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For high temperature processing and device applications, refractory materials, such
as silicon carbide (SiC) and tungsten (W), are actively considered or evaluated as the basic
semiconductor and metallization materials for future generations of integrated circuits.

In order to pattern fine lines in SiC and W thin films, a selective and anisotropic
etching technique needs to be developed for future device applications. Therefore, the
etching process including basic mechanisms and process requirement have been chosen as
the overall research goals of this project.

First, materials properties, such as crystallinity, conductivity, refractive index,
onrical bandgap, etc., of sputtered silicon carbide (SiC) and tungsten (W) thin films have
been investigated in conjunction with rapid thermal annealing (RTA) technique. The RTA
temperature dependence of the optical bandgap for SiC thin films has been obtained. High
crystallinity W thin of low resistivity films were obtained using the RTA process.

. Reactive ion etching (RIE) of SiC thin films in a variety of fluorinated gas plasmas,
such as SF¢, CBrF3 and CHF3 mixed with oxygen has been investigated in depth,, The
emission spectra and induced DC bias of the RF plasma were monitored to explore the
etching mechanisms. The argon actinometry technique has been used to convert the plasma
emission intensity to relative concentration of plasma species in order to more accurately
quantity the etching process. Plasma conditions, such as composition of gas mixture,
pressure, power, etc., were investigated in order to achieve the selective SiC-to-Si (and
Si0») etching and anisotropic patterning of SiC thin films needed for device fabrication. A
SiC:Si etch ratio higher than unity was obtained for the first time by using CBrF3/75%02
and CHF3/90%0, at 200W, 20sccm, 20mTorr plasma conditions. ~The best anisotropic
profile was observed by using CHF;3 gas in the RIE mode. A typical DC bias, -300V, is
concluded from etching experiments to determine the dependence of SiC etch rate and
physical reaction under RIE mode. -

A carbon rich surface on the etched SiC film was found for all gases and the roles
of fluorine and oxygen were determined in each ¢ :. The etching mechanism of SiC by
these gases under RIE mode was determined by loar "~ experiments, surface analysis and
etching phenomena. The reaction between fluon.. and carbon is not supported by
experimental results. A combined chemical and physical etching model has been suggested
and supported by experiments. A carbon blocking model was proposed to understand the
etching profile in all etching gases.

Reactive ion etching of tungsten (W) thin film has also been investigated by using
the different fluorinated gas plasmas, such as CFg, SFg, CBrF3 and CHF3 mixed with
oxygen.-We have achieved our goal of selective patterning of tungsten films over SiC, Si,
SiO5, which required in order to use W in SiC device applications. A very good W:Si and
W:SiO selective ratio, 4:1 and 4.8:1, were observed by using CHF3/70%0> gases and
under different plasma conditions: zThc obtaining of anisotropic etchmg profile in W
etching has been suggested and the mechanisms have also been studied. b
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ABSTRACT

For high temperature processing and device applications, refractory materials, such as
silicon carbide (SiC) and tungsten (W), are actively considered or evaluated as the basic
semiconductor and metallization materials for future generations of integrated circuits.

In order to pattern fine lines in SiC and W thin films, a selective and anisotropic
etching technique needs to be developed for future device applications. Therefore, the
etching process including basic mechanisms and process requirement have been chosen as
the overall research goals of this project.

First, materials properties, such as crystallinity, conductivity, refractive index, optical
bandgap, etc., of sputtered silicon carbide (SiC) and tungsten (W) thin films have been
investigated in conjunction with rapid thermal annealing (RTA) technique. The RTA
temperature dependence of the optical bandgap for SiC thin films has been obtained. High
crystallinity W thin of low resistivity films were obtained using the RTA process.

Reactive ion etching (RIE) of SiC thin films in a variety of fluorinated gas plasmas,
such as SFg, CBrF3 and CHF3 mixed with oxygen has been investigated in depth. The
emission spectra and induced DC bias of the RF plasma were monitored to explore the
etching mechanisms. The argon actinometry technique has been used to convert the plasma
emission intensity to relative concentration of plasma species in order to more accurately
quantity the etching process. Plasma conditions, such as composition of gas mixture,
pressure, power, etc., were investigated in order to achieve the selective SiC-to-Si (and
S$i0y) etching and anisotropic patterning of SiC thin films needed for device fabrication. A
SiC:Si etch ratio higher than unity was obtained for the first time by using CBrF3/75%02 and
CHF3/90%0; at 200W, 20sccm, 20mTorr plasma conditions. The best anisotropic profile
was observed by using CHF3 gas in the RIE mode. A typical DC bias, -300V, is concluded
from etching experiments to determine the dependence of SiC etch rate and physical reaction

under RIE mode.

et




A carbon rich surface on the etched SiC film was found for all gases and the roles of
fluorine and oxygen were determined in each case. The etching mechanism of SiC by these
gases under RIE mode was determined by loading experiments, surface analysis and etching
phenomena. The reaction between fluorine and carbon is not supported by experimental
results. A combined chemical and physical etching model has been suggested and supported
by experiments. A carbon blocking model was proposed to understand the etching profile in
all etching gases.

Reactive ion etching of tungsten (W) thin film has also been investigated by using the
different fluorinated gas plasmas, such as CF4, SFg, CBrF3 and CHF3 mixed with oxygen.
We have achieved our goal of selective patterning of tungsten films over SiC, Si, SiO»,
which required in order to use W in SiC device applications. A very good W:Si and W:SiO;
selective ratio, 4:1 and 4.8:1, were observed by using CHF3/70%03 gases and under
different plasma conditions. The obtaining of anisotropic etching profile in W etching has

been suggested and the mechanisms have also been studied.
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CHAPTER 1
INTRODUCTION

Silicon carbide (SiC) has become an attractive semiconductor
material in recent years for high speed, high density and high
temperature device applications due to its wide band gap[l.1], high
thermal conductivity, high temperature stability, high breakdown electric
field[1.2] and high electron saturation velocity[1.3, 1.4], etc.

Since the metal contact to SiC is required to be stable for high
temperature and high current density device application, tungsten
appears to be a very good candidate for both Si and SiC technology. W
metallization has been of considerable interest because of its refractory
nature and deposition versatility, including sputtering and selective
deposition. Since interconnections need to be deposited and patterned over
various underlying materials with a minimum disturbance of the existing
structure, the sputtering technique has been used for our experiments.

Rapid thermal processing (RTP) has become a very powerful
processing technique in today’s semiconductor applications, because of its
to great control and the "thermal budget"” (i.e. time temperature regime)
loading versatility, as shown in table 1.1. Therefore, we have investigated
the effects on SiC and W thin film quality of using rapid thermal
annealing (RTA). To precisely control the heat treatment of various
processes has many advantages compared to conventional furnace
annealing. The thin film quality, including such properties as
crystallinity, resistivity, refractive index, optical bandgap, etc., are

important for device applications.
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So, using RTA to prepare the high quality thin films and
developing a dry etching techniques for patterning SiC and W fine line
are the main target for this research. Therefore, a selective and
anisotropic etching technique to pattern SiC has been developed by using
fluorinated gases, such as SFG, CBrF3 and CHF3 and oxygen mixture
under reactive ion etching (RIE) mode, which would specially concern not
only etching SiC itself, but also selective etching to Si and Si02. The
basic plasma parameters, such gas composition, pressure, power, flow
rate, substrate temperature, emission spectra, induced DC bias, etc., have
been varied and monitored to understand and control the etching
processes. The etching profile and the etching surface have been analyzed
and the etching mechanisms in both chemical and physical reaction model
of each gas have been proposed and confirmed by experiments.

Reactive ion etching of tungsten thin films has been performed by
using CF " SF6, CBrF3 and CHF3 mixture with oxygen to achieve
selective etching over Si, SiO2 and SiC. The pressure and power of the
plasma have been varied to optimize the selectivity. The etching
mechanism of tungsten in these fluorinated gases has been studied and
compared to previous results. The etching conditions, such gas, pressure,
power, etc., will be suggested to achieve the anisotropic etching. The
in-situ patterning processes of SiC and W are considered by using similar

fluorinated gases in device applications.




CHAPTER 2
HISTORICAL REVIEW AND TECHNICAL BACKGROUND

2.1 Potential of Silicon Carbide

Silicon carbide (SiC) enjoys a member of superior properties which
can be of great potential benefit when developed in conjunction with
advances in submicron semiconductor processing technology. As device
fabrication technology reached the high density and submicron region, the
requirements for devices working under higher heat dissipation, higher
operating temperature and higher electrical field have become more
difficult for existing materials, such as Si and GaAs, because of their
basic material properties. Currently, the single crystal 3C-SiC has become
a more attractive material because its refractory nature is considered
with high electron mobility (1000 cm?/V*s)[2.1] and high electron
saturation velocity ( 2.6 X 107cm/sec), which are comparable to Si at
room temperature . The weaker temperature dependence of carrier
mobility in SiC than in Si and wider band gap suggests that SiC is a
more suitable material for devices operated at high temperature. The
basic material properties of SiC, Si and GaAs are compared in Table 2.1.

Two different figures of merit (FOM), which were proposed by E.
O. Johnson and R. W. Keyes, are shown in Table 2.2. The figure of merit
proposed by Johnson[2.2] relates breakdown electric field (EB) and
electron saturation velocity (Vsat) to the power and frequency limits of
transistors. Keyes' FOM[2.3 - 2.5] is a relationship between high

frequency limitations, minimum device dimensions, and the semiconductor

{
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properties o (thermal conductivity), Vsat (saturation velocity) and K
(relative dielectric constant) were considered. From the Si normalized
ratios of both figures of merit, it can be seen 3C-SiC is superior in
principle to Si and GaAs no matter which FOM is chosen. It is, therefore,
in high operating temperature and high speed device applications.

In order to obtain high quality SiC thin films, a variety of gases
and processes, such as chemical vapor deposition (CVD)[2.6-2.9],
low-pressure chemical vapor deposition (LPCVD)[2.10-2.13] have been
utilized. For epitaxial deposition on Si, a carbonized buffer layer was
needed to reduce the 20% mismatch between 3C-SiC and Si (4.36A and
5.433). High growth temperature (>1100°C) was required for growing
high quality SiC film except in work of Y. Furumura et al.[2.13] who
used Si(111) off-axis substrates and SiHCl3-CaH8 gas system (instead of
SiH 4-03H8) to obtain 3C-SiC film with no buffer layer and at a lower
processing temperature (1000°C). A summary of SiC thin films deposition
by CVD and LPCVD is shown in Table 2.3.

A few other growth methods, which have been developed for
different types of SiC thin films in various applications are shown in
Table 2.4. This includes molecular ion beam epitaxy (MIBE){2.14],
dual-source sputter deposition (DSSD)[2.15], plasma chemical wvapor
deposition (PCVD)[2.16, 2.17], vapor phase epitaxy (VPE)[2.18],
sputtering[2.19]. The single type 3C-SiC, polytype SiC (poly-SiC) and
amorphous SiC (a-SiC) were grown on different substrates, such as TiC,
amorphous Si (a-Si). Low operating temperature and no buffer layer were

the common situations for these processes.
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In general, CVD and LPCVD methods have been widely used in
today’s technology, but the high growth temperature and carbonized
buffer layer, are required in most processes. The different types of SiC
microelectronic devices which have been reported include light emitting
diodes (LED)[2.20-2.23], solar cells[2.24, 2.25], bipolar transistors[2.26,
2.27], MOSFETs(2.28-2.31], MESFETs [2.32], SiC/Si heterojunction
bipolar transistors[2.33-2.36], dielectric isolation[2.37], etc.

The sputtering technique used in this work to prepare SiC thin
film has the advantage of being essentially substrate-independent, taking
place at close to room temperature and being able to cover large areas
fairly easily, particular in the applications of solar cells, light-emitting

devices and SiC-Si heterojunction devices.

2.2 Potential of Tungsten

Refractory metal tungsten (W) has been increasingly used in VLSI
circuits in past decade due to its low resistivity (5.3u0-cm), superior
electromigration resistance and high melting point (3410°C) [2.38, 1.6,
1.7}, which has the advantage of high operating temperature. Among the
applications[2.39] for tungsten are as a diffusion barrier between silicon
contacts and aluminum metallization[2.39, 2.40], it prevents spiking
(silicon dissolution effect), thereby permitting the use of shallow junction
contact, as a low-resistance shunt for polycrystalline silicon gates and
interconnections (in elemental or silicide form), gate metal {2.41, 2.42], and

as an alternative to aluminum-based metallization[2.43, 2.44].
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2.3 Rapid Thermal Processing (RTP)

2.3.1 Introduction

For today’s integrated circuits (ICs), a minimum feature size is
required to obtain higher speed and higher packing density. Therefore, the
dimensions of device continue to shrink into the submicron region, which
pushes integrated circuits from  very-large-scale (VLSI) into
ultra-large-scale integration (ULSI). The control of impurity profile and
material properties becomes ever more critical. A key characteristic of
these new processes must be a method of minimizing total thermal
exposure to obtain smaller geometry devices, shallower junctions and thin
high quality materials.

The inadequacy of conventional furnace annealing has led
researchers to investigate alternates to furnace annealing based on lasers,
electron beams, lamps, resistance heaters, and ion-beam annealing
technology[2.45-2.49]. Since 1977, the first attempt to anneal ion
implanted GaAs wafer was made by Surrid -: al.[2.560]. In 1980,
Nishiyama, Arai, and Watanabe[2.51] were the first to use halogen lamps
as a continuous source of radiation to anneal boron-implanted silicon for a
very short time (6sec). After that, a very wide applications of rapid
thermal processing has been studied in different directions such as ion
implant activation[2.52, 2.53], growth of thin film material[2.54, 2.55],
silicide formation [2.56], junction formation[2.57, 2.58], annealing growth
materials, (dielectric material[2.59, 2.60)], silicide[2.61, 2.62]), removing
defects from reactive ion etching surface[2.63, 2.64), rapid thermal
oxidation process (RTO){2.65-2.67] and nitridation [2.68-2.70], etc. A
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summary of different applications of RTP in semiconductor processes is
shown in Table 1.1.

High throughput, low equipment cost, energy saving, control
contamination, ease of handling, and lack of a thermal gradient are some of

key feature of rapid thermal processing.

2.3.2 Operating principles

Basically, all of the thermal processes can be divided into three
groups according to the time of process with reference to the thermal
response time[2.71] : (1). adiabatic processing, (2). thermal flux processing,
and (3). isothermal processing[2.72]. There are shown in Figure 2.1, where
the appropriate temperature distribution is also displayed. Typically, a
high power laser beam is used for a time less than about 10% in the
adiabatic processing case, which is less than the thermal response time of
silicon (msec). The dopant redistribution and the formation of ripples
occur locally due to the melting surface and the electron beam processing
introduces neutral traps in the oxide layer preventing its use in
metal-oxide-semiconductor (MOS) device[2.73]). The main disadvantage of
thermal flux processing, wherein the processing time (10%s) is

comparable to the thermal response time, is that although defects are

removed from the center of scanning spot, thermal stresses are introduced
at the boundary of scanning line causing new defects. On the other hand,
in rapid isothermal processing, the wafer is heated for about 1-100 sec
using incoherent light sources such as tungsten halogen lamps, arc-lamps,

or graphite heaters. The unfocused light is allowed to heat the whole
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wafer uniformly. No interference effects between the dielectric overlayer
and semiconductor are present. The main advantage of rapid isothermal
processing over conventional furnace annealing, which takes times in the
order of minutes, is that little diffusion of implanted atoms and
previously incorporated dopant atoms takes place while dopants are
activated completely.

For most metals, dielectrics, and insulators, the response time is
less than 1sec. Therefore, during isothermal processing, there are no
temperature gradients into the bulk are present. A heating and cooling
rates in the temperature range of 30-500°C/sec have been generally used
and a typical temperature profile versus processing time is shown in
Figure 2.2(a). The pre-heat cycle 1is occasionally wused for high
temperature procedures (>900°C), as shown in Figure 2.2(b).

An alternative to in situ doping, diffusion and ion implantation
provide means of controllably introducing impurities into semiconductor
materials. In SiC, diffusion processes require both temperatures greater
than 1800°C and relatively long time[2.74] to accomplish the mass
transport required for device fabrication. So, ion implantation is more
attractive process to dope SiC and the RTP will be more controllable
method for impurity activation and junction depth. The use of ion
implantation to form p-n junctions has been successfully reported by
several investigators[2.75-2.77] in 6H-SiC. In recent year, the RTP
technique has been introduced to activate ion implanted impurities in
3C-SiC by Edmond et al.[2.78] and Ryu et al.[2.79].

The rapid thermal annealing (RTA) process has been introduced in

this work to improve the quality of SiC and W thin films prepared for
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Figure 2.1. Schematic showing the definition of three heating processes
(a). adiabatic, (b). Thermal flux, (c). isothermal, and their temperature
profile (Ref. [2.81]).
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Figure 2.2. Typical temperature profile of rapid isothermal processing
for (a). low temperature ( < 700°C), (b). high temperature ( > 900°C)
range,.
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our etching studies.

2.4 Reactive Ion Etching

2.4.1 Introduction

Dry etching techniques (plasma etching) have been developed and
applied to silicon ICs and dating back to the late 1960s [2.80, 2.81]. As
device geometries decrease, spacing between stripes of resist mask also
decrease. With micron and submicron patterns, the surface tension of
etching solutions can cause the liquid to bridge the space between two
resist stripes and etching of the underlying film is thereby precluded. The
isotropic nature of the wet etching process limits to the device
dimensions. Because the film thickness and the etching rate are often
non-uniform, a certain degree of overetching is required. However, when
the film thickness is comparable to the lateral film dimension,
undercutting can be intolerable. The different types of etching profile are
shown in Figure 2.3[2.82]. In general, the isotropic etching profile is
caused by a nondirectional chemical reactions. For this reason, plasma
etching techniques, which provide more control and the anisotropy, have
been developed. Furthermore, plasma etching is a dry process, which is

clean and safe.
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ISOTROPIC
V/L=1

TAPERED

V/L>1

Edge Profile Ratio
= V /L

ANISOTROPIC
V/L>>1

Figure 2.3. The cross section of (a). Isotropic, (b). Tapered and (c).
Anisotropic profile of films etched with wet or plasma etchant (Ref.

(2.82]).
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2.4.2 Basic Operation

A plasma is a partially ionized gas composed of electrons, ions, and
a variety of neutral species. It is generally formed by applying a large
electric or magnetic field to a volume of gas at different pressures. The
electric field could be generated in DC or AC-type glow discharges.
Typically, a DC glow discharge operates at pressures exceeding 30mTorr
and applied voltages exceeding a few hundred volts. The discharge is
visibly nonuniform between electrodes, and is composed of a series of
luminous light and dark zones. In AC or RF discharges, a few hundred
volt plasma potential (-Vp) with respect to ground can be produced in the
powered electrode, as shown in Figure 2.4. This self-induces bias is due to
the difference in electron and ion mobility, in electrons been readily
collected. The strong negative bias will accelerate jons to directionally
bombard the powered electrode. This can produce higher a directional
etching profile compared to loading the sample on ground electrode. The
advantages of RF discharges are : (a). higher efficiency to generate
plasma, (b). allowing operation at pressures as low as 1lmTorr, (c).
electrode material independent, electrode could be covered by insulator.

The large number of parameters that affect the process is one of
the most challenging aspects to routine use of plasma etching. Figure 2.5
illustrates some of parameters that impact the gas-phase[2.83]
interaction, as well as surface-plasma interactions. Although many
macroscopic parameters can be controlled, such as the type of feed gases,
power, flow rate, and pressure, the precise effect of making any changes

in these parameters is usually not well known and a change in a single
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Figure 2.4. (a). Schematic view of rf discharge, (b). Induced potential
of rf discharge as a function of position.
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macroscopic parameter typically alters two or more basic plasma
parameters. Plasma-assisted etching can take several different forms for
various applications, such as sputtering etching, ion milling, plasma
etching, reactive ion etching, reactive ion beam etching, etc. Basically, in
reactive ion etching, a physical and chemical reactions are involved
simultaneously, which makes the etching mechanisms more complicated.
In our work, a low pressure of 1lmTorr to 100mTorr has been used to
obtain higher induced potential. The processed sample is always loaded on

power electrode to gain more directional etching by ion bombardment.
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2.4.3 Plasma Etching of Silicon Carbide

SiC is inert to nearly all commonly used laboratory chemicals. Most
of the effective etching methods historically reported for SiC, such as
molten salts[2.84-2.90] and gas phase etching[2.84, 2.86, 2.91-2.94], are
carried out at temperatures in excess of 500°C, and some even more
than 1000°C. This has limited application to semiconductor device
fabrication technology and the conventional SiC etching is summarized in
Table 2.5 and Table 2.6[2.95].

Plasma etching technique had been introduced at RPI in 1985 to
etch SiC by CF 4/02, SFG/He and Ar plasma[2.96]. The use of CF 4[2.97,
2.98], CF,/O,[2.96, 2.97, 2.99], NF,[2.100], SF6[2.101] plasmas to
pattern SiC previously in RPI and summarized in Table 2.7. These
results concentrated on etching SiC and no selectivity to Si and Si02,
etching profile and etching mechanisms still needed to be explored.

In order to incorporate SiC films into Si VLSI technology, a
selective and frequently anisotropic etching process with respect to Si and
SiO2 is required[2.102]. To fully utilize plasma-assisted etching for SiC
technology, one needs to explore and understand the effect of various
plasma parameters including pressure, power, etching species, dilutants,
etc. For example, for the SiC homo-device (MOSFET), a selectivity of
SiO2 to SiC higher than unity is required for gate area patterning and an
anisotropic isolation etching process is needed for high density device
applications, as shown in Figure 2.6(a). For the SiC/Si heterojunction
device, fabrication considerations of SiC etching selectivity and anisotropy

to define the active area well are required, as shown in Figure 2.6(b).

----------ﬁ
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Therefore, various fluorinated gas mixtures, such as SF6/02, CBrF:,‘/O2
and CHF3/O2, have been investigated in this work, in order to fulfill
these requirements. Furthermore, the etching mechanisms of using these
gases, including high fluorine-containing gas (SF6) and low

fluorine-containing gas (CBrF3 and CHF3) in RIE has been explored.

2.4.4 Tungsten

The previously reported dry etching of tungsten using
fluorine-containing gases, such as CF 4 [2.103, 2.104], SF‘S/O2
[2.105-2.107], CF4’/02 [2.106], CF“/N2 [2.104], and CBrF3/O2 [2.108],
and XerlAr [2.109, 2.110], is summarized in Table 2.8. In these
previously works, W etching either has not been investigated in the
low-pressure RIE mode necessary for fine-line patterning or has not
exhibited the necessary selectivity. The main product of using a
fluorinated gases to etch tungsten and silicon is WF6[2‘107’ 2.110]} and
SF 4+ In Table 2.9, the melting point of different tungsten and Si fluoride,
bromide, chloride and oxide compounds[2.111] are displayed. It reveals
the advantage to use fluorinated gases to etch W and Si due to their
lower melting and boiling point. SiF 4 has a much higher vapor pressure
than WFS at room temperature. It is, therefore, very difficult to obtain a
selectivity ratio of W over Si higher than 1. Patterning a tungsten films
over SiC, Si and SiO2 which is necessary for device applications and has
been investigated and not sufficient. Indeed, even CVD and LPCVD
techniques which enable selective deposition of W, in multilevel metal

structures, where the different depths of contact vias will still require an
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Figure 2.6. Processing requirements for (a). Homo-device structure of
SiC MOSFET, (b). Device structure for SiC/Si heterojunction transistor.
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etch-back process to obtain planarization[2.112].

We have, therefore, investigated the use of fluorocarbon gases, such
as CF & SF6, CBrF3, and CHF3, mixed with different concentration of
oxygen under RIE mode to study the etching behavior of W thin films.
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CHAPTER 3
THIN FILM PREPARATION

3.1 Deposition Technique

8.1.1 Silicon Carbide

SiC thin films were deposited by RF (13.56MHz) sputtering at
room temperature onto thermally oxidized or virgin (100) silicon
substrates, which had been cleaned by a standard cleaning procedure.
The deposition system used was a planar electrode system from Veeco
Co.. Before sputtering, the system was pumped down to 2x10® Torr base
pressure. A 5" hot-pressed stoichiometric SiC composite target (99.7%
purity) was used as cathode, and cooling water was used to cool down the
target during deposition. The distance between the SiC target and the
substrate was about 6 cm. The film was deposited in Ar gas plasma of 6
mTorr at an RF power of 200W(1.58W/cm?). A constant sputtering rate
of 11lnm/min was used to prepare samples with film thickness from 50nm

to 1ym.

3.1.2 Metals Deposition

3.1.2.1 Tungsten

Tungsten films were deposited at room temperature by DC
magnetron sputtering from a 2" (99.97% purity) W target in Ar

31
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plasma at 6mTorr pressure and -350V voltage conditions. The base
pressure was 7x10"Torr. A W sputtering rate of 10nm/min was
generally used. A good metal-shining and smooth film was obtained
by sputtering W onto Si or SiO2 substrate. No adhesion problems

were observed.

3.1.2.2 Aluminum

The 200nm to 300nm aluminum films, used as a mask for
both tungsten and silicon carbide etching experiments, were
deposited by a resistive evaporation system (Veeco) at 100nm/min
evaporation rate. The Al film was patterned by standard IC
photolithography processes, which included positive photoresist
(SHIPLEY 1470), visible light wavelengfh aligner (Perkin-Elmer
140) and 40°C wet etching by solution of 16 H3PO . 1 HNO3 11
CHSCOOH 12 H20.

3.2 Rapid Thermal Annealing (RTA)

3.2.1 Experimental Procedure

Rapid thermal annealing of silicon carbide and tungsten thin films
has been performed by using a Heatpulse 210/T rapid-wafer-annealing
system (AG Associates). The system basically consists of an annealing
chamber and a microcontroller. The annealing chamber contains upper

and lower banks of high-intensity, tungsten-halogen lamps and
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water-cooled reflective walls. A quartz diffusion tube is positioned
between the lamps banks, as shown in Figure 3.1(a). The banks together
contain thirteen 1.5kW lamps and has an 18kW lamps total output limit.
A small Si chip with a thermocouple glued to it is located in the
annealing chamber and functions as a temperature sensor, as shown in
Figure 3.1(b). Both temperature and intensity control mode are available,
but only the temperature control mode has been used in this research. A
typical temperature profile for 500°C to 1100°C peak heating for a 10sec
cycle in the temperature control mode is shown in Figure 3.2. A ramp-up
rate of 100°C/min was used. A 400°C, 10sec pre-heat cycle was designed
for warming up the lamp system and reducing the thermal stress for the
high temperature process. The limitations of the system are a maximum
of 300 sec for annealing time and a temperature range of 300°C to
1250°C.

3.2.2 Refractive Index of SiC

After deposition, the SiC thin films are treated by rapid thermal
annealing (RTA), basic optical properties have been obtained directly by
measuring the refractive index and the optical energy bandgap. An
automated ellipsometer (Rudolph Research model) was used to determine
the refractive index at a wavelength of 632.8nm. The silicon substrate is
assumed to have a refractive index of 3.858 and an absorption index of
0.018(3.1]. Figure 3.3 illustrates the dependence of the refractive index of
SiC films on annealing time from 0 to 90sec at different annealing

temperatures from 1000°C to 1200°C, in nitrogen ambient. After
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annealing, SiC samples were etched by diluted HF solution (HF:HZO =
1:50) 1min to remove possible oxide layers, which may disturb the index
measurement. When the temperature was lower than 1000°C, no
significant change of refractive index was observed during the same
annealing period, which is similar to results using conventional furnace

annealing(3.2]. The different ambients, Ar, Ar+3%H_, and N2 used for

o
index measurements resulted in quite similar values.

The refractive index of as-sputtered SiC films is between 3.0 to
3.6. As shown in Figure 3.3(a) and (b), at annealing temperature of
1000°C and 1050°C, the index does not approach the SiC bulk value of
2.65(3.3], even for annealing times as long as 90sec. However, for
annealing temperatures of 1100°C and 1200°C, as shown in Figure
3.3(c) and (d), in only 20sec annealing time the index reaches an average
value close to SiC bulk value. The summary of results of index
measurements by using the RTA technique for 30sec at different
temperatures is shown in Figure 3.4(a). These results are comparable to
the conventional furnace annealing process[3.2], shown in Figure 3.4(b).
However, the RTA processing time is at least 60 times faster than the
furnace operation. This "time" savings is an important factor for not only
increasing the throughput but also fabricating advanced design in SiC
device applications.

The variation across the wafer of film thickness and refractive
index for a 600nm SiC thin film deposited on 3" Si(100) substrate and
annealed by RTA at 1100°C, 30sec, in N2 ambient, is shown in Figure
3.5. A bell-shaped thickness profiles of sputter-deposited material are
expected, due to the angular distribution of the sputtering system.

B EE BN BN I N B BN S B BN B B B B e s mm e |
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Refractive Index

Figure 3.4.

temperature by (a). furnace (30min) (Ref. [3.2]), (b). RTA (30sec).
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However, using a large size of target (5") would improve the thickness
distribution for large area substrates. The 11% variation of index was
caused by nonuniform thermal heating. The edge has a higher heat
dissipation rate than the center area, causing the temperature of the
edge of wafer to be lower than the center area. The SiC films generally
used in this research have a thickness of 600nm and are annealed at
1100°C by either using RTA, 30sec or by furnace annealing, 30min. The
center part (close to 2" dia. area) of each 3" wafer is actually used for
experiments.

The crystallinity of SiC films after annealing treatment for
1100°C, 30sec furnace is obtained by X-ray diffraction spectroscopy
situations was shown in Figure 3.6[3.2]. Only one peak was detected at
35° (corresponding 2.51A). Therefore, the phase of SiC could not be
determined. The Si peak at 70°(1.36A) corresponds to the (400) plane.
For anneals at temperature lower than 900°C, SiC films exhibit an
amorphous structure. The crystal structure obtained by RTA is believed

to be the same as for the furnace procedure.

3.2.3 Optical Bandgap Measurement of SiC

3.2.3.1 Introduction

The calculation of the band structure was first reported in
about 1960[3.4, 3.5] for simple SiC structures, such as cubic SiC.

However, the large size of the unit cells of the more common
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polytypes had not been calculated until the greater knowledge of SiC
polytypes and better computer facilities were available.

The bandstructure of 2H, 4H and 6H has been studied by
Hermal et al.[3.6] and Junginger and Van Haeringer{3.7]. The
results suggest that the direct energy gap of all polytypes is nearly
the same and the large difference of the optical (indirect) gaps are
due to a delicate balance which cause the conduction bands to move
up and down.

Herman et al.[3.8] have speculated that the strikingly linear
relation between band gap and hexagonality may have a deeper
reason. They notice that the lowest conduction band minima of 2H
lie at different position in the reduced zone than minima of the other
polytypes. For 2H, the conduction band minima are at point K. For
the other polytypes they lie along a line joining points L and M.
Thus Herman suggests the K-gap and the L-M gap are linearly
related to the hexagonality, the former one decreasing and the latter
one increasing with increasing hexagonality. Such a correction
between hexaconality and bandgap is plausible since the
hexagonality is reflected in the axial ratio c¢/a which in turn is a
measure of the lattice distortion. This model is illustrated in Figure
3.7 and the known gap of SiC polytypes are marked.

Optical absorption in solids results from any of the following
five principal processes : (1) excitation of crystal vibrations, (2)
formation of excitons, (3) excitation of free electron and holes within
allowed bands, (4) excitation of free electrons and holes from one

band to another of the same type, (56) excitation of electrons across
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the gap from valance band to the conduction band(3.9, 3.10]. Only
case (b), involving excitation of electrons across the forbidden gap,
gives rise directly to photoconductivity. The abrupt increase of the
absorption coefficient a (cm™) at a certain wavelength indicates that
the photon energy matches bandgap energy.

The definition of the direct and indirect transition are shown
in Figure 3.8(a). Phonons are involved in the indirect transition for
conservation of energy and momentum, as shown in Figure 3.8(b).
Theoretical expressions have been derived[3.9-3.11] which permit a
discrimination between direct and indirect transitions, not only on
the basis of the magnitude of the absorption coefficient involved, but
also on the basis of the dependence of absorption coefficient on
photon energy. For direct and indirect transitions, the following

dependencies are to be expected,

a « (Ev - Ei)ll 2 for direct transition (8.1)

a « (Ept - EG)2 for indirect transition (3.2)

where Ev is the energy of the top of the valence band and Ei is the
energy of the initial state from which the transition is made. Ept is
the phonon energy and EG is the difference between Ei and Ev. In
actual practice, for allowed transitions for example, a? is plotted

against photon energy to give a straight line for the direct
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V2 s plotted against photon energy to give a

transition, and a
straight line for the indirect transition. The intercepts of these
straight lines on the energy axis give the value of band gap. For
indirect bandgap materials, such Si, Ge(3.12, 3.13), two different
slopes of absorption coefficient are expected for indirect and direct
bandgap energy. Indirect transitions were observed in SiC by Choyke
and Patrick(3.14], which could be adequately described by a single

phonon energy of 0.09eV over a wide temperature range.

3.2.3.2 Experiments and Results

High quality quartz substrates were used for the SiC optical
bandgap measurement, with no absorption of at wavelengths from
200nm to 900nm. The optical absorption measurement was carried
out with a Perkin-Elmer 7500 UV system over the wavelength
range from 190nm to 900nm.

First, SiC films of different thickness were deposited and
measured in the unannealed condition. As shown in Figure 3.9, all
data points for unannealed samples fall basically on the same curve.
Two different variations of absorption coefficient are apparent for
the indirect and direct transition region of the SiC thin film. The
150nm SiC films were then annealed by furnace for 30min or RTA
for 30sec at temperatures from 500 to 1100°C in N2 ambient. The
indirect transition was observed in all annealing cases and is shown
in Figure 3.10. The data points for the indirect transition region

(dash line and lower absorption coefficient) have been replotted
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according to Eq. 3.1 and shown in Figure 3.11 for each RTA
annealing temperature. The intercept of the x-axis gives the value of
the optical bandgap. Similar results were obtained by furnace
annealing (FA). The relation of bandgap and annealing temperature
has been summarized in Figure 3.12. At first, the band gap shift is
rather small, going from 0.95eV in the unannealed situation to leV
after 500°C RTA. For higher temperature anneals, a linearly
increasing bandgap was observed from leV to 1.7eV by increasing
the annealing temperature from 500°C to 1100°C. For FA, the gap
shows little deviation for low temperature anneals (500 to 700°C)
and almost same result was obtained for the high temperature
region (900 to 1100°C).

Different results has been obtained for various growth
procedures of amorphous SiC thin films. A 1.6eV (unannealed) and
2.1eV (600°C 1hr. in vacuum annealing) optical band gap was
measured by Fagen[3.15]. From Rahman and Furukawal[2.16], a
bandgap of 1.8eV resulted from using plasma chemical vapor
deposition (PCVD) to grow SiC thin films at 250°C. The reason for

these variations is not clear yet.

3.2.4 Sheet Resistance of W

0.6ym W films have been prepared on oxidized Si( 160) substrates
and annealed by RTA in Ar gas ambient. The variation of annealing
temperature was from 500°C to 1100°C and Osec to 90sec for annealing
time. The sheet resistance of W film was measured by 4-point probe

(FPP-100, Veeco system) and a typical result of sheet resistance versus
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Figure 3.9. The optical bandgap measurement for unannealed sample

at different film thickness.
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annealing time at 1100°C is shown in Figure 3.13(a). The sheet resistance
of W films dropped about a factor of 3 compared to the unannealed
condition and only a small variation after 30sec annealing is observed. The
behavior at different annealing temperatures, from 500 to 1100°C, is
similar except for the final value of the sheet resistance achieved. The
summary of temperature effect on W film resistivity at 60sec RTA is shown
in Figure 3.13(b) (converted from sheet resistance measurement).
Basically, the final resistivity decreased as the anneal temperature
increased. A value of 13y0hm-cm was obtained by annealing at 1100°C,
which is considerably better than that reported for films obtained by the
same or similar sputtering techniques but annealed by conventional furnace
treatment[3.16, 3.17]. All W films prepared for subsequent etching
experiments were deposited on Si or SiO2 substrate, then annealed by

RTA at 1100°C, 60sec in Ar ambient.
3.2.5 Crystallinity of W
X-ray diffraction spectra of W thin films were measured for each

annealing temperature at 60sec. It is found that with increasing

temperature the W films became more crystalline. The polycrystallinity of

~ W films was confirmed by observing two peaks at 40.3° (corresponding to

(110) orientation) and 73.2° (corresponding to (211) orientation). The
peak intensity of (110), shown in Figure 3.14, was much stronger than
(211). The higher intensity and sharper diffractive peak indicates a
higher degree of film crystallinity, as the annealing temperature is

increased.
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The oxidation of W film was observed easily by using furnace
annealing at temperature higher than 500°C under 1 atm. The WOE was
the major oxide product and can be detected by X-ray diffraction spectra
at 25.8° and 30.3°. However, using RTA technique, the oxidation effect
of W at high temperature annealing under 1 atm was not found as no
oxide peak appeared in the X-ray diffraction spectra in all cases. The W
film was still metal-shiny with good adhesion to Si or SiO2 as deposited.
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CHAPTER 4
REACTIVE ION ETCHING : SILICON CARBIDE

4.1 Experimental Procedure

4.1.1 Equipment Setup

The etching experiments were carried out in a parallel plate
reactor (Plasma Therm PK1241 PE/RIE Dual System) with a diffusion
pump system, as shown in Figure 4.1(a). The base pressure of the system
was less than 2 x 10 Torr. A cross sectional view of the reactor
chamber and the computer-controlled grating monochromator are shown
in Figure 4.1(b). The figure indicates the ground electrode, power
electrode, gas flow direction, sample loading position, and exhausting
pump. A 3" electrode space was used. The monochromator was placed on
the sidewall of chamber to monitor the optical emission spectra in the
wavelength range between 200 and 800nm within the plasma. The
corresponding wavelength of each species were determined by experience,
experiment and Ref. [4.1]. The DC self-bias of the RF electrode was also
monitored. The fluorinated gases used in this investigation were
CF4(99.9% purity), SF6(99.997%), CBrF3( > 99%) and CHF3 (> 98%)
mixed with 02 (99.99%) and had these calibration factors : 0.42, 0.26,
0.37, 0.5, 1.0 for the mass flow controllers.

The samples prepared for experiments were of small size such that
the area ratio of sample to power electrode was less than 1%. Therefore,

the samples will not disturb the plasma conditions during processing. To
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provide a suitable basis of comparison, initially, the RF power, pressure
and gas flow rate were generally kept constant at 200W(0.42W/cm?),
20mTorr and 20sccm for all gases. Then, under a certain composition of
gas mixture, which exhibited the best SiC-to-Si or W-to-Si etch rate ratio
or the highest SiC and W etch rate, the power and pressure were
changed independently to optimize the selectivity and etch rate.

To determine the etch rate in various ambients, Al was used as a
thin film mask since it is suitable for both low and high percentage of
oxygen. The Al mask was subsequently removed by wet etching for step
height determination by profilometer (Dektak). Samples with deeply
etched patterns were used to observe the anisotropic etching phenomena
by scanning electron microscopy (SEM : Nanometrics Cwickscan II). The
composition versus depth profiles of both pre- and post- plasma etched
SiC samples were obtained by Auger electron spectroscopy (AES)
(Perkin-Elmer : Scanning Auger Microprobe 545C) with 5keV Ar ion
beam : Si (92eV), C(272eV), 0(503eV), F(647eV), Al(1396eV). The
system sensitivity factor for each element ( 0.3, 0.15, 0.42, 0.48, 0.07 ),

was applied to normalize the peak intensity.

4.1.2 Actinometry Techniques

The concentrations of plasma species which are the reactants
during etching are not necessarily linearly proportional to their emission
intensities. Noble gas (Ar or Nz) actinometry [4.2, 4.3] has been used of
the plasma to promote species from the ground state to the excited state

responsible of the optical emission. Thus one can obtain the relation
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between measured emission intensity and actual concentration in the
plasma. In this work, the Ar actinometry technique was used and the
relative concentrations of plasma species, such as F, O, H, and Br were
deduced from their emission intensities in different fluorinated gas
mixtures[4.4, 4.5]. During experiments, a small amount of Ar gas,
0.6sccm (3%), was added to the constant total flow rate of 20sccm. A
linearly increasing Ar(750nm) emission intensity with increasing Ar flow
rate was observed, in agreement with previous results. The addition of
the Ar gas to the feed dose not alter the emission intensity of the other
species present in plasma under - »rent etching gases and conditions.
Therefore, all data presented in this work have been calibrated to their
relative concentrations simply by dividing their emission intensity by Ar
emission intensity. The examples of normalized Ar intensity in CF " SF6,
CBrF3 and CHF3 with different percentage of oxygen plasma at 200W,
20mTorr and 20sccm conditions, shown in Figure 4.2, were used to

calculate relative species concentration in each gas.
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Figure 4.2. Normalized Ar emission intensity as a function of
percentage of oxygen in (a). CF & (b). SFG plasma.
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4.2 SFG/O2 Plasma

4.2.1 Percentage of O2

First, the etch rates were determined as a function of oxygen
percentage in SF6 gas plasma. In Figure 4.3(a), the SF6/02 plasma is
investigated and the SiC, Si and SiO2 etch rates are shown as a function
of oxygen percentage (from 0% to 90%) at a pressure of 20 mTorr, a total
flow rate of 20 sccm and power of 200W. The highest SiC etch rate
measured is 53.3nm/min at 35%02, where the etch rates of Si and SiO2
are 1l.4ym/min and 60nm/min. The maximum etch rate of Si, 2.1ym/min,
is at 10%02. No etch rate ratio of SiC to Si higher than unity was found
in SF6/O2 plasma, even at 90%02. The SiO2 etch rate is similar to that
at SiC. In Figure 4.3(b) is shown the corresponding DC self-bias and the
relative density of fluorine [F](703nm) and oxygen [O](777nm). A typical
emission spectrum of SF6/35%02 plasma at 200W, 20mTorr, 20sccm in
RIE mode is shown in Figure 4.4, where a few plasma products, such as
[SO1(258nm), [SOZ](315nm), [Ar])(750nm), [F] and [O], were marked at
different wavelengths. The fluorine concentration reaches its maximum
value at 30-40% 02, then decreases as oxygen increases. The DC bias
linearly increases from -285V at O%O2 to -400V at 90%02. Fixing the

oxygen composition at 35%02, the pressure and power were varied to

optimize the etching rate.
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4.2.2 Pressure

In Figure 4.5(a) and (b), the etch rate versus pressure (from
20mTorr to 256 mTorr) is shown along with the DC self-bias and the [F]
and [O] densities for an RF power of 200W and a flow rate of 20sccm at
35%02. The SiC etch rate and the DC bias decreased rapidly when the
pressure increased. The Si etch rate followed the trend of the fluorine
density reaching its maximum value of 5.34ym/min at 200mTorr. The
highest reverse selectivity of SiC to Si is 1:267 at 200mTorr and the
corresponding etch rate of SiC is 20nm/min. At 50mTorr, the etch ratio,
2.1:1, of SiC to SiO2 is obtained, where the etch rate of SiO2 reaches its
highest value, 75nm/min.

4.2.3 Power

The effect of varying the power from 50 to 300W etching of SiC at
35%02 at 20sccm and 20mTorr is shown in Fig. 4.6(a) and (b). The etch
rates of all samples increased linearly with increasing power up to an RF
power of 2£0W. When the power is higher than 250W, the etch rate of Si
and SiO2 and the fluorine density saturate. However, the SiC etch rate
continues to increase with power and reaches its highest value of
100nm/min. In spite of the saturation in fluorine concentration. In Figure
4.6(b), the variation of oxygen concentration with power is seen to be
small, only 30% increase over the power range from 50W to 300W.
However, an 83% change is obtained in the fluorine concentration under

same conditions.

!
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4.2.4 SF6/90%O2 Plasma

The pressure dependence experiment was repeated at high
percentage of oxygen in SF6 plasma. Results are shown in Figure 4.7(a)
and (b) for SF6/90%O2 , 200W, 20sccm plasma conditions. The SiC etch
rate reached its maximum etch rate, 50nm/min, at 68mTorr and then
decreased as pressure increased. This behavior is quite different from
pressure dependence experiment in 30%02 plasma. A maximum etch rate
of 46nm/min is measured for SiO2 at the same pressure. The etch rate of
Si increases monotonically with the pressure, still basically following the
variation of fluorine density even at such a high composition of oxygen.
The DC bias decreases linearly, while both oxygen and fluorine density

increase as pressure increases.
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4.3 CBrF3/02 Plasma

4.3.1 Percentage of O2

The etching results of using CBrF3 and O2 mixtures in a similar
etching experiment are shown in Figure 4.8(a). The SiC etch rate linearly
increased with oxygen percentage until 75%02, which the Si etch rate
decreased gradually after reaching its maximum value, 65nm/min, at
10%02. A SiC to Si etch rate ratio of 2:1 was reached at 75%02, where
the etch rates of SiC and Si are 37.5nm/min and 18.8nm/min,
respectively. The variation of SiO2 etch rate was small, which was from
27nm/min at O%O2 to 28nm/min at 90%02. The DC bias and {F], [O]
and [Br)(336nm) density are presented in Figure 4.8(b). A typical
emission spectrum from the CBrF3/75%O2 plasma at 200W, 20mTorr,
20sccm in RIE mode is shown in Figure 4.9, with a few plasma products,

such as [CF2](275nm, 289nm), [C02+](289nm), [Br}(336nm) [Ar], [F]

and [O] indicated at different wavelengths.

4.3.2 Pressure

In Figure 4.10(a), the pressure dependence experiment, from
20mTorr to 215mTorr, is shown. The SiC etch rate reached its maximum
value (40nm/min) at 50mTorr, then decreased with further increases in
pressure. The SiC:Si etch rate ratio decreased from 2:1 at 20mTorr to 1:1

at 215mTorr. The SiC etch rate decreased when DC bias was smaller
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than -300V at 100mTorr, as shown in Figure 4.10(b). As the pressure is
changed from 10 to 100mTorr, the variation of the SiC etch rate is less
than 12%, bias was higher than -300V before 100mTorr. So, the SiC
etching behavior may be dominated by such a critical value of DC bias. A
high density of [Br] and low density of [F] and [O] are detected in high

pressure region. The etch rate of SiO2 is similar as SiC.

4.3.3 Power

In Figure 4.11(a) and (b), both the etch rate of SiC and SiO2 are
seen to increase monotonically with increasing power, which is equivalent
to DC bias. A sub-linear increase in Si etch rate with power was
observed. The selective ratio is not improved by changing power from low
to high value. Except for [F] density, both [Br] and [O] densities are

increased monotonically with power.
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4.4 CHF3/0 0 Plasma

4.4.1 Percentage of O2

The etching data obtained for CHF3 and different percentages of
02 mixture are shown in Figure 4.12(a) under the same plasma
conditions as in previous experiments. The SiC etch rate increased with
increasing of O2 composition and reached the maximum value at 85%02,
then decreased to zero for pure O2 plasma. The Si etch rate has a similar
trend with the maximum occurring at 70%2. A maximum etch rate ratio
of SiC to Si of 2:1 was obtained for CHF3/90%02. For mixtures less than
90%02, the SiO2 etch rate is close to 40nm/min. In a pure O2 plasma,
the etching rate is almost zero for all samples. The corresponding DC
bias, [F], [O] and [H](486nm) density are shown in Figure 4.12(b). A
typical emission spectrum for a CHF3/90%O2 plasma at 200W, 20mTorr,
20sccm in RIE mode is shown in Figure 4.13, with a few major plasma
products, such as [CO](283, 297, 313nm), [002+](289nm), [H] [Ar], [F]
and [O], identified at different wavelengths. The highest fluorine censity
occurred between 75% and 85%02 and a average value of -410V was

obtained for the DC bias all values of oxygen percentage.

4.4.2 Pressure

Results of Pressure dependence experiments are shown in Figure

4.14(a) and (b). The selectivity ratio decreased from 2:1 at 20mTorr to
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1:1.1 at 315mTorr by varying pressure at 200W, 20sccm in Figure
4.14(a). The DC bias decreased monotonically as the pressure increased,
as shown in Figure 4.14(b). On the contrary, the SiC etch rate shows a
different behavior in the CHF3/90%O2 pressure dependence experiment
as compared to the use of SF6/35%O2 and CBrF3/75%02 plasma. A small
increase in the etch rate is first evident. Then, a gradual decrease, after
70mTorr, in the SiC etch rate was measured as the pressure was
changed from 20mTorr to 315mTorr. The DC bias decreased from -420V

to -250V and the same pressure range.

4.4.3 Power

As for other gas plasmas, varying the RF power for the CHF3/O2
case results in the monotonic increase in etch rate for Si, SiC and Si02,
as shown in Figure 4.15(a). The selectivity ratio was close to 2:1 at all
power level. The SiC etch rate of 75nm/min was measured at 300W, and
a corresponding 33nm/min for Si. The corresponding DC bias and plasma
densities are displayed in Figure 4.15(b).

4.5 Etching Profile

The edge profiles obtained using these fluorinated gases were
examined by SEM. In general, no undercut was observed, but rather a
tapered profile of the SiC film edge was found. In the microphotograph of
Figure 4.16(a), it is shown that a vertical-to-lateral edge profile ratio,
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which has been defined in Figure 2.3, of 10.3:1 has been obtained in a
SF6/35%O2 plasma at 200W, 20mTorr. The Si substrate underneath the
SiC film was removed by isotropic etching and no backside etching of the
SiC film was observed. In Figure 4.16(b), a top view of Figure 4.16(a) is
shown and the basic etching phenomena were displayed clearly such as
the undercut by involving a very strong chemical reaction to cause
isotropic etching, and the edge trench effect due to ion reflection off the
side of step under strong ion bombardment when using reactive ion
etching mode.

The undercut of the Si substrate was not improved by increasing
the power, since that will induce a higher fluorine concentration.
However, it will be strongly reduced by using a high composition of
oxygen in the plasma. In Figure 4.17(a), an etch ratio of 11:1 is shown to
result from using SF6/90%02’ 200W, 20mTorr and 20sccm plasma and a
small undercut, 50nm, was measured after etching 400nm into Si
substrate. Furthermore, in Figure 4.17(b), a ratio of 5:1 for SiC was
obtained at SF6/90%02, 74mTorr, 200W. The reducing of anisotropic
ratio was due to the increasing of pressure, which will reduce DC bias
and increase fluorine concentration, and a 130nm undercut was formed
by etching into 600nm Si substrate.

A tapered profile ratio of 6.3:1 was obtained by using
CBrF3/75%O2 plasma at 200W, 20mTorr, as shown in Figure 4.18(a),
where the etching was stopped inside the SiC layer. The ratio was
improved to 7.6:1 by increasing the pressure to 72mTorr, at
CBrF3/75%O2 200W, 20sccm, as shown in Figure 4.18(b) A half-micron

SiC line patterned with Al mask under these conditions is shown in
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Figure 4.16. SEM photomicrograph of SiC layer on Si 100), RIE-etched

by SF6/35%02, 20mTorr, 200W (a). Cross section of SiC laver, (b).

Whole view of picture.
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Figure 4.19(a). Higher power conditions did not increase the profile ratio
and a ratio of 4:1 was measured at 300W, 20mTorr, as shown in Figure
4.19(b) .

In Figure 4.20(a), no undercut of SiC or Si is obtained with an
anisotropic ratio of 12.5:1 by using a CHF3/9O%O2 mixture. In this
microphotograph, the SiC film is shown with the Al thin film mask in
place. The ratio was reduced to 5.5:1 when the pressure was increased to
74mTorr at same composition of plasma, shown in Figure 4.20(b). The
highest ratio of 17:1 obtained at CHF3/90%02, 300W, 20mTorr is shown
in Figure 4.21(a) & (b). The Si substrate has been etched down and a

very clean and smooth surface was obtained after etching.

4.6 Discussions

For the case of reactive ion etching in SFﬁ/O2 plasmas, the largest
generation of fluorine concentration is observed compared to the other
investigated gas mixtures. These results in the highest (by a factor 2-3)
Si etch rate levels and in an etch rate dependence on oxygen percentage
in the plasma which is related to, but dose exactly follow, the fluorine
density. The main etching mechanism of Si in a SFe plasma involves the
chemical reaction between silicon and fluorine atom with the formation of
volatile compounds[4.6]. The chemisorption{4.7] of oxygen on the Si
surface reduces the availability of etching sites and thus decreases the Si
etch rate. Thus, the shift of maximum Si etch rate from 35%02
(maximum [F] density) to 10%02 is result of this effect. Oxygen

chemisorption is not considered to have a strong effect in the case of SiC,
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Figure 4.20. SEM photomicrograph of SiC laver on Sir100), RIE-etched

by CHF3/90%O,, (a'. 20mTorr. 200W, (b:. 74mTorr, 200W.
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since carbon can react directly with oxygen.

The SiC-to-Si etch rate ratio in SFG/O2 plasma is much smaller
than unity for the entire range of parameters investigated. The
compatible SiC etch rate, even higher, at low oxygen concentration and
low DC bias (from 0% to 35%02 and 290V to 350V) was caused by the
high concentration of fluorine atom required to penetrate the carbon layer
and react with Si, then create more voids to help remove the carbon
layer by physical sputtering under low energy ion bombardment. When
the oxygen concentration and DC bias increased by using a high
percentage of oxygen, the chemical reaction of carbon and oxygen was
involved, but the fluorine penetration effect was reduced by the decrease
of the fluorine concentration. A fairly high (10 to 1) etching anisotropy
was observed for SF6/O2 etched SiC films, as shown in Figure 4.16(a). No
etching of SiC film from unexposed areas observed (see Figure 4.16(b))
suggests that a protective carbon blocking layer was formed, which has
no energetic ion bombardment for physically sputtering or producing the
chemical reaction between carbon and oxygen.

When pressure was increased from 20 to 250mTorr (Figure 4.5),
the DC bias decreased rapidly from 350 to 25V. The SiC etch rate
strongly followed the change of DC bias even though both F and O
concentrations also increased. A critical DC bias was observed in the
SF6/90%O2 pressure experiment (Figure 4.7). When the DC bias was
higher than 300V, the etching rate of SiC was limited by the chemical
reaction rate given sufficient abundant reactants, namely oxygen and
fluorine. The SiC etch rate reached its maximum value of 50nm/min and

stayed at a level ¢3¢ * 40nm/min up to the point where the DC bias
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dropped below 300V. Therefore, the DC bias is considered to be the key
factor controlling the reaction between carbon and oxygen, while the
reaction between fluorine and Si can take place at low ion energy.
Increasing power level (Figure 4.6) indicates that higher reactant
concentration and higher ion energy were induced by the plasma resulting
in a higher etching rate for all samples. Almost no lateral etching was
observed even when the percentage of oxygen was increased to 90%02,
the anisotropic ratio was 11:1. The undercut of the Si substrate was
improved by reducing the chemical reaction through low fluorine
concentration and by increasing the higher DC bias.

In CBrF3/02 plasmas, as shown in Figure 4.8, the density of [F]
and [O] is much smaller than in the corresponding SFS/O2 plasma.
Consequently, the Si etch rate is dramatically réduced, by a factor of
approximately 10 to 30, compared to SF6/O2 plasma. The SiC etch rate
was also reduced, but only by a factor of 1.5-2. Therefore, for oxygen
percentage in the plasma greater than 60%, the relative abundance of
oxygen compared to the near absence of fluorine, results in a SiC-to-Si
etch rate ratio greater than unity. At CBrF3/75%02, a selectivity of 2:1
is observed. Under these conditions, a SiC line edge anisotropy of 6.3:1
was measured [see Figure 4.18(a)]. The DC bias decreased from 420V to
160V, when pressure was increased from 20mTorr to 215mTorr, as
shown in Figure 4.10. When the pressure was lower than 100mTorr, or
the DC bias higher than 300V, the SiC etch rate ranged within a 5%
band from 38nm/min (at 20mTorr). However, above 100mTorr, the SiC
etch rate followed the same trend as the DC bias, which is similar to the

SF6/9O%O2 pressure experiment. The linearly increasing etch rate and

|
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species density was caused by the increasing plasma power in the power
experiment shown in Figure 4.11. The effects of bromine atoms in the
etching process and on the line edge ratio are not quite clear yet and
need further investigation.

In CHF3/O2 plasma, the presence of hydrogen mainly depresses the
[F] intensity, with the oxygen intensity reaching levels similar to the
SFS/O2 plasma. The peaks in [F] and [O] density occur for 70% and 90%
O2 mixtures, respectively. The Si etch rate variation with 02% tracked
the [F] density well and decreased very fast with lowered fluorine density
and chemisorption of oxygen on surface in the high oxygen density region.
On the contrary, the SiC etching conditions reaches the optimum
conditions in this situation, such as high DC bias (high ion energy),
sufficient fluorine density (to remove Si) and high concentration of oxygen
(to remove carbon). The maximum SiC etch rate, 47nm/min, occurred at
80%02 mixture, while the maximum SiC:Si selectivity of 2 was measured
at 90%0, mixture. The high (415V) and almost constant (with 02%) DC
bias found in this case produced the highest anisotropic ratio (12.5:1)
achieved. A similar result of SiC etch rate compared to SF6/O2 and
CBrF3/O2 gases was observed in Figure 4.14 by changing pressure from
20mTorr to 315mTorr at CHF3/90%02, 200W. For a DC bias higher
than 300V, the SiC etch rate will be limited by the reaction rate between
carbon and oxygen. In low DC bias case, the SiC etch rate was shown to
be strongly dependent on DC bias rather than high density of reactants
([F] & [0O)). Therefore, the selective ratio of SiC to Si was decreased from
2:1 at 20mTorr to 1:1.1 at 315mTorr. The linear relation between etch

rate and DC bias was observed in the power experiment at CHF3/90%O2
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and shown in Figure 4.15(a). The higher ion energy enhanced almost all
reactions, and thus no better selectivity ratio was obtained. A very high
anisotropic ratio, 17:1, was, however, obtained (Figure 4.21) by using
300W instead of 200W power.

For selective etching of SiC to Si02, the maximum ratio of 1.3:1
was obtained in CHF3/80%02. The optimum reverse selectivity of 1:3.6
was measured in pure CHF3 plasma. In SF6/O2 and CBrF3 plasmas, the
SiO2 etch rate is quite similar to that of SiC and no selectivity was
observed. A sﬁmmary of results of selective and anisotropic ratios of

SiC/Si and SiC/Si02 is shown in Table 4.1.

4.7 Other Effects

Different plasma conditions, such as addition of H2 gas, gas flow
rate and substrate temperature, have been investigated and the effects on

SiC etching mechanism are considered.

4.7.1 Hydrogen effect

4,7.1.1 In SFG/35%O2 Plasma

In Figure 4.22, varying amounts of hydrogen gas was added into a
20sccm SF6/35%02 gas plasma at 200W and 20mTorr. H2 acts as a
scavenger of fluorine atoms(4.8), forming HF molecules and reducing

the fluorine concentration. This was expected to improve the

----------j
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Table 4.1 SiC Reactive Ion Etching (RIE)
Power | Pressure | Edge Profile | Selectivity | Etch Rate
Gases W) (mTorr) Ratio % SIC + SI SIC (hm/mind
200 20 125 1 1 201 41.7
CHF3+30%02( 200 74 5511 19 11 53.3
300 20 170 v 1 20 ¢t 1 75
200 a0 63111 20 11 375
CBrf75704 200 72 76 1 1 18 1 1 3s
300 a0 40 1 1311 1))
SF, +3570, 200 20 103 11 1126 533
200 200 11 267 20
SFg +90%0, | 200 aso 110 1 1 118 40
Selectivity
Gases SIC Slﬂi
CHF3 11386 % 1 Ratlo of Vertical to Lateral etching
CHF3+807%0,5 1.3 1 1
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selectivity ratio of SiC to Si. However, as seen in Figure 4.22(a), the
SiC etch rate kept a constant value of 41lnm/min when changing the
H2 from Osccm to 5sccm while the Si etch rate increased from 1.4um
to 1.6um. From Figure 4.22(b), the DC bias and [H] density are seen
to increase linearly with increasing HZ‘ It is believed that the Si etch
rate was rate-limited by the reaction between Si and fluorine, even
though the fluorine density was suppressed by adding H2. However,
the roughly constant SiC etch rate observed was due to
compensation between the effects of decreasing [O] density and the
increasing DC Bias. The change of [O] density may be caused by :
(1). the plasma chemical balance which includes the decreasing [F]
density, dissociating of SF6 gas and generating [SOx] products, and
(2). redistribution of electron and ion energy in plasma. The
increasing Si etch rate was caused by the increasing DC bias, which
enhances the reaction rate between Si and fluorine and reduce the

chemisorption of oxygen on surface.

4.7.1.2 In CHF3190%2 Plasma

Similar experiments were used to study the effect of hydrogen in
CHF3/9O%O2 plasma. In Figure 4.23(a), all etch rates were
decreased rapidly by adding only 1lsccm H2 into CHF3/90%02,
200W, 20sccm, 20mTorr plasma. The sensitivity of fluorine
concentration was shown in Figure 4.23(b), the fluorine density

almost vanished when lsccm H2 was added. The DC bias and [O]
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density were not changed by the increasing of H2. It could be
concluded that the level of fluorine density was much more critical in
CHF3/90%O2 plasma than in SF6/35%O2 plasma, since only a small
amount of fluorine concentration was generated from plasma.
Therefore, a mass-transfer limit of fluorine concentration was
considered to dominate the reaction of silicon and fluorine in this
case, which will affect the etching rate of SiC, Si and SiO2 directly
in CHF3/90%O2 plasma.

4.7.2 Flow Rate Effect

The flow rate of processing gases was changed in CHF3/90%2 at
200W, 20mTorr conditions. A slight decrease of all etch rates was
observed in Figure 4.24(a), when the flow rate was increased from
10sccm to 40sccm. However, the [O] density, the DC bias, [F] and [H]
density are decreased slightly and are shown in Figure 4.24(b). It can be
explained that the SiC etch rate was not rate-limited by oxygen
concentration under this high oxygen composition (90%) plasma, but

affected by the DC bias and fluorine concentration mainly.

4.7.3 Temperature effect

The increasing of substrate temperature from 25°C to 97°C during
etching is shown in Figure 4.25(a). There was almost no variation in SiC

etch rate. The Si etch rate remained constant below 60°C, then increased
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for higher temperature. In Figure 4.25(b), DC Bias, [F], [O], [(H] density,
were kept the same for all different substrate temperatures. Therefore,
the reduction of oxygen chemisorption on the Si surface by a thermal
effect will be the main factor to increase the Si etch rate. The
chemisorption mechanism of oxygen on Si surface has been discussed in

the above section.

4.8 Etching Mechanisms

4.8.1 Carbon Rich Surface

The surfaces of SiC films, prepared by 3min etching at 200W,
20mTorr, 20sccm plasma conditions under different compositions of
oxygen in each gas, have been analyzed by Auger electron spectroscopy
(AES). The average sputtering rate, 1.2nm/min, of 5keV Ar ion beam in
AES was measured. The peak-to-peak intensity of every element (Si, C,
0O, F, Al, etc.) measured is illustrated in Figure 4.26 by different etching
gases, such as SFG/%OZ’ CBrF3/%02 and CHF3/%O2 in different
percentage of O2 from 0% to 100%.

After being normalized to the system sensitivity and calibrated by
thermal oxide (SiOz), the results of AES depth profiles for each element
were replotted and are shown in Figure 4.27 for SF6/%02, Figure 4.28
for CBrFa/%Oz, Figure 4.29 for CHF3/%02. A carbon rich surface was
found at different concentration levels of oxygen in all gases. The atomic

ratio of Si to C was close to unity before and after RTA ( or FA )
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annealing for SiC thin films. The surface carbon concentration was
reduced by increasing oxygen concentration in the plasma. When pure
oxygen plasma was used, the surface was oxidized. Therefore, removing
the carbon layer from the etching surface is believed to be the
rate-limiting step for etching SiC. A high intensity [F] was found only in
SFG/O2 plasma No measurable [Al] intensity was observed in all cases.
Therefore, the use of an Al electrode and an Al mask for experiments
were not considered to have a contamination effect under these plasma
conditions, unlike the observation reported by Palmour et al.[4.9] on Al

micromask effects causing a rough etching surface.

4.8.2 Chemical Reaction Model

The etching mechanism of each gas has been investigated by
exposing large area of SiC wafers in chamber. The surface coverage was
from 10% to 40%. The backside samples used in this experiment was
covered by an aluminum film to avoid reaction from the backside surface,
which was extremely important for the chemical reaction between Si and
[F] atom. The changes of species density in the plasma caused by
consuming large amount of reactants[4.10], such as [F](703nm) and
[0)(777nm), and generating byproducts, such as [COJ(297nm) and
[CF2](289nm), were easily detected from optical emission spectra. As
usual, the [CO] and [CFZ] products could be formed by the process gases
themselves in the plasma, such as in CBrF3 and CHF3. Therefore, a
comparison spectrum was used to eliminate this effect from the

experiments. Carbon products believed were, therefore, considered to be




- EE I B BN G B S B SR D B D B OE B BN BN .

> - >
o As—-deposited o
Lol -l
) !
c c
o o
+ +
c c
- [ ]
X X
© ©
o [}
a Qa
a] o
» +
X X
© ]
[ [V
o a
0.0
> SFe/35X04 ey
L -t
1] 0
c c
O )
+ Y
C (=
L) -
X X
0 ©
O [
a a
o o]
+ o
8 4 XY
0 ©
i o
Q a

Time (min)

1 i 1

SFe/158X0g

1

i

e 4

Time

6 8
(min)

10

SFe/75X0g

d

b Mt

9

2 4

Time

6
{min)

i0

Figure 4.27. The AES depth profile of SiC etched by SF‘6/%O2 (a).

as-deposited, (b). 15%, (c). 35%, (d). 75%.

107




108
2 CBrF3/65%04 2 CBrFy/75X04
-l Cal
0 0
c c
o ]
FY) &
c c
L | -~
X X
o 9
& a
o o
Fy) Es
X
o g
& 0.2 by
0.0 " 1 A i re J 1 s I A
(o) 2 4 6 8 10
Time (min)
> CBrF»/85X0y oy CBrF3/95X04
Tt . -l
') o
5 1.0 s 1.0 F
Fs Dt 3
c c
" o.8 H 0.8}
X X o:cC
o o s:81
a 0.6 a 0.6 :
0:0
o] o
&< 0.4 # 0.4
% %
o 0.2 o 0.2
a a
O-O.I—:xlr.l‘ oo l— T
0 2 4 6 8 10 0 2 4 6 8 10
Time (min) Time (min)

Figure 4.28. The AES depth profile of SiC etched by CBrF3/%02 (a).
65%, (b). 75%, (c). 85%, (d). 95%.




———
|

Peak to Peak Intansity

Paok to Peak Intansity

Figure 4.29.
50%, (b). 75%, (c). 90%, (d). pure-Oz.

CHF 3/50X0,

CHF 3/80X04

Tima (min)

Peak to Peak Intensity

Peak to Paak Intansity

0.0

1.0

0.8

0.6

0.4

0.2

.0

109

CHF 3/75X04

2 4 6 8
Tima (min)

10

Pura 0

0.C
A 1S
0,;0

1 A 1 " ]

0

2 4 B 8
Tima (mirn)

10

The AES depth profile of SiC etched by CHFB/%O2 (a).




110

contributed by SiC only. The [COx] and [CFx] intensity could be detected
at many different wavelengths, such as 283nm, 297nm, 313nm for [CO],
290nm for [002+], 275nm, 262nm, 290nm for [CF2], etc., and the choice
of each monitor wavelength depended on the variation of intensity during
etching by each processing gas. In general, once a particular product has
been observed in the plasma, all the relative wavelengths should be
identified by the spectrum map. In Figure 4.30(a), the spectrum results
of loading zero to four 3" SiC/Si wafers were shown by using SF6/35%02
plasma at 200W, 20mTorr, 20sccm. The [F] and [O] density were
monitored. The same experiment is shown in Figure 4.30(b) for
CHF3/9O%O2 under the same plasma conditions and [F], [O] and [H]
were monitored. The variation of each reactant described its role in the
etching mechanism.

The etching mechanism of SiC in SF6 and O2 mixture plasmas at
RIE mode was obtained by etching four 3" SiC samples (40% coverage)
and monitored the DC bias , [F1(703nm), [O)(777nm), [CF2](289nm) and
[CO)(297nm) intensity during the etching by SF6/35%O2 at 200W,
20sccm, 20mTorr. In Figure 4.31(a), the intensity of comparison spectrum
was shown and the differences between "no sample"” plasma (positive
part) case and SiC sample loaded plasma (negative part) are displayed.
The main reactants and products are marked. The data for [F] and [O]
density versus etching time was recorded in Figure 4.31(b), which started
with unloaded plasma (before Omin), then etched SiC film from 0 to
3.5min, and finished at Si etching. The [CO] density was measured from
the comparison spectra. Both [F] and [O] density decreased. The [CO]
density has a remarkable change during the etching of the SiC film,
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compared to non-SiC etching plasma. No [CF2] peak was found.

In Figure 4.32, the high concentration of oxygen was used at
SF6/90%02, 200W, 20mTorr to etch two 3" SiC/SiOz/Si samples. The
comparison spectrum was shown in Figure 4.32(a) and the consumption
of [F] and [O] during the SiC etching was believed to be the main
etchants to react with Si and C and form volatile products, as SiF 4 and
CO gases. A compatible [CO] density was observed by etching only two
3" SiC sample. In Figure 4.32(b), the variation of reactants and product
([CO)) concentration were shown clearly as a function of etching time.

The comparison spectrum of CBrF3/75%O2 is shown in Figure
4.33(a) by etching only one 3" SiC sample from 0 to 9min at 200W,
20mTorr plasma. Because of its low induced fluorine density, no fluorine
density is detected by loading more samples. The changes of [F] and [O]
were small and uncertain and the {Br] did not show evidence of its role in
SiC etching. In Figure 4.33(b), the [CO,"}(287nm) was the monitor
product, which increased rapidly during the SiC etching but had no
intensity for etching into Si substrate.

A similar experiment and results were observed using CHF3 and
oxygen mixture. The [F], [O]), [H] density were measured and [CO]
density was recorded from the comparison spectrum by etching three 3"
SiC samples at CHF3/90%02, 200W, 20mTorr, shown in Figure 4.34(a)
and (b). Both [F] and {O] were decreased when etched SiC from 0 to
16min. After 16min etching, the SiO2 layer was reached.

In the etchant-unsaturate model described by reactions (4.1) to
(4.4)[2.82], specific chemical species derived from electron collisions with

etchant gases are considered.
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(4.1) e- + Processing Gases ---> Saturated Radicals +

Unsaturated Radicals + Atoms
(4.2) Reactive Atoms & Molecules + Unsaturates ---> Saturates
(4.3) Atoms + Surface ---> Chemisorbed layer

or Volatile Products

(4.4) Unsaturates + Surfaces ---> Films

As an example, the CF3 is saturated radicals in CF 4 plasma, the
CF2 is unsaturated radical, the SiF 4 is volatile product, and the (CF2)n is

chemisorbed film on surface.

Hence, the possible products for each gas mixture in these plasma
experiments can be simply summarized in reactions (4.5) to (4.7) as

shown below :

(4.5) SFG + O2 -2 SFX + SOy + [F], [0] (x=1 to 4, y=1,2)
(4.6) CBrF3 + O2 —> CFx + COy + [Br], [F], [O] (x=1 to 3, y=1,2)

(4.7) CHF3 + O2 —-> CFx + COy + [H], [F], [O] (x=1 to 3, y=1,2)
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The [F), [O], [H] and [Br] atoms were the main reactants in Si and
SiC etching. The etching of SiC in the reactive ion etching process is
considered to consist of two basic mechanisms : chemical and physical
reactions, which are based on the above experimental results. For SiC and
Si etching in fluorinated gases the most likely chemical reactions are

given below :

(4.8) Si + 4F --> SiF4
(4.9) C + x0 --> (CO, 002)

(4.10) SiC + xF + yO --> SiF4 + (CO, 002)

In reaction (4.8), Si is removed mainly by reacting with fluorine to
form SiF 4 volatile gas[4.6) at room temperature. The required energy for
this reaction (4.8) is believed to be much lower than the energy needed
for oxygen and carbon in reaction (4.9). In Figure 4.3(a) & (b), the Si
etch rate followed the variation of fluorine density, even though the DC
bias was as low as 25V. It should be assumed that carbon can react with
both fluorine and oxygen atoms and the products carbon mono- or
di-oxide were observed directly from etching experiments by previous
loading experiments. However, no carbon fluoride product was identified
from emission spectra even in abundant fluorine concentration gases, such

as the SF6/35%O2 loading experiments. Hence, only oxygen is considered
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in reaction (4.9) and the reaction between carbon and fluorine is
suggested to occur at a very low rate.

The mechanism of reaction (4.9) could be suggested by both ways,
such as chemisorbed oxygen on surface and gained the reaction energy
from other ion, or bombarded by energetic oxygen ion and reacted with
carbon directly. Therefore, the carbon layer could be removed by the
combination of ion bombardment and chemical reaction with oxygen
during these reactive ion etching experiments.

A typical DC bias, 300V, is concluded from previous experiments
for the dependence of SiC etch rate and physical reaction. When DC bias
is higher than 300V, the SiC etch rate is strongly determined by the
chemical reaction, which is related to the concentration of reactive
species, such as [F] and [O] under high composition oxygen condition.

Therefore, in the etching of SiC, a two-step etching process, shown
in reaction (4.10), is considered to be an appropriate etching model,
wherein silicon and carbon atoms are removed separately. Under most
conditions, the Si etch rate is higher than that of SiC. This is due to
comparatively higher removal rate of Si atoms than C atoms. As a result,
a carbon-rich surface is formed on the SiC film during etching, becoming
a potentially rate-limiting step under certain conditions. The C-rich
surface has been verified by Auger electron spectroscopy (AES) in section
4.8.1 and could be reduced by increasing oxygen concentration and DC
bias.

For SiC etching phenomena, the SiOZ/Si substrate was used and
the etching situation was observed through the quartz window of

chamber and stopped when a small amount of SiC film still remained.
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The color change from green (SiC) to dark red (Si02) was used to
recognize the end-point of the experiment. The SiO2 background layer
was preferable to use plain Si substrates. The relationship between the
electrodes, sample position, gas flow direction and plasma are shown in
Figure 4.1(b). The thickness and refractive index of the SiC film after
annealing were measured by ellipsometry from edge to edge for a 3-inch
wafer, and shown in Figure 3.5. The thickness at the wafer edge was
10% thinner than in the center region, due to a sputtering effect. The
etching results were replotted at Figure 4.35 by using SF6/35%O2’
SF6/90%02, CBrF3/75%02 and CHF3/90%O2 plasma at 200W, 20mTorr
and 20sccm. For the low concentration oxygen case, such as SF6/35%02,
when a 3" SiC wafer was loaded, the oxygen concentration was depleted
along the direction of flow. Thus, the etching of SiC was dominated by
mass-transfer limit and the the etch rate of the wafer edge close to the
gas inlet was faster than the edge close to the exhausting hole (center).
In the high concentration oxygen case, the reaction-limit will dominate
the etching and because of the variation of thickness, the etching pattern
was round and symmetric. The effect of the carbon rich surface in SiC
etching is shown to be the limiting step. The oxygen has a strong effect
to remove this carbon layer and improves SiC etch rate. Fluorine was
shown not to be a major reactant for removing carbon in these etching

conditions.

----------1
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4.8.3 Anisotropic Etching Model

A carbon sidewall blocking model has been proposed in Figure
4.36(a) to understand the physical etching mechanism in reactive ion
etching of SiC. In general, the surface damage and inhibitor
mechanisms{4.11, 4.12] have been used to understand the anisotropic
etching caused by ions in plasma etching. The result of ion bombardment
caused by the plasma-induced DC bias on the electrode carrying the
samples will cause a more directional etching and will generate more
etching sites and more energetic ions to damage, react and remove
inhibitor from the surface by physical and chemical means. However, ion
bombardment is less effective at removing material from the sidewall
(parallel to the ion direction). Therefore, a carbon-rich surface remains on
the SiC sidewall reducing the lateral etching, thus, resulting in a more
highly anisotropic etching. The carbon layer was assumed to be the only
type of inhibitor. In Figure 4.36(b), the carbon blocking layer model was
used to explain the etching phenomena in the strong undercut situation
of Si substrate in Figure 4.16(a), in which the SiC layer was protected by
this carbon layer and no etching from backside, especially by
undirectional neutral fluorine atom, was observed and suggested that
fluorine atom will not react with the carbon layer.

In general, discharges in halocarbon gases will produce unsaturated
fragments that can react rapidly on surfaces to produce polymeric films.
Especially, for CHF3 plasma, the polymer film formed on Si and SiO2
surface even in RIE mode was observed by Cardinaud et al.[4.13].

However, using such high percentage of oxygen mixture in our case, the

i
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CHAPTER 5
REACTIVE ION ETCHING : TUNGSTEN

5.1 Experimental Procedure

Tungsten films of 300 to 500nm were deposited on Si and SiO2 for
annealing and etching experiments. RTA was found to be very effective
at reducing the resistivity of the W films by changing annealing time and
temperature. The lowest resistivity value of 13uohm-cm was obtained for
1100°C, 60sec for films annealed in Ar ambient, shown in Figure 3.13(b).
X-ray diffraction patterns of W thin films deposited on oxidized Si (100)
wafers were taken for each annealing temperature and compared to the
as-deposited films. It was found that with increasing temperature the W
films became strongly (110) oriented. More details on this topic are
described in Section 3.2.5. For the etching experiments, W films were
prepared by the above described conditions.

The reactive ion etching rates were determined as a function of
oxygen percentage in CF o SFG’ CBrF3 and CHF3. The Ar actinometry
technique was used to convert the emission intensity to its relative

density.

5.2 CF 4/%O2 Plasma

In Figure 5.1(a), the W etch rate for CF 4 plasma, along with the

etch rates of Si and Si02, is shown as a function of oxygen percentage
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(from 0% to 90%) at a power of 200W, a pressure of 20mTorr and a total
flow rate of 20sccm. In Figure 5.1(b) is shown the corresponding DC
self-bias and the plasma density of fluorine [F] and oxygen [0O]. The
addition of relatively small amounts of oxygen to CF 4 increases the Si
etch rate as the oxygen consumes fluorocarbon radicals and liberates
additional fluorine species[4.5]. Beyond a certain concentration, however,
increasing amounts of oxygen have the opposite effect, as the oxygen-rich
mixture dilutes the CF 4 B3 and also lowers the energy of electrons in
the plasma, which in turn reduces the electron-induced dissociation rate
of CF 4 Another important effect at high O2 concentrations is the
competition for active etching sites on the surface between [F] and
chemisorbed O atoms[4.6]. In general, however, the variation of the [F]
density with 02% is roughly mirrored in the Si etch rate.

The W etch rate behavior with 02% in the CF 4 plasma appears to
follow the [F] density, but the relationship is much less pronounced.
However, all three parameters (Si and W etch rates, [F] density) exhibit
a peak value for a 20% oxygen mixture. In our RIE-mode experiments,
the shift of maximum etch rate from maximum [F] is reduced by the
presence of a fairly high self-bias voltage ( > 400V) which produces more
energetic ions, capable of removing some of the chemisorbed oxygen or
oxyfluorides from the surface. At high O2 concentrations, tungsten
oxyfluorides (WOFx) which can form in plasma are less volatile than
tungsten hexafluoride (WFG) , as shown in Table 2.9, and can retard the
etching process through the formation of a surface oxyfluoride layer[5.1].
Indeed, Picard and Turban have reported(2.107] that W etching in

CF 4/O2 plasma at high pressure generates substantial ionized tungsten
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oxyfluorides. For the CF 4/O2 RIE process, the W:Si etch rate selectivity
is considerably less than unity for O2 mixtures of less than 50%. For 02
mixtures greater than 50%, the selectivity does increase above unity (for
example, 2:1 at 80% 02), but under the restriction of rather low etch

rates (40 and 20 nm/min for W and Si, respectively, at 80% 02).

53 SFS/%O2 Plasma

The etch rates of W, Si and SiO2 in SF6/O2 mixtures are shown in
Figure 5.2(a). The corresponding DC self-bias and the relative density of
fluorine and oxygen in the plasma are shown in Figure 5.2(b). The
greater abundance of fluorine species in SFG/O2 mixtures results in a
much greater Si etch rate. The maximum Si etch rate of 2.2ym/min
occurs at 10% 02 concentration, even though the peak [F] density takes
place for 30% 02. This result is very similar to that reported by Pinto et
al. [5.2] for Si RIE at 10mTorr, 50sccm and 0.4W/cm?, namely a peak
etch rate of 1.3ym/min at 10% 02. The offset between the maximum Si
etch rate and the peak [F] density present in SF6 etching versus its
absence in CF 4 plasma can be explained by the considerably lower
(approximately a factor of 2) DC bias found in the former case at small
oxygen percentages, which is probably less effective in removing
chemisorbed oxygen from the surface. Indeed, Pinto et al.[5.2] report that
as the power density (and consequently the DC bias) is lowered the
resulting etch rate is not only lowered, but the peak in the etch rate vs

O2 shifts to lower oxygen concentrations. The maximum etch rate of
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180nm/min occurs for pure SF6 gas and etch rate decreases as O2
increases, which is similar to the results reported by Randall and Wolfe
[2.105]. The SiO2 etch rate is almost constant value of 51nm/min in all

range of oxygen.

5.4 CBrF3/%02 Plasma

In Figure 5.3(a), in CBrF‘3 and O2 mixtures, the maximum etch

rate of Si occurs at 10% O_, which coincides with the maximum [F] peak.

92
The maximum etch rate for W is much lower than that achieved in
non-bromine-containing fluorinated gases. One possible explanation for
the low etch rate in CBrF3 lies in the properties of the tungsten bromides
as compared to tungsten hexafluoride, as shown in Table 2.10. The W
bromides and chlorides have much higher melting and boiling points than
the fluoride[2.111]. It is, therefore, very likely that the W bromides have
a vapor pressure similar to the W chlorides, which in turn are known to
have a much lower vapor pressure than WF6[5‘1]' Further, the tungsten
oxybromide also has higher melting and boiling points than the
oxyfluoride. Therefore, it is reasonable to explain the lower CBrF3 etch
rate as being due to the formation of less volatile compounds. The DC
bias and density of [F], [O] and [Br] (at 336nm) measured during W
etching in CBrF3 are shown in Figure 5.3(b). The selectivity of W to Si
has a maximum of only 1.2:1 at 90%02, since it is restricted by very low
etch rates for W (14nm/min) and Si (12nm/min). In the work of
Schattenburg et. al.[2.108], lower pressure (10mTorr) was shown to

improve the etching profile, but it is unlikely to improve the selectivity.
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Finally, data for pure O2 RIE, shown in Figure 5.3(a), indicates that
almost no etching takes place for all materials investigated in the absence

of the halogen gas.

5.5 CHF3/O2 Plasma

5.5.1 Percentage of 02

The reactive ion etching rates using CHF3 and O2 mixtures are
shown in Figure 5.4(a) and the corresponding DC bias, [F], (O] and [H]
density (based on emission at 486 nm) are shown in Figure 5.4(b). In the
pure CHF3 plasma, the fluorine species concentration is diluted because
of the high hydrogen concentration and by direct reaction with H forming
HF molecules[5.3]. This decrease in [F] reduces the Si etch rate
considerably, while the presence of HF increases the Si02 etch rate[5.4].
In Figure 5.4(b), we show that addition of large amounts of O2 does
result in a slight increase in the [F], with a peak at approximately 65%
02. The Si etch rate peaks at 50% O2 with a value of 55nm/min. By
comparison, the maximum Si etch rate in SF6 is 2.2ym/min or 40 times
larger.

The W film etch rate in CHF3/O2 plasma is also strongly affected
by the lower [F] concentration, especially at low 02 % levels, where the
[(H] concentration is quite high. However, in the vicinity of the {F] peak
at 60 - 70% O2 mixtures, the W etch rate increases substantially . The

highest W etch rate was 66.7nm/min at 70%02 and the corresponding
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etch rate ratios for W to Si and SiO2 are 1.6 and 1.8. For reverse
selectivity, the optimum etching takes place in pure CHF3, where the
following etch rate ratios are obtained: W to Si and SiO2 of 1:3.2 and
1:4.6.

5.5.2 Pressure

To optimize the W-to-Si etching selectivity, the pressure in the
reactor chamber has been varied from 20 to 260mTorr for CHF3 plus
70%02, 20sccm, 200W plasma conditions. The resulting pressure
dependence of the etch rates are shown in Figure 5.5(a). Error bars are
used to indicate the range of measurements at each pressure. Initially,
the W etch rate increases rapidly with pressure, from 67nm/min at
20mTorr to 170nm/min at 88mTorr. At pressures higher than 100mTorr,
the W etch rate exhibits substantial saturation. The Si etch rate
increases monotonically with pressure, while the SiO2 etch rate has a
broad maximum at around 100mTorr pressure. The optimum W-to-Si
selectivity of 3.6:1 and 4.8:1 for W:SiO2 are measured at 88mTorr and
260mTorr respectively. The corresponding DC bias and [F'], [O] and (H]
concentrations are shown as a function of pressure in Figure 5.5(b). As
expected, the DC bias decreases monotonically with increasing pressure
due to increasing number of collisions within the plasma. The
corresponding lower plasma electron energy reduces the efficiency of
dissociation process. On the other hand, increasing the pressure increases
the molecular density of the gas. Therefore, the net effect of two factors

determine the pressure dependence of the various species in the plasma.
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The oxygen concentration is seen to increase rapidly with pressure up to
60mTorr, followed by a much more gradual rise at higher pressure. The
fluorine concentration also increases with pressure, up to 110mTorr and
thereafter maintains a constant value. Finally, the hydrogen density
follows a non-monotonic behavior with a peak occurring at 60mTorr.
While the Si etch rate appears to closely follow the [F] concentration, the
W etch rate has a more complicated dependence, combining the effect of

both [F] and [O].

5.5.3 Power

The effect of varying RF power on the etch rate is shown in Figure
5.6(a). The power is varied from 100 to 300W at 70%02, 20sccm,
60mTorr. The W, Si and SiO2 etch rates exhibit a monotonically
increasing dependence on plasma power. At an RF power of 150W, the W
etch rate is 120nm/min and etching selectivity of W to Si is 4.0:1. The
optimum selectivity of W to SiO2 is 3.9:1 at 150W. In Figure 5.6(b) the
DC bias is shown to increase linearly with RF power. However, both the
[F] and [O] concentrations saturate beyond a certain power level. It is,
therefore, likely that at high power levels physical mechanisms dominate
the etching process by removing low volatility product, such as WOFx,
which can form on the surface under high percentage oxygen
conditions[2.107].

The optimum selectivities of reactive ion etching are summarized in

Table 5.1. A W:Si etch rate ratio greater than unity was shown for the
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first time to be achievable using CHF3/7O%02, 200W, 20mTorr where a
selectivity of 1.6:1 was measured. The selectivity can be increased to
4.0:1 by adjusting the plasma pressure and power. The highest reverse
W:Si selectivity of 1:11.6 was obtained with SF6/5%02, 200W, 20mTorr.
For W:SiO2 selectivity, the optimum value of 4.8:1 was obtained at
CHF3/7O%02, 200W, 260mTorr, while the optimum reverse selectivity is
found in pure CHF3 plasma.

The selectivity of W:SiC was given and the direct and reverse
selectivies of etch rate will be considered for an in-situ patterning W and

SiC in fabrication processes.

5.6 Etching Profile

The edge profile of W films etched by reactive ion etching was
preliminarily investigated for different gases and plasma conditions. For
comparison, the etching profile of W film by using high (CF n SFG) and
low (CHF3) induced fluorine concentration gases was performed. In
Figure 5.7, the SEM microphotograph showed an isotropic etching profile
was obtained, which CF 4/50%02, 200W, 20mTorr, 20sccm conditions was
used to etch 0.5,m W film and stopped at Si surface. A similar result was
observed in Figure 5.8(a) by using SF6/5%O2 plasma. Both W and Si were
etched away under an abundant induced fluorine concentration plasma
and the Al mask was still in place, which was clear to show the size of
original pattern. The reaction rate of fluorine atoms with Si was faster
than W, which can be concluded by comparing the lateral etching length

and exposure time. The undercut of Si substrate can be improved by

----------1




139

Lojwg ‘wo3s0Z ‘3IY e
MO0TZ ‘W22sQZ ‘I «

llojwQg ‘wo3sQZ ‘MO0Z : suojjjpuol Bulyoi3 3Ny

R g2 11 118y ST ¢+ 1 S+ A
AlIAl}O0 8
Sov02s 40| 2azce/€s4ga| %is | 2gvoes € sHo HAoRIes
sasvq
'y |,LW09z
L:0'% |,, most .
usE | 1488
— N - R L s gl Qis : M
8¢ ¢ 1 sTi1|ze 1 L 29l IS M
Ayanoees
9
Zoxol/S480 | Coxors us| SHo ZoxoL/ S4HD
saswon

JIS:M Pue SQISIM ‘IS'A
poAIssq( S9IAT}O9[3S 9SI9A9Y puUB 09I WNWIXB ['C 2d[qe]

ﬁlllllllllllllllllll




140

using high percentage of oxygen to dilute the fluorine concentration in
SF6, as shown in Figure 5.8(b), but the isotropic etching profile of W film
was not improved at all. So, for high induced fluorine concentration gases,
such as CF 4 and SF6’ the control of W etching profile was not easy even
in the RIE mode, because of the reaction between neutral fluorine atoms
and W.

Under the conditions to produce optimum W-to-Si and W-t:o-SiO2
selectivity, W films, 0.53um thick, were etched mainly in CHF3/7O%O2
gases. A 5ym line on Si patterned with CHF3/70%02, (at 20sccm, 200W
and 20mTorr) is shown in Figure 5.9(a) with the Al mask layer still in
place and in Figure 5.9(b) after removing Al mask. A 0.22ym undercut of
the W film was measured when the etching is stopped at the Si substrate.
The vertical-_to-lateral etch ratio of the W film shown in Figure 5.9(a) & (b)
is 2.3:1.

The etching directionality disappeared when the pressure is
increased from 20mTorr to 60mTorr, as shown in Figure 5.10(a), or
increased the power from 200W to 300W at 60mTorr in Figure 5.10(b).
From the etching experiments in Figure 5.5 and 5.6, the increasing of
fluorine concentration is the main reason to cause the loss of etching
profile. It seems that increasing the power, DC bias, didn't affect the
etching profile under this conditions, which was -380V at 200W, 60mTorr
and -480V at 300W, 60mTorr.

However, a vertical-to-lateral etch ratio of 4:1 is measured when the
pressure is reduced to 10mTorr, as shown in Figure 5.11(a) (with Al mask)
and Figure 5.11(b) (no mask). This is due to the fact that the chemical

reaction component of the W etch rate is reduced by the decreasing amount
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Figure 5.7. SEM picture of edge profile of 500nm W film etched by
CF4/50%02, at 200W. 20mTorr.
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Figure 5.8. SEM picture of edge profile of 500nm W film etched by (a).
SF6/5%02’ (b). SF6'90"&O_, at 200W, 20mTorr.
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Figure 5.9. SEM picture of edge profile of 530nm W film etched by

CHF3/7O%02, at 200W, 20mTorr. ta'. with Al mask. tb). no mask.
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Figure 5.10. SEM picture of edge profile of W on Si etched by
CHF3/70%02, at tar. 200W, 60mTorr, tb1 300W. 60mTorr.
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of reactive species at lower pressure, while the physical component is
enhanced by the increasing self-induced DC bias.

Thus, it is suggested that a good anisotropic etching profile could be
obtained by reducing the reaction rate between fluorine and W and
increasing the DC bias simultaneously, which could be reached by using
low-induced fluorinated gas, and reducing reaction pressure, flow rate and

increasing power, etc.

5.7 Discussions

In this work, the fluorinated gases diluted with oxygen in a plasma
reactor operating in the RIE mode at a generally fixed pressure, flow rate
and power. As discussed in the previous section, a very strong, but
complex, relationship is evident between the amount of oxygen in each of
the four fluorinated gases (CF " SFG’ CBrF3 and CHF3), the fluorine
concentration and the resulting W and Si etch rates. In Table 5.2, the
effect of oxygen on our results is compared with those of related work
from the literature by indicating the O2 percentage in the gas mixture at
which the [F] density, and Si or W etch rates reach their maximum
value. For comparison purposes, the corresponding plasma etching results
are also included from the literature.

In the case of CF 4/O2 mixtures, both our results with W RIE and
those of others for W and Si plasma etching[2.106, 2.107] indicate a [F]
peak at 20-23% O2 mixtures. However, under our RIE conditions *'e W
and Si etch rate maximum are coincident with the [F] peak, whereas the

PE results published indicate a shift in the maximum etch rate to lower

-_—
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Figure 5.11.  SEM picture of edge profile of W on Si etched by
CHF3/70%02. at 200W. 10mTorr tar. with Al mask. tb'. no mask.
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oxygen percentage (10-15%). In the case of SFS/O2 etching, both W PE
and RIE of W and Si exhibit this shift. For CBrF3/O2 etching, shift is
found only in W. Finally, in the case of CHF3/02, a shift is observed for
Si RIE but not for W etching.

To understand the role of fluorine radicals in the reactive ion
etching process, We plot in Figure 5.12, 5.13, 5.14, the etch rates of Si,
W and SiO2 as a function of measured fluorine density obtained at
various oxygen mixtures. As can be seen, most cases, with SiO2 being a
major exception , exhibit a substantial hysteresis effect, where for the
same [F] concentration two widely different etch rates can result. This
effect has been previously observed in the plasma etching of Si in
CF 4/02[4.7] and SF6/02[5.5} mixtures. As mentioned in above, this effect
has been attributed to the competition between fluorine and oxygen
atoms for chemisorption sites on the Si surface. Thus, the availability of
increasing amounts of [F] does not necessarily result in an increasing etch
rate, if it is accompanied by an equal or greater increase in oxygen
concentration. In the case of W RIE, our data also exhibit hysteresis,
indicating that a similar mechanism is at work. The situation is quite
different for SiOz, since oxygen forms an intrinsic part of the material to
be etched. Consequently, no hysteresis effect is observed, but rather a
generally increasing trend in etch rate with [F], with a similarly large
scatter in the data as reported by Mogab et al.[4.7] for SiO2 plasma
etching in CF 4/O2 mixtures.

To further elucidate the competing roles of fluorine and oxygen we
have plotted in Figure 5.15 the self-normalized Si and W etch rates as a

function of the ratio of [F] to [O] concentrations in all four gas mixtures.

----------ﬁ
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The [O] intensity level at each point is taken with respect to the base
line level found in the "pure" gas plasma. The arrows along each curve
indicate the direction of increasing 02% in each gases. The vertical
arrows indicate the [FJ[O] ratio value for the maximum ([F]
concentration. A number of comments can be made about the information
contained in Figure 5.15. First, the hysteresis effect in the etch rate is
removed by taking both [F] and [O] into account. Second, the etch rate
trends for Si and W are the same in each gas plasma. Third, the pattern
is substantively different for RIE in CF 4/02, SF6/O2 and CBrF3 from RIE
in CHF3/02. For the former, the etch rate increases with [F}/[O] ratio
until it gradually reaches saturation followed, in same cases, by a minor
decline. However, in the CHF?’/O2 case, the pattern is clearly
nonmonotonic with a pronounced peak in etch rate present at a [F}/[O]
ratio of 1.2 for Si and approximately 0.85 for W. The decrease in etch
rate after the peak takes place in mixtures with increasing levels of

hydrogen. This clearly points out the inhibiting role of hydrogen on the W
and Si etch rate.

5.8 Etching Mechanisms

The basic mechanisms of plasma dissociation of fluorinated gases
have been discussed in Chapter 4 except for CF " which has a similar
mechanism to CHF3. The etching mechanism of W proposed by Picard et
al. [2.107] is shown below :

----------1
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(5.1) W + xF --.> WFx (x=1 to 6)

(5.2) WFy + 0 > WOFy (y=1 to 3)

Similarly to SiC etching the fluorine and oxygen atoms are the
main reactants in W etching, except, of course, different products are
formed. The fluorine is the most active etchant to react with W. This has
been shown in previous selective and anisotropic etching experiments and
the loading experiment, shown in Figure 5.16. In the later experiment,
one 3" W wafer was etched by CHF3/70%O2 at 200W, 20mTorr, 20sccm
and the fluorine, oxygen and hydrogen density was monitored. The strong
decrease of fluorine density after exposing the etching sample has shown
its role in etching W in reaction (5.1). The small change of oxygen
density illustrates that the reaction (5.2) has an effect in W etching, but
clearly not as strong as reaction (5.1) in this case.

Substrate temperature has been varied to improve the W film etch
rate, with mir~~ results similar to the SiC temperature experiments of
section 4.7.3. Because the melting point of tungsten oxyfluoride is higher
than 100°C and the chemisorption of oxygen on Si surface is reduced
when the temperature is higher than 60°C. Therefore, no improvement
in selective ratio has been obtained by using a different substrate

temperature.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

The basic thin film properties of SiC and W were investigated by
using the rapid thermal processing technique. The potential of RTP was
evaluated and the advantages of such processes has been summarized.

For SiC plasma etching, the higher etch rate ratio to Si, 2:1, was
found by using CBrF3/75%O2 and CHF3/90%O2 plasma for the first time
in the reactive ion etching mode. The dominant factors of etch rate of SiC
were indicated and discussed. The SiC etch rate appears to be controlled
by a combination of physical (DC bias) and chemical (fluorine and oxygen
density) mechanisms. The chemical reaction model and carbon-blocking
model have been established and agree qualitatively with experimental
results. The dependence of SiC etch rate and physical reaction is
concluded from experiment results by a typical DC bias, -300V. No
evidence was obtained that fluorine will react with carbon and help to
etch SiC films in these experiments. Good anisotropic profiles were
obtained by RIE processes in CHF3/90%02 and SF6,35%02 plasma.

Therefore, to obtain selective SiC to Si etching, one needs to
increase the oxygen concentration in order to enhance the SiC etch rate
and to depress the fluorine concentration to reduce the Si etch rate.
These conditions can be satisfied by choosing low-fluorinated gases (such
as CHF3, CBrFa) and operating at a high oxygen percentage. A certain
ion energy (DC bias) is considered to be important particularly for SiC
etching. The use of an etching model could be helpful for more advanced

experiments for SiC plasma etching in the future.
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The reactive ion etching of W films, along with Si, SiO2 and SiC,
was investigated in CF 4/02, SF6/02’ CBrF3/O2 and CHF?‘/O2 plasmas. A
W:Si etch rate ratio greater than unity was for the first time obtained, in
oxygen-rich CHF3 mixtures. The variation of pressure and power was
explored to optimize the etching selectivity and to improve sidewall
etching profile. The competing roles of fluorine and oxygen in the etching
process was investigated.

The etching techniques for SiC and W have been studied and the
results are promising to use for incorporating both materials into Si

technology, which is most important role for future device processes in

either VLSI or ULSI region.

----------1
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