remained unchanged when repetitively biased to maximum compliance of the
HP4145B (105 mA) for 1 hour. The maximum current density through the contact
areas of A, B and C was greater than 4,700, 4,100 and 7,800 amps/cm?, respectively
(based on the total Shockley pad areas). It was greater than 9,000, 7,400 and 19,100

amps/cm?, respectively, within the L.Z.SP (Shockley pad area).

6.3. RESULTS OF TEST OF HARDNESS AND ADHESION
The CVD as well as annealed sputter' deposited TiC contacts could not be
scratched by tungsten carbide scriber. Further, CVD TiC contacts, bound to stainless

steel plate by epoxy, could not be delaminated from the SiC surface.
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Fig. 6.7. XTEM micrographs showing (a) epitaxial CVD TiC/6Ho-SiC

interface and (b) epitaxial CVD TiC/B-SiC interface.



CHAPTER 7

CONCLUSIONS

7.1. CONCLUSIONS

TiC ohmic contact metallization to n-type SiC was developed and
characterized. TiC ohmic contacts were formed by sputter deposition and metal-
organic chemical vapor deposition. Sputter deposition resulted in polycrystalline
contacts while MOCVD in epitaxial single crystalline contacts.

The electrical properties of ohmic contacts were characterized by Transfer
length method. The specific contact resistances obtained for epitaxial TiC contacts
in this study, are the lowest reported for both n-type 6Ho—SiC and B—SiC ohmic
contacts (see table 2.3). The average specific contact resistance of epitaxial TiC/n*
6Ho—SiC contacts!3? was 1.30 x 10° Q.cm? and of sputtered TiC/n* 6Ho—SiC
contacts'®® was 2.89 x 10 Q.cm? It is possible that the sputtered TiC contact
properties could be improved by optimized process development; however, the
results obtained here suggest that interface state reduction at the epitaxial TiC/6Ho—
SiC interface may contribute to lower p, values.”> The average specific contact
resistance of epitaxial TiC/n* B—SiC contacts'3> was 5.44 x 10°° Q.cm?. This is 60%
lower than epitaxial TiC/n* 6Ha—SiC contacts. This value is in accordance with
superior transport properties of B—SiC.
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Transfer lengths of ohmic contacts to n-type SiC are reported for the first
time. The average transfer length for epitaxial TiC/n* 6Ha—SiC contacts was 9.5
um, for sputtered TiC/n* 6Ho—SiC contacts was 17 pm and for epitaxial TiC/n* B~
SiC contacts was 5.0 pm.

The high temperature and high power stability of TiC/6Ho~SiC and TiC/p—
SiC interfaces were excellent. The interfaces were stable at temperatures as high as
1250 °C and current density as high as 19000 Amps/cm?.

The adhesion properties of the TiC contacts on SiC were outstanding.
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