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Chapter 1 Background 1

Chapter 1
Background

1.1 Introduction

The four industrial revolutions that begun in 1760, promoted the development of human
civilization. The innovation of processing and manufacturing technology played an important role
in each industrial revolution. The first major shift was in the first industrial revolution (Industry
1.0) between 1760 to 1820 and 1840 V. Due to the development of manufacturing technology,
humans began to use steam engines and other machines in place of hand production to improve
production efficiency, thus, bringing human civilization to the age of machines. With the
continuous advancement of manufacturing technology, came the second industrial revolution
(Industry 2.0), also known as the technological revolution 2, which dated between 1870 and 1914.
This stage of revolution brought about more accuracy in manufacturing, owing to the advent of
electricity and modern production lines. The third industrial revolution (Industry 3.0), also known
as the digital revolution began in the latter half of the 20th century. This era witnessed the
production of the world’s first electronic computer built at the University of Pennsylvania in 1945
and was officially pronounced as the digital age in human civilization. Central to this revolution
era was the mass production and widespread use of metal-oxide-semiconductor field effect
transistors (MOSFETs), integrated circuit (IC) chips, and their derived technologies . This stage
witnessed a high manufacturing accuracy to the micron or even submicron scale for processing
high-performance semiconductor devices. In the 21 century, the fourth industrial revolution
(Industry 4.0) was proposed by the German government in 2011. This revolution stage witnessed
the promotion of the automation of traditional manufacturing and industrial practices, and the
main aim was modern smart technology. However, large-scale machine-to-machine
communication (M2M) and Internet of Things require higher-performance semiconductor devices
to achieve high-speed transmission of information. Therefore, the manufacturing precision of
higher-performance semiconductor devices has also been further improved to nanometer or even
subnanometer scale.

In September 2015, the United Nations proposed the Sustainable Development Goals to
achieve a better and more sustainable future for all ¥. To achieve the goals of energy saving and
ecofriendly environment, semiconductor substrate materials were transformed from silicon (Si)

to silicon carbide (SiC), gallium nitride (GaN), diamond and other materials with wide band gap
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59 In the field of communication devices, to increase the communication speed, the resonance
frequency of the quartz crystal unit is increased by reducing the thickness of the quartz crystal
wafer !9, To manufacture more durable lens molds and lighter space telescopes, for optical and
imaging devices, reaction-sintered silicon carbide (RS-SiC) is a promising material. Although
these materials are proven to have very excellent properties, however, it is essential to develop

ultraprecision manufacturing technique for these materials.

1.2 Difficult-to-machine brittle functional materials using
conventional manufacturing techniques

Conventional mechanical manufacturing processes such as turning, and grinding have been
developed several years ago, but, however, have certain limitations. Such as equipment accuracy,
surrounding environment (vibration et al.) and other factors. Also, a damage layer formed on the
surface of substrate during the conventional mechanical manufacturing process, affects the
properties of the substrate itself. There are difficulties in achieving the required manufacturing
accuracy working with difficult-to-machine brittle functional materials, which are materials with
high hardness, strong chemical inertness, and brittle (broken easily), through conventional
mechanical manufacturing methods. Three kinds of difficult-to-machine brittle functional
materials are investigated in this study: ultrathin quartz crystal wafer, RS-SiC, and aluminum

nitride (AIN) ceramic.

1.2.1 Ultrathin quartz crystal wafer

Piezoelectric effect was discovered in 1880 by the French physicists Jacques and Pierre Curie
D Piezoelectric effect occurs when electricity is generated on the surface of a crystal unit due to
mechanical pressure. Conversely, when electricity is applied to the surface, mechanical strain is
generated (inverse piezoelectric effect). The piezoelectric effect of several materials such as
ceramics have been confirmed. Quartz crystal is readily available and has the most accurately
measured and stable frequency. For this reason, it has been used as an essential electronic
component in various devices. Devices made of quartz crystals include quartz crystal units, crystal
oscillators, crystal filters, and optical devices.

Quartz crystal units, such as AT-cut ' and GT-cut '¥ crystal units, have a zero-temperature
coefficient over a broad temperature range, centered around room temperature and therefore have
excellent frequency-temperature characteristics. More so, quartz crystal units are extremely stable
both physically and chemically, and consequently, the frequency change with aging is extremely
small. Owing to this excellent frequency stability, quartz crystal units are used in communication
devices such as cell phones and wireless applications as well as consumer devices such as

televisions, video recorders, digital cameras, and computers to provide accurate reference signals
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Figure 1.1 Previous commercial production process of quartz crystal unit.

for simultaneous and quick processing huge volume of information. The relationship between

resonance frequency f; and thickness of quartz crystal blank t, can be written as follow:

1670

fo [MHz] = to [am]

To increase the communication speed, the resonance frequency of the quartz crystal unit should
be increased by reducing the thickness of the quartz crystal blank. For an 80 MHz crystal unit,
the thickness is only around 20 pm. Since quartz crystal is a type of brittle material, it breaks
easily due to mechanical force during conventional mechanical manufacturing process. In
previous commercial production of quartz crystal unit, quartz crystal wafer is produced by firstly
dicing the crystals into blanks of the target sizes. Due to the uneven thickness of the quartz crystal
wafer, the thickness deviation of the quartz crystal blanks is relatively large. To produce quartz
crystal units with target resonance frequency, the thickness of quartz crystal blank must be
corrected to the target value one after another, to low efficiency (Fig. 1.1). In the recent

commercial production of quartz crystal unit, a wafer process was intensively developed to
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Figure 1.2 Recent commercial production process of quartz crystal unit using wafer process.
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improve the productivity of resonators (Fig. 1.2). To improve the productivity of resonators by
reducing the processing time for frequency adjustment, a uniform thickness of the quartz crystal
wafer is essential. However, commercially available quartz crystal wafers typically have a
thickness deviation of +0.1%, which is induced by conventional mechanical fabrication processes
such as cutting with a wire saw, lapping, ion beam figuring, and polishing. This value is about
100-fold larger than the tolerance required for a commercial product. Furthermore, owing to the
poor parallelism and the existence of subsurface damage, many spurious peaks, which deteriorate
the resonance characteristics were observed in the resonance curve Y. Therefore, a highly
efficient and damage-free thickness-correction technique for ultrathin quartz crystal wafer is

essential.

1.2.2 Reaction-sintered silicon carbide (RS-SiC)

RS-SiC is a very promising material to produce equipment parts for optical mirror devices in
space telescope systems, molds for optical components, semiconductor and the manufacturing of
liquid crystal display and various production facilities due to their excellent properties, such as
light weight, high rigidity, high thermal conductivity and low thermal expansion coefficient. Table
1.1 shows the mechanical properties of tungsten carbide (WC) and RS-SiC. As a type of mold
material for optical components, compared with traditionally used WC, RS-SiC has higher
hardness, significant of its strong resistance to wear due to abrasion as well as formation of
scratches and subsurface damage (SSD). Also, RS-SiC has high durability against high-
temperature oxidation, making it suitable for use in long-life applications. RS-SiC has high
thermal conductivity and a low thermal expansion coefficient, depicting a very low chance of
shape failures due to nonuniformity of the temperature distribution in the molding process >,

Since the main component of RS-SiC is silicon carbide, RS-SiC is difficult to machine due to its

Tablel.1 Mechanical properties of WC and RS-SiC '3 19

wC RS-SiC
Vickers hardness (GPa) 17-21 24-28
Coefficient of thermal expansion (10%K) |5 2.5
Thermal conductivity (W/m * K) 70 130
Young's modulus (GPa) 190 362
Density (10° kg/m?) 14.5 3.03
Melting point (°C) 2785 1410 (Si)
Machinability Comparatively good Inferior
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Figure 1.3 Fabrication process flowchart for RS-SiC.

high hardness and chemical inertness 227, Fig. 1.3 shows the fabrication process flowchart for
RS-SiC. The slurry used was a mixture of SiC powder, carbon powder and water with some
dispersant. The original preforms, the green body, was formed by pressure casting of the slurry.
The green body was dried and then reaction-sintered at 1693 K in vacuum together with the
molten silicon 2®. Figure 1.4 shows the scanning electron microscope (SEM) image of RS-SiC,
SiC component and Si component were both confirmed. However, owing to the difference in the
chemical and mechanical properties of SiC and Si grains, it is difficult to form an objective shape
with an ultrasmooth surface. Conventional techniques such as turning and grinding using diamond
are used in the formation of shapes with high precision, high efficiency, and low cost. However,
scratches and an SSD layer are inevitably formed on the machined surface. Therefore, a highly

efficient, high-quality, and damage-free figuring and finishing technique for RS-SiC is essential.

£,
5.0k\/, 8.9 x10.0k.SE(U)

Figure 1.4 SEM image of RS-SiC.
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1.2.3 Aluminum nitride (AIN) ceramics

AlIN is an excellent choice material for heat sinks and microelectronics applications 3% owing
to its high thermal conductivity of 285 Wm™'K™!, 3V that is comparable to that of silicon carbide
and ~5-7 times greater than that of alumina, high mechanical strength with Vickers hardness of
17 GPa 2, relatively low dielectric constant of 8.5 3%, and low thermal expansion coefficient of
1.8 x 1078/K 3%, Furthermore, metalorganic chemical vapor phase epitaxy of gallium nitride (GaN)
is currently performed on sapphire and silicon substrates 3337, Table 1.2 shows the lattice constant
(300 K) and coefficients of thermal expansion (CTE) of GaN, Si, sapphire, and AIN *¢3®_ During
the epitaxy process, the large lattice mismatch between GaN and sapphire ~13.9% * and between
GaN and silicon ~16.9% %" and the differences in their CTE lead to the formation of cracks
when the thickness of the deposited layer exceeds a critical value *?. AIN buffer layer has been
widely used to grow GaN thin films with optically flat crack-free surfaces " due to the small
lattice mismatch between GaN and AIN ~2.4% *». Additionally, the in-plane lattice of AIN is
smaller than that of GaN, and this lattice mismatch between AIN and GaN can induce the
compressive stress in the GaN layer that can compensate for the tensile stress originating from
the mismatch of the CTE *¥. However, it is difficult to produce high quality single-crystal AIN
wafer. In recent years, research on the use of AIN substrates as an epitaxial growth substrate in
the deposition of a single-crystal AIN film on AIN ceramic, has attracted considerable attention.
When subjected to a large mechanical polishing load, grains tend to shed off of the surface of AIN
ceramic owing to their weak intergranular interactions, making it difficult to obtain a smooth
surface by traditional mechanical polishing. More so, AIN easily reacts with water, and thus, an
alternative high-efficiency dry polishing technique that can avoid the shedding-off of AIN grains

is desired.

Table 1.2 Lattice constant (300 K)) and thermal expansion coefficients of GaN, Si, sapphire, and

AIN 36 38)
Symmetry Axis Lattice constant (A) CTE (10°%/K)
GaN Hexagonal a-axis 3.189 5.6
c-axis 5.185 3.2
Si Cubic a-axis 5.431 3.6
Sapphire Hexagonal a-axis 4.758 7.3
c-axis 12.983 8.1
AIN Hexagonal a-axis 3.111 5.3
c-axis 4.979 4.2
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1.3 Motivation of this study

As described in the previous sections, there are several challenges in the figuring and finishing
of difficult-to-machine brittle functional materials to achieve excellent properties in actual
products. The motivation of this study is to develop a novel manufacturing technique to resolve
the challenges in the current figuring and finishing techniques for these brittle functional materials.

In this study, plasma nanomanufacturing process, which consists of plasma chemical
vaporization machining (PCVM) for figuring with nanometer-order form accuracy and plasma-
assisted polishing (PAP) for atomically smooth damage-free finishing, was proposed and
developed. Plasma nanomanufacturing process using different process gases can be applied for

the different processing requirements of different brittle functional materials.

1.4 Thesis organization

This thesis consists of six chapters.

In Chapter 1, the background of this study, the properties and applications of the difficult-to-
machine brittle functional materials that will be polished in this study and the aims of this study
are described.

In Chapter 2, a review of the current figuring and polishing technique was conducted and their
advantages and disadvantages were summarized. To realize highly efficient, cost effective, and
damage-free nanoscale manufacturing of different brittle functional materials for different targets,
plasma nanomanufacturing process, which combines PCVM and PAP, was proposed. The basics
of the use of plasma for processes, and the concepts and strategies of plasma nanomanufacturing
process are described.

In Chapter 3, by optimizing the composition of the process gas and some other processing
conditions, a stable plasma was generated under atmospheric pressure using ethanol-added Ar as
the carrier gas. The replacement of He using ethanol-added Ar as carrier gas made the
commercialized AP (atmospheric pressure)-PCVM technology successfully get rid of the unstable
supply of He, and reduced production costs under the premise of ensuring the removal rate.

In Chapter 4, by combining the computational fluid dynamics (CFD) simulation results and the
experimental results in AP-PCVM, the relationship between the processing gap and the
processing characteristics was clarified. Furthermore, by optimizing the oxygen fraction in the
process gas, an optimal gas composition for the meeting point between the etching rate of the two
components (SiC and Si) in RS-SiC was found, and a smooth processed RS-SiC surface was
obtained by AP-PCVM. AP-PCVM was firstly applied to process a multicomponent materials,

and thus have further broadened the application of plasma nanomanufacturing process.
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In Chapter 5, a novel dry high-efficiency dress-free polishing technique using CF4 plasma and
a vitrified-bonded grinding stone was achieved. In the case of PAP using CF4 plasma and a
vitrified-bonded grinding stone, the CF,; plasma irradiation not only generated an easily
removable and modified layer on the substrate surface but also dressed the grinding stone surface
by etching the main components of the bond materials. Owing to the simultaneous plasma-
assisted dressing (PAD) occurring in the PAP process, a novel highly-efficient dress-free polishing
process was achieved. Thus, the combined contribution of PAP and PAD resulted in twice the
material removal rate (MRR) compared with mechanical dry polishing processes without dressing.
In the manufacturing process of functional ceramic materials, ultralow pressure dry polishing
using CF4 plasma and vitrified-bonded grinding stones with small abrasive particles is a very
promising technique for replacing conventional mechanical polishing processes.

In Chapter 6, we provided the summary of the thesis and recommendations from the work.
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Chapter 2

Plasma nanomanufacturing process

2.1 Introduction

As described in Chapter 1, there are several challenges in ultraprecision figuring and finishing
of difficult-to-machine brittle functional materials. These are:

* Poor machinability due to their brittleness, high hardness, and chemical inertness.

* Difficulty to obtain a high-quality surface without damage and pits.

+ Difficulty in achieving high processing efficiency, high processing quality and low processing

cost at the same time.

Owing to its high processing efficiency, conventional mechanical manufacturing process using
hard tools such as diamond is still widely used in the preliminary figuring and flattening process
of difficult-to-machine brittle functional materials to quickly achieve the processing goal.
However, due to the removal mechanism of conventional mechanical manufacturing process, the
subsurface damage (SSD) layer is inevitably formed, and this affects the excellent properties of
the material itself. The formation of an SSD layer can be effectively avoided, since no mechanical
external force is applied to the surface of the substrate in the chemical manufacturing process
compared to the physical manufacturing process. Due to the relatively high processing efficiency,
chemical etching process is usually used to quickly remove the SSD layer which was generated
during mechanical process. However, the flattening ability of chemical etching is poor owing that
etching is an isotropic process. In recent years, many ultraprecision manufacturing processes that
combine chemical modification and physical removal have been developed to achieve damage-
free flattening and finishing. In this chapter, a variety of current figuring techniques and finishing
techniques were introduced. Although these current manufacturing techniques have their own
advantages, they also have their own disadvantages. Aiming at addressing the challenges of the
current technology, a new manufacturing process for difficult-to-machine brittle functional
materials was proposed. The plasma nanomanufacturing process, which consists of plasma
chemical vaporization machining (PCVM) technique was proposed and developed for figuring
with nanometer-order form accuracy and plasma-assisted polishing (PAP) for atomically smooth

damage-free finishing.
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2.2 Current figuring techniques

2.2.1 Ultraprecision cutting

Slow sliding servo (SSS) and fast tool servo (FTS) technology makes ultraprecision cutting
become the most effective figuring method 9. Figure 2.1 shows the conceptual diagram of an
SSS diamond turning machine ¥. SSS is a type of turning method with T-shaped configuration, in
which the Z-axis oscillates back and forth while X and C-axis maintain a constant speed ¥. The
processing efficiency of the SSS is relatively low due to the low Z-axis moving speed but
possesses a better processing accuracy. By optimizing the tool parameters such as tool nose radius,
clearance, rake angles, etc. and other processing paths, the form accuracy in aluminum alloy
materials can reach 0.5 um profile valley (PV). FTS is a self-contained and independently
operated positioning device, which was designed and built to eliminate the problem of low Z-axis
moving speed by moving only the small mass of the tool itself . The newly designed FTS can
fabricate difficult-to-cut materials such as steel, brittle materials, and so on. Mizutani et al.
employed an FTS with resolution of 5 nm in grinding machine to generate a ceramic mirror
surface with the accuracy of +0.01 um ©. Although the SSS and FTS technology made
ultraprecision cutting to be widely used in the preliminary figuring of various materials, they still
have limitations. At first, since ultraprecision cutting is a kind of contact manufacturing process,
it is difficult to fabricate a shape with a large ratio of sag height to diameter due to tool interference.
And then, due to the rotary processing method of diamond turning, the shape of the off axis is
also difficult to be formed. Furthermore, due to ultraprecision cutting using high-hardness tools,
such as diamond, an SSD layer, which affects the durability of the materials, will be formed on
the surface. J. Yan et al. processed reaction-bonded silicon carbide by diamond turning. Although

a surface roughness of 23 nm Ra was obtained, scratches and damage layers were also formed on
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Figure 2.1 Conceptual diagram of SSS diamond turning machine.
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the surface of reaction-bonded silicon carbide 7. The above reasons all limit the application of
ultraprecision cutting in the field of ultraprecision figuring for difficult-to-machine brittle

functional materials.

2.2.2 lon beam figuring

In ion beam figuring (IBF) process, the ion beam with a certain energy and spatial distribution
is used to impact the substrate surface. It utilizes the physical sputtering occurred during the
impact to remove the surface material and correct the surface shape error * . In most cases Ar
gas is fed to the ion source and thus Ar ions interact with the surface atoms '?. Figure 2.2 shows
the schematic of IBF. When the ions hit the substrate surface, they transfer their energy to the
substrate atoms, and when the absorbed energy is greater than the lattice binding energy, the
substrate atoms are displaced from their equilibrium positions and collide with surrounding atoms
to generate new energy transfer. But when the obtained energy of the substrate atoms is less than
the lattice binding energy, there will be no displacement, and the energy obtained will be released
in the form of phonons 'V. Based on these principles, IBF process can theoretically achieve
atomic-level material removal. Since IBF has high processing accuracy, and good repeatability, it
is widely used in the final processing of optical components. Furthermore, IBF is a noncontact
processing procedure, that do not require decrease in processing capacity due to tool wear.

IBF was first proposed by A. B. Menel ez al. in 1965 2. Recently, after continuous development
and optimization, IBF has become an established deterministic technique employed in high-end
optics manufacturing for ultraprecision freeform surface figuring '* 9. P. Gailly et al. reported
that the chemical vapor deposited silicon carbide (CVD-SiC) mirror-surface figure errors can be
reduced from 243 nm to 13 nm rms by applying IBF '. However, the processing efficiency of

IBF is very low, which also limits its wider application
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Figure 2.2 Schematic diagram of ion beam figuring.
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2.2.3 Wet-etch figuring

As a noncontact figuring technique based on chemical etching, wet-etch figuring (WEF) was
first proposed by M. C. Rushford et al '*'7. Figure 2.3 shows the schematic of WEF. WEF utilizes
free surface flow driven by surface tension gradients due to the Marangoni effect to fit and adjust
the size and shape of an etchant droplet attached to the underside of a glass surface. The droplet,
or wetted zone, is placed on the glass surface, leading to the etching of the surface, to facilitate an
etching-based small-tool figuring process that is free of mechanical and thermal stresses. However,
since the sample must be placed horizontally during WEF when processing both large and thin
substrate, the substrate will sag and deform due to gravity. In addition, the absorbed etchant
component, which vaporizes and diffuses from the nozzle, may cause undesirable roughening of
the surface around the nozzle. In response to these problems, K. Yamamura et al. developed a
numerically controlled local wet etching (NC-LWE), which uses a vacuum pump to forcefully

suction-off the etchant with volatile component around the nozzle '*2%.

Substrate @ Etchant

Etchant supplying

Figure 2.3 Schematic representation of wet-etch figuring.
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Figure 2.4 Schematic representation of numerically controlled local wet etching.
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Figure 2.4 shows the schematic diagram of NC-LWE. The nozzle head consists of an etchant
supply part and a suction part, which are arranged coaxially, and the removal area is limited to
inner part of the suction slit. No etchant solution remains on the surface of a workpiece after the
nozzle has passed, because both the amount of etchant supplied, and the suction of the etchant are
properly balanced. The suctioning mechanism of the etchant supply nozzle enables free
configuration of the nozzle direction and prevents unwanted surface roughening. K. Yamamura
et al. verified that the maximum PV decreased from 192 nm to 56 nm for the measurement area
of 142 mm X 142 mm for a single application of NC-LWE. The surface roughness was the same
as before machining, and its value was less than 0.15 nm Sq '®.

WEF and NC-LWE has been applied to figuring of quartz substrate, but has limitations since it
can only be used to process materials chemically reactive with the etchants, such as quartz glass.
Materials with strong chemical inertness, such as SiC, are difficult to process using WEF or NC-
LWE.

2.3 Current polishing techniques

2.3.1 Chemical mechanical polishing

In the 1980s, chemical mechanical polishing (CMP) was first proposed at IBM to be combined
with reactive ion etching, which was applied in the Shallow Trench Isolation (STI 2V) process
which was used in 16 Mb DRAM technology ** ?*. Different from conventional mechanical
polishing, CMP combines chemical reaction and mechanical removal to minimize any surface

damages. As a highly smooth polishing method, CMP is gradually being accepted for use in the

Polishing slurry

D

Wafer carrier

Polishing pad

Figure 2.5 Schematic representation of a typical setup and polishing mechanism of CMP.
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polishing of a variety of materials, such as semiconductors, metals, polymers, and composites
materials 2% 29, Figure 2.5 shows a schematic representation of a typical setup and polishing
mechanism of CMP. The polishing slurry that plays an important role in CMP, generally contains
abrasive particles (alumina, silica, and ceria were the most used >*29), oxidant, and alkali (the pH
of polishing slurry was adjusted between 8.5-11 using alkali) 2> 27. During the CMP process,
wafer was fixed on the wafer carrier and pressed face-down on the polishing pad to rotate it about
its axis. At the same time, the polishing pad was covered by the polishing slurry and was also
rotated about the other axis, and the polishing pressure was applied to the wafer through the wafer
carrier. The oxidant and alkali in the polishing slurry chemically react with the substrate. A
modified layer was generated on the surface of the wafer through the chemical reaction and was
removed by abrasive particles with a certain material removal rate (MRR). After continuous
development and parameter optimization, the MRR of Si wafer in CMP can reach higher than 10
um/h, which allows CMP to become an industrially applicable finishing technique for Si wafers
28,29)

Since SiC has a wider band gap, higher thermal conductivity, and some other excellent
properties more than Si, SiC is considered to be the next generation semiconductor material used
in high temperature and high power conditions instead of Si 33", As a promising polishing
technology, CMP was to be applied for the finishing of SiC. A lot of research has been carried out
on CMP of SiC in recent years >’ %39 In the CMP of SiC, an alkaline colloidal silica slurry is
widely used %39, The surface of SiC is oxidized into SiO», and then removed by silica abrasive,
whose Vickers hardness is smaller than that of SiC, and thus there was no SSD layer generated.
Y. Zhou et al. obtained a surface roughness less than 0.05 nm Sa for CMP of SiC **. However,
the oxidation rate of SiC in CMP is very slow due to its strong chemical inertness, which causes
the MRR of SiC in CMP (less than 200 nm/h in Ref. 34) to be far lesser than that of Si. G. Pan et
al. and S. Kurokawa et al. proved that the addition of potassium permanganate (KMnO,) and
hydrogen peroxide (H20>) into the polishing slurry can effectively increase the oxidation rate of
SiC, thereby increasing the MRR 7%, In addition, a mixed abrasive slurry consisting of colloidal
silica and nano-diamond has also been developed *®. The diamond abrasive forms mechanical
stress at the surface of SiC and increases the surface modification rate, resulting in an increase in
the MRR from 0.06 pm/h to 0.55 pm/h. V. D. Heydemann ef al. reported that the addition of 0.1
pm diamond abrasive and sodium hypochlorite oxidizer to the colloidal silica slurry resulted in
an MRR increase to 0.92 um/h and produced substrates with an Sa surface roughness of 0.52 nm
37).

Besides the low MRR, large particles can easily be formed by the agglomeration of the abrasive
particles in slurry when it is placed for a long time. These agglomerated particles are the cause of

the formation of scratches and SSD layer during CMP processes **). More so, since most of the
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polishing slurry is alkaline, the used polishing slurry must undergo a series of tedious treatments
such as neutralization before being discharged, which greatly increases the cost and
environmental burden. The huge cost due to the management and disposal of the used slurry also

limits the actual industrial application of CMP.

2.3.2 Catalyst-referred etching

As described in the previous section, an SSD layer was formed easily on the surface of the
substrate when mechanical polishing method was applied. Chemical etching method is an
effective way of removing the SSD layer. However, it is difficult to obtain a flat surface due to
the isotropy of the chemical etching method. Although CMP combines chemical reaction and
mechanical removal, the surface waviness of the processed substrate also increases during the
processing because of the elastically soft polishing pad that was used in CMP. To obtain a wafer
surface with high flatness and without SSD layer, Hara et al. developed an abrasive-free
planarization method called catalyst-referred etching (CARE) ***V. Figure 2.6 shows a schematic
diagram of a typical setup and polishing mechanism of CARE. In the case of SiC wafer processing,
the wafer was immersed in hydrofluoric acid (HF) solution. HF can etch materials such as SiO,
but cannot react with SiC. The flat plate made of catalyst material such as Pt, which can provide
a reference plane for the polishing process, was also immersed in HF solution. The catalyst
generated reactive species that were activated only next to the catalyst surface and were
deactivated when exiting the surface. Only the raised positions on the wafer surface generate
oxide films due to catalytic reaction, and are then etched by HF and removed from the surface 3.

The locations that were not in contact with the catalyst plate will not be etched. As the processing
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Figure 2.6 Schematic representation of a typical setup and polishing mechanism of CARE.
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time increases, a damage-free SiC surface with high flatness could be obtained. The MRR of
CARE is proportional to the atomic step density because CARE proceeds only at step edge
because of the step-flow etching phenomenon #?. Although a surface roughness less than 0.1nm
Sa can be obtained through CARE, the MRR was only approximately ~10 nm/h for on-axis SiC
wafer, and ~100 nm/h for 4°-off SiC wafer *>*Y. To improve the MRR of CARE, Toh et al.
proposed to irradiate the surface of SiC wafer by UV light to improve the oxidation rate of SiC,
and the MRR of the 4°-off SiC wafer was increased to about 190 nm/h **. In 2015, the mechanism
of platinum-assisted hydrofluoric acid etching of SiC was clarified by P. V. Bui ef al. using density
functional theory calculations *®, and the OH™ is considered to play the same role as F~ in CARE
47, Isohashi et al. and P. V. Bui et al. proposed water-CARE using pure water instead of HF
solution to make CARE more practically applicable and environment-friendly *”#®. But low MRR

of CARE remains a challenge that needs to be solved.

2.3.3 Ultraviolet-assisted polishing
As an ultraprecision polishing method, Ultraviolet (UV)-assisted polishing was proposed to
polish SiC substrate by J. Watanabe et al. *. Figure 2.7 shows a schematic diagram of a typical

setup and polishing mechanism of UV-assisted polishing. In their research, a quartz disk was
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Figure 2.7 Schematic representation of a typical setup and polishing mechanism of UV-assisted
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applied for the polishing of SiC substrate. The ultraviolet ray penetrated through the quartz disk
and irradiated directly to the polishing area. SiC has a band gap energy of 3.26 eV and thus can
be excited by UV irradiation with a wavelength shorter than 380 nm 3?. Holes and electron pairs
can be generated by photoexcitation under UV irradiation and can bond immediately with oxygen
and water molecules in the atmosphere. The bonding reactions generate many atomic oxygens
and OH radicals, which are highly active species with high oxidation potentials, and result in the
oxidation of the topmost surface of SiC 32, Since SiC substrate was contacted with the quartz
disc directly, the increased temperature induced by the rubbing in the mechanical-chemical
polishing between SiC substrate and quartz disc could also contribute to the oxidation reaction 3.
Finally, the oxide layer on SiC substrate was removed by quartz glass and a surface roughness of
less than 0.5 nm Sa for a 4°-off SiC substrate was obtained. The MRR was proven to have
improved from 0.86 pm/h to 1.487 um/h under an O atmosphere instead of air 3. In recent years,
UV-assisted polishing has also been successfully applied to the polishing of diamond and its
related materials. A surface roughness of 2.7 nm Sa for polycrystalline diamond (PCD) 3, and a

surface roughness of less than 0.2 nm Sa for single-crystal diamond (SCD) * 3% was obtained.

2.3.4 Electrochemical mechanical polishing

Electrochemical Mechanical Polishing (ECMP), which combines surface anodic oxidation and
mechanical polishing, has been proposed for the highly efficient polishing of copper % 37,
stainless steel °®, NiP substrate of hard disks ** and so forth. In 2004, a two-step ECMP was firstly
applied to a single-crystal SiC by Li et al. °. In their study, a 4H-SiC substrate was first oxidized
by a mixture of H,O; and KNO; electrolytes, then the oxide layer was removed by polishing using
colloidal silica slurry. After several cycles of anodic oxidation and slurry polishing, a smooth
surface with surface roughness of 0.27 nm Sq was obtained. However, as mentioned in section
2.3.1, the use of slurry led to many problems such as high cost and agglomeration of the abrasive
particles. Therefore, a slurry less ECMP process for N-type SiC substrate was proposed by X.
Yang et al. "%, Figure 2.8 shows a schematic representation of a setup and polishing mechanism
of slurry less ECMP. SiC wafer was fixed on a wafer carrier and pressed face-down on the
grinding stone. The grinding stone was placed on a metal plate with many fan-shaped openings.
The SiC wafer, grinding stone, and metal plate were immersed in an electrolyte, and the wafer
holder, SiC surface, electrolyte, and metal plate formed an electric circuit. SiC surfaces can be
anodically oxidized by the applied positive potential, and the oxidation rate can be adjusted by
controlling the potential. Subsequently, the modified layer is removed by the grinding stone and
a smooth surface can be obtained. X. Yang et al. proposed a three-step N-type SiC wafer
manufacturing process using slurry less ECMP. At the first step, after the slurry less ECMP for 20



Chapter 2 Proposal of Plasma-assisted polishing 21

Wafer carrier
T  Electrolyte
L les2s — Wafer
Grinding stone ___--="" .

_______ Metal plate Y
,,.:::::__--_------__-__--_------_--__-__--_------__-__--_------_--__-__--_------__-__--_-:2;\‘
i Modified layer i
| | Load !
1 1
H—— Wo \ o0 oo |
I | Grinding stone _— : ~
[ gstone ~ [ 1| $ ~ AR $ e
I Metal plate - 1
L —— ,;

Figure 2.8 Schematic representation of a typical setup and polishing mechanism of slurry less
ECMP.

min, at a current density of 20 mA/cm? in sodium chloride aqueous solution (NaCl aq.) using a
#8000 diamond vitrified grinding stone, the Sq surface roughness decreased from 163.33 to 25.45
nm with an MRR of 62 pm/h. At the second step, after the slurry less ECMP for 30 min, at a
current density of 10 mA/cm? in NaCl aq. using a #8000 ceria vitrified grinding stone, the Sq
surface roughness further decreased to 0.82 nm with a MRR of 11 um/h. Finally, at the third step,
after the slurry less ECMP for 60 min, at a passivation potential (3V) in NaCl aq. using a #8000
ceria vitrified grinding stone, a scratch-free atomically smooth surface with a Sq surface
roughness of 0.11 nm was obtained. Slurry less ECMP was considered an excellent processing
method for N-type SiC wafer due to its high MRR and high polishing quality. However, due to
the processing mechanism, ECMP can only be applied to process conductive materials, but cannot

be used to process insulating materials such as semiinsulating SiC, ceramics and so forth.

2.3.5 Magnetorheological finishing

Magnetorheological finishing (MRF) was firstly proposed by W. I. Kordonski et al. ®». The
principle of this technique lies in the fact that conditions for successful noncontact polishing are
created and controlled by utilizing the state of flow of an MR polishing fluid in a magnetic field
69, Figure 2.9 shows a schematic representation of a setup and polishing mechanism of MRF. The
MR polishing fluid, which consists of abrasive particles, magnetic particles, and water, plays an
important role in MRF. As shown in Fig. 2.9, the MR polishing fluid is continuously applied to a

rotating wheel via a nozzle. Below the wheel surface is an electromagnet for generating a
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Figure 2.9 Schematic representation of a typical setup and polishing mechanism of MRF.

magnetic field that changes the viscosity of MR polishing fluid. The magnetic field gradient is
normal to the top of the carrier wheel and the magnetic field force lines penetrate the gap between
the wheel and the part surface of substrate in the direction that is perpendicular to the direction of
the wheel motion. The MR polishing fluid is delivered to the wall in the vicinity of the
electromagnet. Magnetic particles are pressed by the magnetic field gradient against the wall and
acquires the wall velocity and becomes a plastic Bingham medium *® before it enters the gap
between wheel and the substrate. Abrasive particles are separated from the MR polishing fluid
due to nonmagnetic repulsion by the magnetic field and are embedded in the surface layer of the
MF polishing fluid. Thereafter, a shear flow of plastic MR polishing fluid occurs through the gap
resulting in material removal from the surface of substrate ® 7. As a well-developed polishing
technique, MRF has been applied to the finishing of quartz glass ¥, silicon substrate *, titanium
7 and so forth. H. Cheng et al. also applied MRF to reaction-bonded SiC for the processing of
an aspheric mirror ’V. They confirmed that the surface roughness with an initial value of 26.74
nm Sa reached 1.14 nm Sa after 50 hours of using oil host MR polishing fluid and a nonmagnetic
diamond powder. However, the limitation of the MRR of MREF is the small working area of the
stiffened MR polishing fluid ribbon.

2.4 Plasma nanomanufacturing process proposal

241 Introduction

The above-introduced figuring and polishing techniques have shown their respective
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advantages in different application fields. However, for difficult-to-machine brittle functional
materials with brittleness, high hardness, and chemical inertness, the above-introduced processing
methods also have their own limitations. For example, it is difficult to maintain high MRR while
ensuring high-quality polishing. Furthermore, due to the different properties of different
components, it is difficult to obtain an ultrasmooth surface of a multicomponent material. The use
of polishing slurry usually leads to an increase in processing costs and has been reported that the
use, management, and posttreatment of slurry account for about 50% of the total cost of CMP "2,
Therefore, the dry polishing method that does not use polishing slurry is an advantageous choice
for reducing processing costs.

As an efficient processing method, conventional mechanical manufacturing process is still the
first choice for primary processing. However, for finishing, how to quickly remove the SSD layer
formed during the conventional mechanical manufacturing process and to complete the final
polishing without complicated process conversion is a challenge in the field of ultraprecision
machining. Owing to the different processing requirements of different difficult-to-machine
brittle functional materials, plasma nanomanufacturing process, which combines PCVM 7 for
figuring without forming SSD layer and PAP " for obtaining an atomically smooth surface, was

proposed and developed in this study.

2.4.2 Basics of plasma for processes

Plasma, which is often called the fourth state of matter, along with solid, liquid and gas, has
unique physical and scientific properties. The kinetic energy of its particles is large due to high
temperature. It conductive because of its group of charged particles and is chemically active and
highly reactive. Because of its light emitting nature, plasma can be used as a light source. As a
processing tool, the large kinetic energy and high reactivity of plasma are mainly utilized in

plasma processing.

2.4.2.1 Collision between electrons and molecules/atoms in plasma
The properties of electrons and molecules/atoms in plasma can be determined from the collision
between electrons in the plasma and gas molecules/atoms. Considering the case where the
electron, e, collides with the molecule XY with a small collision energy, the product is an elastic
collision, and the kinetic energy of the electron hardly changes. However, when the collision
energy becomes higher, the orbital electrons orbiting around the nucleus in the molecule receive

energy at the time of collision and orbit the large energy level above (excitation).
XY +¢e — XY + ¢ (Excitation)

Molecules in such a high-energy state are called excited molecules and are represented by XY ™.
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The electrons in the orbit of the excited state fall back into the orbit of the lower energy level in

a short time, so that the excess energy is emitted as photon.
XY" — XY + AV photon) (Deexcitation)

On the other hand, when the energy of the colliding electron becomes much higher, the electron

¢ in the molecule is emitted and ionization occurs (ionization).

XY + e — XY+ 2e” (Ionization)

XY +e — X' +Y +2¢ (Ionization)
However, the bond of the molecule XY may be broken and dissociated into X and Y (dissociation).

X:Y+e —» X+ +Y- +e (Dissociation)

[73%:1)

When the electron pair involved in the bond is represented by ““:”, the dissociation can be written
as given in the equation above. Since X+ and Y have unpaired electrons, they are likely to cause
a chemical reaction and thus, are called radicals. They are also called a neutral radical because
they do not have electric charges. The existence of many radicals with high kinetic energy is

considered to be the reason for the strong reactivity of the plasma ™.

2.4.2.2 Spectroscopic measurements of plasma emission light

Along with the collision between electrons and gas molecules in the plasma, the excitation and
deexcitation of electrons around the gas molecules occur continuously. When the electron falls
back from the excited state to the ground state, the excess energy is emitted as photons. Since the
released energy is related to the inherent properties of each atom or molecule, the properties of

the plasma can be analyzed by measuring the emitted light of the plasma 76®

. The visible range
is only a very small part between 380 to 780 nm. However, common extensions are possible for
the ultraviolet and the infrared, resulting roughly in a range from 200 nm to 1 um. Experimentally,
this wavelength region is the first choice in plasma spectroscopy. Since air is transparent, quartz
windows can be used, and a variety of detectors and light sources are available. Below 200 nm,
quartz glass is no longer transparent and the oxygen in the air starts to absorb light resulting in
the need for an evacuated light path. Above 1 um the thermal background noise becomes stronger
which can only be compensated for using expensive detection equipment. The emission spectrum
in the visible range can be easily obtained by a very simple and reliable experimental device. The
method itself is noninvasive, which means that the plasma is not affected. In addition, the
recording of spectra is not disturbed by the presence of radio frequency fields, magnetic fields,
high potentials, etc. The experimental setup is very simple and requires only a diagnostic port

through the line of sight of the plasma. Therefore, plasma spectroscopy is an established
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Figure 2.10 Line radiation and its characteristics .

diagnostic technique in plasma processing and technology and basic research .

In general, plasma spectroscopy is subdivided into two types of measurements: the passive
method of emission spectroscopy (Analyze by measuring the energy emitted in deexcitation
process) and the active method of absorption spectroscopy (Analyze by measuring the energy
absorbed in excitation process). However, absorption techniques need much more experimental
effort than emission spectroscopy. Since some principles of emission spectroscopy apply also to
absorption and, since emission spectroscopy provides a variety of plasma parameters and is a
passive and very convenient diagnostic tool, emission spectroscopy is more widely used 7.

In the case of emission spectroscopy, light emitted from the plasma itself is recorded. Here one
of the basic underlying processes is the excitation of particles (atoms, molecules, ions) by electron
impact from level g to level p and the decay into level £ by spontaneous emission, with the
transition probability Ay resulting in line emission g. The two axes of a spectrum are the
wavelength axis and the intensity axis as shown in Fig. 2.10. The central wavelength of line
emission Ao is given by the photon energy £ = E,—FE\ corresponding to the energy gap of the
transition from level p with energy E, to the energetically lower-level k. Here, Planck constant is

h, and speed of light is c:

Ao = he (2-1)

* " Ep—Ey
Since the energy of transition is characteristic of the particle species, the central wavelength is an
identifier for the radiating particle, unless the wavelength is shifted by the Doppler effect. As a

principle, the wavelength axis 4 is easy to measure, to calibrate and to analyze. This changes to
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the opposite for the intensity axis. The line intensity is quantified by the line emission coefficient:

hc
&k = n(p)A —=f g dA 2-2
ok P)Apk e sl B (2-2)

The unit is given as W (m?sr)!, where 4x represents the solid angle dQ (isotropic radiation),
measured in steradian (sr). The line profile P; correlates the line emission coefficient with the

spectral line emission coefficient ¢; :
& = EkaA with f P,dA=1 (2-3)
line

A characteristic of the line profile is the full width at half maximum (FWHM) of the intensity,
Arwim, as indicated in Fig. 2.10. The line profile depends on the broadening mechanisms 77, In
the case of Doppler broadening, the profile assumes a Gaussian curve, and the line width
correlates with the particle temperature. A convenient alternative to the line emission coefficient

is the absolute line intensity in units of photos (m?s):
Ik = n(p)Apk (2-4)

This relationship reveals that the line intensity depends only on the population density of the
excited level n(p) which, in turn, depends strongly on the plasma parameters n(p) = f (T, ne, Tn,

An, ...).

2.4.2.3 Difference between atmospheric-pressure plasma and vacuum
plasma

Mean free path, which is used to define the average traveled distance of a particle between two

collisions with other particles, is a very important physical quantity in plasma physics. As shown

in Fig. 2.11, particle A with a radius of Ry, collides with a stationary particle B, with a radius of

R» at a certain speed. When particle B enters the zone with the center of particle A as the center

and Ri+R; as the radius, it is considered that particle A is sure to collide with particle B. The cross-

sectional area of this zone is called the effective collision area S 3%:
S =m(R, + Ry)? (2-5)

When particle A moves linearly at speed v for a period ¢, and all particles B, contained in the
effective volume (cylinder) which are affected by the effective collision area S are considered to
collide with particle A. And the number of collisions can be estimated from the number of particle
B that were in that volume. According to the definition, mean free path Zmg can be taken as the

length of the path divided by the number of collisions:
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Figure 2.11 Model for solving mean free path.

vt _ 1 (2-6)
T[(Rl + Rz)zvtn[/ B T[(Rl + Rz)znv

/1mfp =

where the ny is the number of particles B per unit volume. The expression of the mean free path
above expression suffers from a significant flaw - it assumes that the B particles are at rest when
in fact they are also moving. The frequency of collisions depends upon the average relative
velocity of the randomly moving particles. The magnitude of the relative velocity can be
expressed as the square root of the scalar product of the velocity with itself. If assume that the
particles in the plasma are all moving at the same speed, the average relative velocity v can be

written as:
Vrel = \/EU (2'7)

therefore, the effective volume V of swept out in time ¢ becomes to:

V = (R + Ry)*\2ut (2-8)

The number of particles B per unit volume ny can be determined from Avogadro constant Na and
the ideal gas law, leading to:

nNy  nNp  NpP

vV~ nRT _ RT
P

ny = (2-9)

where P, V, T are the pressure, volume, and temperature respectively, and R is the ideal gas

constant. The resulting mean free path Amg is:

B RT
V21 (Ry + R,)2NAP

Amp (2-10)

The mean free path mg of particles is inversely proportional to gas pressure 8. That means, the

mean free path of particles in vacuum plasma is larger than that in atmospheric-pressure plasma.
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Figure 2.12 Paschen curves obtained for different gas 9.

As a typical way of plasma generation, in capacitively coupled plasma, conditions for
breakdown at different gas pressures were first studied by Paschen et al. . The result is the well-
known Paschen curve describing the dependence of the breakdown voltage Vs on the distance d
between electrodes and the gas pressure P (Fig. 2.12). Based on the Townsend criterion, the

Paschen equation can be written as follow:

BPd

Vg = 1 (2-11)
In(APd) — In [ln (1 + 7)]
where y is the secondary-electron-emission coefficient, and 4 and B are constants dependent on
the type of gas. The Paschen curve can be explained thus: in a discharge system in which the
electrode distance (d) is constant, an increase in pressure (p) leads to a small mean free path and
electrons cannot acquire sufficient energy to ionize. Thus, plasma generates easier in a relatively
lower gas pressure. In addition, as the gas pressure increases, the number of gas molecules also
increases, and the frequency of collisions between molecules increases. High-frequency
molecular collisions increase the possibility of arc discharge, which will cause damage to the
surface of the substrate due to its huge electric current density. Therefore, as a processing tool,
when it is desired to use high-density radicals for figuring with high accuracy, atmospheric-

pressure plasma is generally selected, and when it is desired to generate a large area stable plasma
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to simultaneously irradiate a large size substrate to improve the modification efficiency, vacuum

plasma is the better choice.

2.4.3 Plasma chemical vaporization machining (PCVM)

Plasma-assisted etching technique using radicals, which are more chemically reactive than
most molecules, was proposed in 1960s and applied to etch solid * 3%, Till date, plasma-assisted
etching has been widely used in the semiconductor industry. In conventional low-pressure plasma
processing, the material is etched by the reaction with chemically active radicals formed in a glow
discharge, and the entire surface of the sample is exposed to the plasma and the solid to be etched
form volatile products %%, In the application of pattern definition in IC fabrication, the etching
of a photoresist mask layer on underlying layers is necessary. The material to be removed must
be etched significantly faster than the underlying material. The underlying layer serves as a partial
etch stop so that the etching layer can be etched uniformly *-°2. However, the use of photoresist
mask not only complicates the process, but also increases the cost. In 1993, Y. Mori ef al. proposed
the atmospheric-pressure plasma chemical vaporization machining (AP-PCVM) 7. Since AP-
PCVM is a noncontact chemical figuring technique that does not require a mechanical load on
the substrates, an SSD layer is not formed during the removal process. A similar machining
process has already been utilized in plasma etching in LSI manufacturing %. However, the
removal rate was very low since it was carried out under a low-AP. In contrast, a high removal
rate (larger than 200 pm/min for Si) and high machining resolution of 200 um was achieved by
generating reactive radicals of high density and high-pressure plasma in AP-PCVM 7). A surface
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Figure 2.13 Processing theory of figure correction by AP-PCVM.
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roughness of 0.5 nm for Si was also obtained. Since local dry chemical etching is performed in
AP-PCVM instead of full-surface etching. Thus, AP-PCVM can achieve local processing without
modifying the other locations and plasma-etch-resistant masks were not necessary. Figure 2.13
shows the processing theory of figure correction by AP-PCVM. Before AP-PCVM process, the
initial surface shape of substrate is measured, and the initial shape data is used in the step 2 of the
deconvolution calculation. On the other hand, the volumetric distribution of the footprint formed
in a unit removal time is expressed by the “removal spot” data. It has been confirmed that the
removal volume of the footprint is proportional to the removal time. Therefore, the local removal
volume at a certain position can be controlled by controlling the dwelling time of the plasma
during scanning. the dwelling time distribution of plasma can be obtained through the
deconvolution simulation using the initial shape data and removal spot data. NC scanning is
performed by raster scanning controlled by the dwelling time distribution data and AP-PCVM
enables the plasma figuring of freeform surfaces without a mask. In recent years, AP-PCVM has
been widely used for the figuring of X-ray mirrors made of Si **, thinning of 6-inch silicon-on-
insulator substrate **°%, and the thickness correction of quartz crystal wafers *®. Nanometer-order
shape accuracy and thickness uniformity have also been achieved. Although AP-PCVM has been
successfully applied for the figuring of single-component materials, there have been no reports of

its application to multicomponent materials.

2.4.4 Plasma-assisted polishing (PAP)

Plasma-assisted polishing (PAP), which combines surface modification by plasma irradiation
and removal of the modified layer by ultralow polishing pressure or using a soft abrasive, was
proposed by K. Yamamura et al. in 2011 7. Figure 2.14 shows a schematic diagram of a setup
and polishing mechanism of PAP. Since PAP is a dry polishing technique that does not use
polishing slurry, the processing cost can be greatly reduced rather than CMP. Furthermore, a soft
abrasive with an intermediate hardness between the modified layer and the base substrate material
or an ultralow polishing pressure is used in PAP, therefore a damage-free surface can be obtained.
As a new polishing technology that combines chemical modification and physical removal, PAP
has broken the limits of traditional mechanical processing and been successfully applied to many
single crystal difficult-to-machine materials ™ 9. For single-crystal SiC, after the irradiation
of water-vapor plasma, the average hardness of SiC was reduced from 37.4 GPa to 4.5 GPa due
to an oxide layer was formed on SiC substrate surface. Through the subsequent polishing using
CeO; polishing film, an atomically smooth SiC surface with a step and terrace structure without
subsurface damage was obtained (0.14 nm Sq) 7. For single-crystal GaN, CF4 plasma irradiation
was confirmed very efficient to soften the surface of GaN, and the modified layer (GaF3) was

removed by polishing using a resin-bonded CeO- grinding stone. Finally, a scratch-free and pit-



Chapter 2 Proposal of Plasma-assisted polishing 31

Upper electrode
Upper rotary head

13.56 MHz & Grinding stone

Substrate
Lower rotary table

\\
~N
~

-

-
-
-
-
-
-
-

Grmdlng stone

\

!

Plasma \, e !

¥ . !

Modified layer Substrate [> $ i
o j

____________________________________________________________________________________________

PP ———

Figure 2.14 Schematic diagram of a typical setup and polishing mechanism of PAP.

free surface with a well-ordered step-terrace structure was obtained (0.08 nm Sq) *®. In addition,
by applying PAP to a single-crystal diamond wafer, a MRR of 2.1 um/h that was 20 times greater

than that without plasma irradiation, was also obtained **.

2.4.5 Strategies of plasma nanomanufacturing process

PCVM has been developed for nearly 30 years and has been widely used in a variety of single-
crystal materials in industry application. However, PCVM is a processing technique based on
pure chemical reaction, since the reaction characteristics of different composition components
for plasma is different, it is difficult to obtain a smooth surface for multicomponent materials by
PCVM. In addition, plasma etching is an isotropic processing process. Although a raster scanning
processing was performed instead of full-surface etching in PCVM, the low spatial frequency
roughness (LSFR) components of the substrate can be successfully removed by controlling the
dwelling time, but the mid spatial frequency roughness (MSFR) and high spatial frequency
roughness (HSFR) components are still difficult to be removed, owing that the spatial wavelength
is shorter than the that of the plasma tool. Therefore, PCVM has so far been regarded as a figuring
technique rather than a finishing technique, owing that it can efficiently remove the SSD layer
formed in the conventional mechanical process and creates a low spatial frequency shape without
damage. The positioning of PAP is a finishing technique that can obtain atomically smooth
surfaces without damage. Different from PCVM, since the surface of grinding stone provide a
reference surface in PAP, LSFR, MSFR, and HSFR can all be effectively removed through PAP.
As introduced in 2.4.4, PAP has been successfully applied to a variety of difficult-to-process

materials with excellent results. But the relatively low MRR is a shortcoming of PAP. It is
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Figure 2.15 Relationship between the volumetric removal rate and the surface roughness Sq

of the various processing techniques.

believed that there are two main factors that lead to the relatively low MRR of PAP. One is the
low modification rate. Since it is difficult for the radicals in the plasma to diffuse deeply into the
substrate, the plasma modification only stays on the outermost surface of the substrate. The other
one is the wear of the grindstone. Polishing film and resin-bonded grinding stones have been used
in the PAP process until now 7*°7?®_The surface of them got worn out easily during the PAP
process and lose their original removal ability '°0. If the grinding stone cannot be replaced or
dressed in time, the polishing process will be hindered.

Figure 2.15 shows the relationship between the volumetric removal rate and the surface
roughness Sq of the various figuring techniques and polishing techniques that were introduced in
section 2.2 and 2.3 '°V, Each technique has its own advantages, but also has its own shortcomings.
As the development goal of ultraprecision manufacturing technique, lower surface roughness at
higher MRR is expected (the lower right area in Fig. 2.15). At present, for N-type SiC substrates,
ECMP has achieved this goal well and has become the preferred method for SiC processing. But
ECMP cannot process semiinsulating SiC and some other nonconductive ceramic materials. To
develop an ultraprecision manufacturing technique for different application field of different
difficult-to-machine brittle functional materials, plasma nanomanufacturing process, which
combine PCVM and PAP, is proposed in this study. Plasma nanomanufacturing process combines
the high MRR of PCVM and the high finishing quality of PAP and makes up the shortcomings of
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each other. Since PCVM and PAP are both plasma-based dry processing techniques, the
conversion of the two processes can be easily achieved. Taking the manufacturing of SiC as an
example, in the PCVM stage, F-based plasma is generally used for etching to remove the SSD
layer. After that, only need to change the process gas from F-based gas (CF4 ef al.) to O, gas or
water vapor, and add a grinding stone tool, PCVM can be simply replaced to PAP.

2.5 Summary

To realize the highly efficient, cost effective, and damage-free nanoscale manufacturing of
different difficult-to-machine brittle functional materials for different target, a review of the
current figuring and polishing technique was conducted and the advantages and disadvantages of
them were summarized. Plasma nanomanufacturing process, which combines PCVM and PAP,
was proposed. In this chapter, the basics of plasma for processes, and the concepts and strategies

of plasma nanomanufacturing are described.

(1) The high efficiency, low-cost and high-quality damage-free ultraprecision manufacturing of
difficult-to-machine brittle functional materials is difficult owing to their high hardness and
chemical inertness. In recent years, several figuring and polishing techniques were developed
for these materials. However, there are still several challenges associated with these polishing
techniques such as the low polishing efficiency, high cost, and limitation of applicable

materials.

(2) Due to its chemical activity and high reactivity, plasma was a low-cost and effective
processing tool for difficult-to-machine brittle functional materials. Frequent collisions
between electrons and gas molecules/atoms in plasma can cause the reactions such as
excitation, deexcitation, ionization, and dissociation. Since the released energy is related to
the inherent properties of each atom or molecule, by measuring the characteristic emission
light during the deexcitation process, the properties of the plasma can be monitored, and

making the plasma become a controllable processing tool.

(3) As an efficient noncontact figuring technique with good form accuracy, PCVM has been
successfully applied for the ultraprecision figuring of Si-based materials. However, PCVM
cannot be used for finishing because of the isotropy of the etching process. As an excellent
dry polishing technique, PAP has been proven to achieve damage-free finishing of a variety
of difficult-to-machine brittle functional materials and obtain an atomically smooth surface.

However, the problem of low MRR still needs to be resolved.
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Plasma nanomanufacturing process, which combines PCVM and PAP, was proposed in this
study. Plasma nanomanufacturing process combines the advantages of the two technique and
make up the shortcomings of each other, is expected to realize the highly efficient, cost
effective, and damage-free nanoscale manufacturing of different difficult-to-machine brittle

functional materials for different target.
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Chapter 3
Optimization of AP-PCVM technique for processing

ultrathin quartz crystal wafer

3.1 Introduction

As a part of plasma nanomanufacturing process, AP-PCVM is a technique that can efficiently
remove low spatial frequency components and has been successfully applied to improve the
thickness uniformity of ultrathin quartz crystal wafer V. However, helium (He) gas has been used
as the carrier gas in AP-PCVM until now. The He gas used in industry is mostly produced from
natural gas. Problems such as the depletion of natural resources and a high cost are of wide
concern. It is necessary to find a cost effective and renewable gas to replace He as the carrier gas
for AP-PCVM. In this chapter, the optimization of processing conditions in AP-PCVM for
ultrathin quartz crystal wafers was carried out. As a result, through the optimization of the gas
composition used in AP-PCVM, argon (Ar) was successfully used instead of helium, and the same
etching rate as that using He was obtained. It is considered that using Ar instead of He as the
carrier gas in AP-PCVM will effectively solve problems such as the depletion of natural resources

and high cost.

3.2 AP-PCVM setup

Figure 3.1 shows a schematic diagram of the AP-PCVM setup used in correction of thickness
distribution for ultrathin quartz crystal wafer. Three flow paths exist, one for the carrier gas, and
two for the process gases (CF4 and O). The flow rates of the carrier gas and process gases were
controlled using mass flow controllers (MFCs). The mixture gas was supplied from the center of
the electrode and flowed through the space between the aluminum alloy electrode and the alumina
ceramic cover arranged coaxially with the electrode. The size of the AT-cut ultrathin quartz crystal
wafers used in the experiment was 54 mm x 50 mm X 30 ~ 90 pm'". All the AP-PCVM experiments
in this paper were conducted at room temperature (23.3°C) without substrate heating. The quartz
crystal wafer was held on a XY worktable by a vacuum chuck. The relative position and speed
between the electrode and the wafer are controlled using the XY worktable (X- and Y-axes) and
the electrode (Z-axis) driven by AC servo motors. The distance between the tip of the electrode

and the quartz crystal wafer was 3.5 mm, and the gap between the tip of the ceramic cover and
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Figure 3.1 Schematic diagram of the AP-PCVM setup.

the quartz crystal wafer was 0.5 mm. The diameter of the powered electrode was 3 mm.
Atmospheric-pressure Ar-based CF4 plasma was generated by applying 13.56 MHz radio
frequency (RF) power between the electrode and the worktable. Fluorine radicals, which are the
reactive species that etch the quartz crystal, were generated by the dissociation of CF4 in the

atmospheric-pressure Ar plasma.

3.3 Current application of AP-PCVM to ultrathin quartz
crystal wafer

To increase the communication speed, the resonance frequency of the quartz crystal unit should
be increased by reducing the thickness of the quartz crystal blank. For a 80 MHz crystal unit, the
thickness is only around 20 um. Figure 3.2 shows the thickness comparison between a coin and
a quartz crystal wafer. Such a thin wafer is easily broken due to the application of mechanical
external force in conventional contact processing. In addition, with the continuous miniaturization
of various electronic products, the size of the crystal oscillator must also be miniaturized.
Although the wafer process has been successfully applied in the field of chip manufacturing, the
brittleness of quartz wafers poses a challenge to the wafer process for quartz units. In addition,
technique to process the thickness of the wafer uniformly is indispensable for the realization of

miniaturization of the crystal unit. AP-PCVM is an ultraprecise figuring technique that uses
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Figure 3.2 Thickness comparison between a coin and a quartz crystal wafer.

fluorine radicals generated by atmospheric-pressure plasma to change the surface atoms of a
substrate into volatile reaction products to form the desired shape. Since AP-PCVM is a
noncontact chemical figuring technique that does not apply a mechanical load to substrates, the
breakage of thin brittle materials is prevented and no subsurface damage (SSD) layer is formed
during the chemical removal process > ¥. Moreover, as AP-PCVM is an atmospheric-pressure
process, no vacuum chamber is required. Until now, the most widely used methods for plasma
generation at AP have mainly included inductively coupled plasma (ICP) * 9, capacitively coupled
plasma (CCP) ¥, and microwave plasma (plasma jet) > . Since ICP and microwave plasma
produce high temperatures exceeding 200°C, the possibility of both crystal twinning and breaking
of the quartz crystal wafer increases. Therefore, AP-PCVM use CCP is the preferred method for
the thickness uniformization of ultrathin quartz crystal wafer.

K. Yamamura et al. has proved that 7, by applying AP-PCVM for improving the thickness
uniformity of a commercially available ultrathin quartz crystal wafer, as shown in Fig. 3.3, the
thickness uniformity was improved from 122.6 to 14.9 nm, and the standard deviation of the
thickness variation was improved from 33.2 to 3.2 nm within only 107 s without inducing

subsurface crystallographic damage ”. As shown in Fig. 3.4, KYOCERA has developed the
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Figure 3.3 Correction results for the thickness distribution of the ultrathin quartz crystal
wafer by AP-PCVM 7.
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Figure 3.4 The world’s smallest quartz crystal unit (CX1008) developed by KYOCERA ®.

world’s smallest crystal unit CX1008 (1.0 x 0.8 mm) for smartphones, wearables, and other

electronic devices by applying AP-PCVM.

3.4 Challenge of using Ar instead of He as the carrier gas in
AP-PCVM

Although in the processing of ultrathin quartz crystal wafers, AP-PCVM has achieved excellent
results and has been industrially applied. However, helium gas has been used as the carrier gas in
AP-PCVM until now. The helium gas used in the industry is mostly produced from natural gas.
Problems such as the depletion of natural resources and high cost are of wide concern ?. To solve
these problems, research on the use of argon gas instead of helium gas as a carrier gas has been
proposed, as it can be industrially produced by the fractional distillation of liquid air, in the
generation of atmospheric-pressure plasma. Although the operation cost can be reduced by using
argon instead of helium, the breakdown voltage for argon is much higher than that for helium '?.
Figure 3.5 shows the plasma generated on ultrathin quartz crystal wafer using Ar as the carrier
gas. As is well known, the higher breakdown voltage may cause the rapid multiplication of

electrons after breakdown, leading to the formation of filamentary arc streamers '. And the

Figure 3.5 Photograph of plasma generated on ultra-thin quartz crystal wafer using Ar as the

carrier gas.
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ultrathin quartz crystal wafer will be easily broken because of the locally high temperature due to

the localized filamentary arc streamers.

3.5 Penning effect caused by adding ethanol to Ar plasma

Many researchers have made many efforts to generate an atmospheric-pressure stable glow
discharge Ar plasma, and the addition of ethanol to Ar has been proven to be very useful, as
reported by Sun et al. '?. The reason for the stable glow discharge produced by adding ethanol
was the Penning effect '¥ that occurred inside the plasma. Before explaining the Penning effect,
we must first understand the energy transfer inside the atom in plasma. In section 2.4.2.1, the
energy transfer caused by the collision between electrons and atoms/molecules in the plasma has
been briefly introduced. Here, taking the simple Ne atom as an example, the energy state of the
electrons inside the atom will be explained in detail.

Considering the classical mechanics that regards electrons as particles, a model was established
in which negatively charged electrons are circularly moving around a positively charged heavy
nucleus in an atom, and centrifugal and Coulomb forces were balanced. When an electron collides
with this atom from outside, the nucleus receives momentum and the velocity of translational
motion of the atom also changes. In addition, if kinetic energy is directly given to the electrons
orbiting the nucleus at the time of collision, the electrons will draw a larger circle than before
(Excited collision). The larger the collision energy, the electron in the atom draws a larger circle,
and finally cuts off the Coulomb attraction and leaves the atom to separate into free electrons and
positive ion (Ionization collision). According to it, the arrangement of electrons in an atom is
determined by four quantum numbers (energy (7), angular momentum (/), magnetic moment (),
and spin (m5)), and the internal energy state allows only a specific discrete energy level. Since it
is not allowed for two electrons to occupy the same energy level at the same time, the state of the
atom with the lowest energy and stability (Ground state) will have a structure in which electrons
are filled in the order from the orbit of the lower energy. In the ground state of Ne, 10 electrons
satisfy all three orbitals (1s, 2s, 2p) up to the principal quantum number n = 2, and the electron
configuration is expressed as 1s?2s°2p®. Figure 3.6 shows the energy-level diagram of the state
with higher energy (Excited state) using the ground state as the energy reference (zero). As shown
in the figure, the 3s orbital has four excited states, and the 3p orbital above has six excited levels.
Further increasing the quantum number, such as to 3d, 4s, 4p, etc., and to the highest energy level
of 21.55eV. This energy indicates the minimum energy (lonization energy) required to ionize a
Ne atom from the base state, and ionization occurs when the kinetic energy of an electron colliding

with Ne exceeds the ionization energy.
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Figure 3.6 Energy-level diagram of atomic Ne '¥.

Ionization process: ¢ +Ne—>Ne"+te +e (E = 21.55¢V)
The Penning effect mainly considers the excitation process below the ionization process.
Excitation process: € +Ne —»Ne'+e  (E = 16.54¢V)

Normally, the excited state is unstable and causes electric dipole radiation in a short time (~ 50
ns) to return to the ground state (Deexcitation). In the above example, with Ne* from the excited
state back to the ground state, a light with a wavelength of 4 = 74.3 nm, corresponding to the

energy of 16.54 eV in the excited state of Ne”, is spontaneously emitted.

hc

1=
AE (1654 ev)

= 74.3nm (-1
This light is invisible because it is ultraviolet light, but since the energy difference is small when
falling from the 3p orbital to the 3s orbital, a red light with a wavelength around 700 nm is emitted.

Changing of the energy level by absorbing or emitting light as described above is generally
called transition. Transitions are not allowed between arbitrary levels, and the case where the
transition is allowed by satisfying the selection rule is called allowable transition, and the case

where the transition is not allowed is called forbidden transition Y. As shown in Fig. 3.6,
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transition is not allowed to fall from the 16.62 eV level (3°p2) and 16.72 eV level (3°Py) to the
ground state through the emission of light. It is also not allowed to absorb light and rise from the
ground state. Such an excited level at which the transition to the ground state is optically
prohibited is called metastable level. The transition from the ground state to the metastable state

is impossible with light absorption, but it is possible in the case of electron collision.
Excitation process to metastable state: e +Ne — Ne™+e”  (E = 16.62 ¢V)

The generated atom at metastable state is written as Ne™. Once excited to the metastable state, it
is forbidden to fall to the ground state naturally, so the life of the metastable state is significantly
longer (107* ~ s). For back to the ground state, it is possible to escape from the metastable state
by colliding with other particles or absorbing photons and then releasing it after rising to the
normal excited level. Or inelastically colliding with other atoms/molecules, or with the vessel
wall.

Atoms at metastable state often play an important role in plasma. A famous example of this is
the Penning effect, which was named after Penning’s discovery in 1937 '9. According to the
experiments conducted by F. M. Penning et al., igniting a DC discharge of Ne gas at 50 mTorr
required a high voltage of about 800 V, but breakdown voltage can be reduced by a factor of four
by adding only 0.1% argon into Ne gas. This result is believed to be due to the Penning effect,
which is due to the metastable atom of Ne. This concept is explained with the ionization process
of Ne, for which electron collision does not occur unless the kinetic energy of electrons exceeds
21.55 eV, so it does not discharge unless a high voltage is applied to strengthen the electric field.
However, the process of forming metastable atoms is possible at a lower energy of Ern = 16.62 eV.
Furthermore, when these metastable Ne atoms with high internal energy collides with Ar, Ey, is

higher than the ionization voltage of Ar (15.75 eV).
Ionization process with metastable state: Ne™ + Ar — Ne + Ar" + ¢~

The above reaction occurred, and Ar was easily ionized. Therefore, even if only a small amount
of Ar was added, the plasma will be easily discharged.

After understanding the principle of Penning effect, the topic will be brought back to the
plasma used in AP-PCVM. In the research of K. Yamamura ef al., He gas was used as the carrier
gas in AP-PCVM. However, filamentary arc streamers were formed easily in the plasma generated
using pure Ar as the carrier gas. To investigate the difference between He-based and Ar-based
CF4 plasmas, a comparative experiment was conducted using the setup shown in Fig. 3.1. The
RF power was 60 W. The carrier gas was He/Ar (600 sccm) and the process gases were CF4 (10
sccm) and O; (4 sccm). Figure 3.7 shows photographs and optical emission spectroscopy (OES)

spectra of plasma generated on quartz crystal wafer using He as the carrier gas. Table 3.1 shows
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Figure 3.7 Photographs and OES spectra of plasma generated on quartz crystal wafer using

He as the carrier gas.

Table 3.1 State energy of some related atoms and molecules '*9).

Gas He Ar Nz CszOH CF4 02

Ionization energy [eV] 24.6 15.8 1558 10.5 15.9 12.2
(State lifetime [ns]) ' | (0.1 ~9.9) (0.3~9.6)

Metastable energy [eV]]| 19.82 | 20.6 | 11.72 ] 11.55
(State lifetime [s]) ' | (7900) | (0.02) [ (50) | (60)

the ionization energy and metastable energy of some related atoms or molecules. Since the
ionization energy of He is 24.6 eV, and two high-energy metastable states He (2°S1), 19.82 ¢V, He
(2'So), 20.6 €V can be formed in the discharge '®. Because plasma was generated in atmospheric-
pressure and the ionization energy of N, (15.58 eV) is lower than the potential energy of the two

high-energy metastable states of He atoms.
He™+N; > He + No" + ¢

It is easy for He atoms in the high-energy metastable states to ionize N, molecules to generate N
ions at the He/air interface via Penning effect as above. The OES spectra of the plasma using He
as the carrier gas also confirmed this. Strong peaks corresponding to N> was observed. Figure 3.8
shows photographs and OES spectra of plasma using ethanol-added Ar as the carrier gas. The
other experimental conditions were the same and the ethanol flow rate was 0.003 g/min controlled
using a liquid mass flow controller. In the case of using pure Ar as the carrier gas, the ionization

energy for Aris 15.8 eV, and Ar atom has two metastable levels at 11.72 and 11.55 eV -8 which
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Figure 3.8 Photographs and OES spectra of plasma generated on quartz crystal wafer using

ethanol-added Ar as the carrier gas.

is lower than the ionization energy of N,, CF4, and O». Penning effect cannot occur at the Ar/air,
Ar/CF4, or Ar/O, combination. As shown in Fig. 3.5, the energy cannot be transferred continues
to accumulate result in the formation of filamentary arc streamers, and the ultrathin quartz crystal
wafer was easily broken. When a small amount of ethanol was added into Ar, because the
ionization energy 10.47 eV for ethanol is lower than the potential energy of the high-energy

metastable states Ar atoms 2.
Ar™+ C,Hs0H — Ar + C;HsOH + ¢~

Penning effect occurred and the breakdown voltage was significantly reduced, a stable glow
discharge plasma was generated as shown in Fig. 3.8. Since Penning effect cannot occur at the

Ar/air combination, there was no strong N peak was observed in OES spectra.

3.6 Different etching characteristics using ethanol-added Ar
and He as the carrier gas in AP-PCVM

In the previous section, it has been confirmed that adding a small amount of ethanol to Ar can
avoid the formation of filamentary arc streamers and generate a stable atmospheric-pressure
plasma. In this section, the investigation of the different etching characteristics was conducted on
ultrathin quartz crystal wafers using He or ethanol-added Ar as the carrier gas. To provide a stable
flow of ethanol vapor and mix it fully with other gases, the gas supply system of the setup shown
in Fig. 3.1 has been modified, and the schematic diagram was shown in Fig. 3.9. Ethanol vapor
was introduced using the gas—liquid mixture vaporization method. The carrier gas (Ar) and liquid

ethanol (concentration 99.5%), where the latter was controlled using liquid mass flow controllers
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Figure 3.9 Schematic diagram of the AP-PCVM setup using ethanol-added Ar as the carrier

gas.
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Figure 3.10 Photographs of plasma at various oxygen flow rates.

(LMFCs), were heated, and mixed in the vaporizer. The gas tube from the vaporizer to the
electrode was heated to 75°C with a heater to avoid the ethanol liquefaction.

At first, experiments were conducted on quartz crystal wafers in which different oxygen flow
rates were applied. The RF power was 60 W and the ethanol flow was 0.003 g/min. The carrier
gas was Ar (600 sccm) and the process gases were CF4 (10 sccm) and O (0-8 scem). Figure 3.10
shows the photographs of plasma in each condition. Different wavelengths of light show different
colors, which means that the types of radicals in plasma with different oxygen flow rates were
different. Figure 3.11 shows photographs of removal spots on quartz crystal wafers formed by
AP-PCVM using ethanol-added argon as the carrier gas, OES spectra of the plasma, and X-ray
photoelectron spectroscopy (XPS) measurement results of the processed area at various oxygen
flow rates. Firstly, no oxygen was added to the process gas. Under this condition, a concentrated
black deposit was formed in the area surrounding the removal spot as shown in Fig. 3.11(a). From
the OES spectrum of the plasma shown in Fig. 3.11(f), a strong emission of C, Swan band peaks

was observed 2V, In addition, as described in section 3.5, since the plasma was generated at AP,
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Figure 3.11 Photographs (a)—(e) of removal spots formed by AP-PCVM on quartz crystal

wafers using ethanol-added argon as the carrier gas, optical emission spectroscopy (OES)

spectra of the plasma used in AP-PCVM (f)—(j), and X-ray photoelectron spectroscopy (XPS)

measurements (k)—(0).
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Figure 3.12 X-ray photoelectron spectroscopy (XPS) measurements of the sample surface

before the plasma treatment.

N, mixed into the plasma from the ambient was also dissociated and excited, so emissions from
N> were observed in the OES spectrum 2% 23, Next, the XPS measurement of the area with the
black deposit was conducted (Fig. 3.11(k)). A strong peak was observed in the Cls spectrum
obtained from the area with the black deposit. To elucidate and discuss the composition of the
black deposit, the deconvolution spectra of Cls were evaluated from the chemical shifts relative
to the C—C peak at 284.8 eV 2. Four peaks in addition to the C—C peak, which were attributed to
C-OH (285.3 V), C-O-C (286.0 ¢V), C=0 (287.9 eV), and n—n* (290.4 V), were observed 2*
29 The shake-up satellite peak (m—n*, 290.4 eV) assigned to m-electrons was delocalized at the
aromatic network in graphite and disappeared with increasing oxidation 9. Jimenez et al. also
observed the C; Swan band from ethanol-added argon plasma in addition to a carbon deposit 7).
Research on the production of graphene by ethanol chemical vapor deposition has also been
reported by G. Faggio et al. ®. Thus, it is considered that the black deposit originated from
incompletely decomposed carbon from ethanol. Next, 1 sccm of oxygen was added to the process
gas. A carbon deposit still existed, but its color was lighter and the deposition area became smaller.
Compared with the OES spectrum of the plasma without adding oxygen, the emission of the C,
Swan band was weaker. From the XPS measurement result, it was found that the C—C peak
became weaker. It was considered that through the addition of oxygen to the process gas, part of
the incompletely decomposed carbon was oxidized. Thus, it is predicted that the addition of
oxygen can suppress the formation of the carbon deposit on the quartz crystal surface. As shown
in the OES spectra in Fig. 3.11, by increasing the oxygen flow rate from 0 to 4 sccm, the optical
emission from atomic oxygen became stronger and the emission from the C, Swan band became
weaker. When the oxygen flow rate was increased to 4 sccm, the optical emission from the C,

Swan band of the plasma almost disappeared. Also, there was no C peak in the XPS spectrum (the
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Figure 3.13 Removal volume of quartz crystal wafer in 60 s with different O, fractions.

same as the sample before the plasma treatment as shown in Fig. 3.12). Thus, the results proved
that the addition of oxygen to the process gas can suppress the formation of the carbon deposit on
a quartz crystal wafer. The relationship between the etching rate of the quartz crystal wafer and
the oxygen flow rate is shown in Fig. 3.13. The carbon deposit disappeared with the addition of
4 sccm O,. However, the etching rate decreased as the oxygen flow increased. It is considered
that as the oxygen itself did not contribute to the etching reaction of the quartz crystal, and the
generation of O and F radicals both require energy from argon in the active state, the competition

between O and CF4 led to a decrease in etching rate at high oxygen fractions.

3.6.1 Shape of removal spot
Since the highest MRR can be obtained without carbon deposition, 4 sccm was considered the

optimal oxygen flow rate. To investigate the difference between He and Ar-based CF4 plasmas, a

(a) ° (b)
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Figure 3.14 Cross-sectional profiles of removal spots formed on the quartz crystal wafers by

AP-PCVM in different processing time using (a) ethanol-added Ar and (b) He as the carrier gas.
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Figure 3.15 Scanning white-light interferometer (SWLI) images of the removal spots formed
by AP-PCVM for 45 s using (a) ethanol-added Ar and (b) He as carrier gases as well as (¢)

comparison of their cross-sectional profiles.
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Figure 3.16 Relationship between processing time and removal volume of the removal spot

formed by AP-PCVM (RF power: 60 W, ethanol: 0.003 g/min, carrier He/Ar: 600 sccm, CF4:

10 scem, Os: 4 scem).

comparative experiment was conducted. The RF power was 60 W and the ethanol flow rate was
0.003 g/min. The carrier gas was He/Ar (600 sccm) and the process gases were CF4 (10 sccm)
and O; (4 sccm). The processing time was 15-90 s. Figure 3.14 (a) and (b) show the cross-
sectional profiles of removal spots formed on the quartz crystal wafers by AP-PCVM in different
processing time using ethanol-added Ar and He as the carrier gas. As an example of them,
scanning white-light interferometer (SWLI) images of the removal spots formed by etching for
45 s using He and ethanol-added Ar as carrier gases as well as comparison of their cross-sectional

profiles were shown in Fig. 3.15 (a), (b), and (c¢). As He has a much lower mass than N>, and Ar
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Figure 3.17 Processing temperature of the removal spot measured by infrared thermography.

has a higher mass than N,. So, the area of plasma using ethanol-added Ar as the carrier gas is
wider than that of using He as the carrier gas. The diameter of the removal spot formed using
ethanol-added argon as the carrier gas was larger than that of the spot formed using He, but the
maximum depth was lower. The relationship between the removal volume of the removal spots
and the processing time is shown in Fig. 3.16. The removal volumes using He and ethanol-added
Ar were almost the same for the same processing time. In addition, the removal volume was
proportional to the processing time in both cases. The results above show that, using ethanol-
added Ar as the carrier gas in AP-PCVM instead of He, the same etching rate is obtained, and the
operation cost is reduced. In addition, in our previous research, it has been proved that if the
temperature of processing point exceeded 200°C, crystal twinning will occurred easily. Figure
3.17 shows the processing temperature of the removal spot processed by AP-PCVM using
ethanol-added Ar as the carrier gas for 60 s, measured by infrared thermography. The
temperature of the processing spot increased with the increase of processing time and was
saturated at about 200°C, which was considered that there was no risk of occurrence of crystal

twinning under this processing condition.

3.6.2 Etching rate

From the above, ethanol-added Ar has been used as the carrier gas instead of He to generate a
stable glow plasma and obtained the same etching rate. In the actual production process, to realize
quartz crystal wafers with high thickness uniformity, plasma is used for raster scan processing by
controlling the dwell time rather than stationary point processing. Thus, it is necessary to define
the relationship between the removal volume and the scanning speed of the plasma. Line scan
experiments were conducted on a quartz crystal wafer. The RF power was 60 W and the ethanol

flow rate was 0.003 g/min. The carrier gas was He/Ar (600 sccm) and the process gases were CF4
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(10 sccm) and O; (4 sccm). The scanning speed was 3, 6, 9, and 12 mm/min. Figure 3.18 (a) and
3.18(b) show the cross-sectional profiles of the grooves formed on the quartz crystal wafer during
AP-PCVM in different scanning speed using ethanol-added Ar and He as the carrier gas. And
comparison of cross-sectional profiles of the grooves formed by etching with the scanning speed
of 12 mm/min using ethanol-added Ar and He as carrier gases was shown in Fig. 3.18 (c). In the
case of formation of the removal spot using ethanol-added Ar, the central cross-sectional shape of
the removal spot was complicated as shown in Fig. 3.15. However, in the case of line scan
experiment, the cross-sectional shape of the grooves formed by AP-PCVM using ethanol-added
argon and helium both became smooth due to the integration of the removal spot shape along the
scanning direction. Removal rate was evaluated by calculation of the cross-sectional area of the
groove. Figure 3.19 (a) shows the relationship between the scanning speed and the cross-sectional
area of the groove formed on the quartz crystal wafer by a line scan during AP-PCVM. This result
shows that the cross-sectional area correlates with the scanning speed. Since the reciprocal of the
scanning speed is the dwell time of plasma, the relationship between the dwell time and the cross-
sectional area of the groove is shown in Fig. 3.19 (b). The cross-sectional area of the groove was
proportional to the dwell time of plasma. In our previous research, AP-PCVM using helium as a
carrier gas has been confirmed to be able to obtain quartz crystal wafers with high thickness
uniformity 7. From the above results, similar cross-sectional shape of grooves was obtained
during AP-PCVM using helium and ethanol-added argon as the carrier gas. Therefore, in AP-
PCVM using ethanol-added argon to substitute helium as the carrier gas, it is possible to realize
quartz crystal wafers with high thickness uniformity by controlling the scanning speed in

accordance with this relationship .

3.7 Summary

As a part of plasma nanomanufacturing process, AP-PCVM has been successfully applied to
improve the thickness uniformity of ultrathin quartz crystal wafer in the previous study. Helium,
a gas with high cost and unstable supply, has been used as the carrier gas in AP-PCVM till date.
Although argon, which is a low cost and is easier to manufacture from liquid air, is also commonly
used in vacuum plasma as the carrier gas, the breakdown voltage of Ar at AP is about 7300 V,
which is much higher than that of He (about 3000 V) 9. Since the high breakdown voltage for
argon at atmospheric pressure easily leads to the formation of filamentary arc streamers, which
can break a quartz crystal wafer, argon has not been used in AP-PCVM as the carrier gas to correct
the thickness distribution of a quartz crystal wafer until now. In this chapter, it was confirmed that
the plasma can be stabilized by adding a small fraction of ethanol into Ar, and the etching

characteristics of ultrathin quartz crystal wafer by AP-PCVM using ethanol-added Ar as the
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carrier gas were investigated.
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The difference between He plasma and Ar plasma at AP was well explained using Penning
effect. The addition of a small fraction of ethanol to Ar can generate atmospheric-pressure
plasma with a stable glow discharge state instead of arc streamers due to the Penning effect

between metastable states Ar atoms and ethanol molecular.

The etching characteristics of ultrathin quartz crystal wafer obtained by AP-PCVM using
ethanol-added Ar-based atmospheric-pressure CF4 plasma were investigated. Due to the
incompletely decomposed carbon from ethanol, a large amount of carbon deposit was formed
on quartz crystal wafer after AP-PCVM using ethanol-added Ar as the carrier gas. The
experimental results proved that the addition of oxygen into the process gas can suppress the

formation of the carbon deposit.

Since oxygen itself did not contribute to the etching reaction of the quartz crystal, and the
generation of O and F radicals both require the energy from Ar in the active state, the
competition between O, and CF4 led to a decrease in etching rate at high oxygen fractions.
An O; flow rate of 4 sccm is suitable because a high etching rate can be obtained without

carbon deposition.

Comparative experiments were conducted on ultrathin quartz crystal wafers in AP-PCVM
using He and ethanol-added Ar as the carrier gas (the other experimental conditions were
same). Since He has a much lower mass than air, and Ar has a higher mass than air, so the
area of plasma using ethanol-added Ar as the carrier gas was wider than that of He as the
carrier gas. The diameter of the removal spot formed using ethanol-added Ar as the carrier
gas was larger than that of the spot formed using He, but the maximum depth was lower.

However, the volumetric removal rate using He and ethanol-added Ar were almost the same.

Since the same etching rate was obtained using He or ethanol-added Ar as the carrier gas in
AP-PCVM, and the removal volume was proportional to the processing time in both cases.
Hence, it is considered that using argon instead of helium as the carrier gas in AP-PCVM will

effectively solve problems such as the depletion of natural resources and high cost.
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Chapter 4
Application of plasma nanomanufacturing process
to RS-SiC

4.1 Introduction

PCVM and PAP have been successfully applied to the processing of a variety of single-crystal
materials. However, both PCVM and PAP are based on chemical reactions. Due to the reactive
species generated by plasma have different reaction rate with different materials, it is difficult for
PCVM and PAP to be applied to multicomponent materials so far. In this chapter, through the
optimization of processing parameters, plasma nanomanufacturing process, which combines
PCVM with PAP, was applied to the processing of a multicomponent material (RS-SiC) and
obtained a smooth surface.

4.2 Figuring of RS-SiC by AP-PCVM

As introduced in section 1.2.2, SiC, as the main component of RS-SiC, gives RS-SiC many
excellent properties, such as low density, high hardness, high thermal conductivity, low thermal
expansion coefficient, chemical inertness, and so on. In addition, compared with single-crystal SiC,
the production cost of RS-SiC is relatively low. Therefore, RS-SiC is considered an ideal material
for optical mirror devices in space telescope systems, or molds for optical components. In order to
meet the application requirements, ultrasmooth surface of RS-SiC is required, and AP-PCVM is
considered to be an appropriate method to remove the damage layer formed during the preliminary
mechanical figuring process, and to further improve the shape accuracy.

4.2.1 Microwave AP-PCVM setup used in this work

In Chapter 3, since the possibility of both crystal twinning and breaking of the quartz crystal
wafer increases if the temperature of processing area exceeding 200°C, capacitively coupled plasma,
which has a relatively low temperature, was used. Unlike quartz crystal wafer, RS-SiC will not be
broken due to the high temperature of the plasma. On the contrary, higher MRR can be obtained at
a higher temperature. Furthermore, using pure argon as the carrier gas without adding ethanol can
also generate a stable microwave plasma. Therefore, in this chapter, microwave plasma is selected
in AP-PCVM for processing of RS-SiC. Figure 4.1 shows the conceptual diagram of the microwave
AP-PCVM setup. The microwave AP-PCVM experimental setup used in this work is laboratory-
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Figure 4.1 Schematic diagram of the microwave AP-PCVM setup.

built. The main part of the setup comprises a CNC machine equipped with an x-y-z-table, a
microwave power supply unit (Nagano. JRC, NJW-143), a gas supply system for plasma generation
and a plasma generator (Nagano. JRC, NJW-144). As an important part of micro AP-PCVM setup,
the internal schematic diagram of the plasma generator is also shown in Fig. 4.1. Argon (Ar) gas
was supplied as a carrier gas into the ceramic tube installed at the center of the plasma generator,
which was surrounded by a cavity resonator. A microwave electric field with a frequency of 2.45
GHz was applied to generate an electric field whose maximum intensity was near the tip of the
ceramic tube, where the Ar atoms were ionized and atomic radicals were generated. The Ar plasma
was ignited at the first time. Simultaneously, Ar, CF4, and O, were supplied as the process gases
from another gas inlet offset from the center. At this time, collisions occurred between argon in the
active state originating from the center of the plasma generator and Ar, CF4, and O- in the ground
state. As a result of the collisions, F radicals and O radicals, which contributed to etching, were
generated at the second time. The reason why the CF, was ionized at the second time but not ionized
directly by the microwave electric field is that the F radicals are very reactive, and would have
corroded the ceramic tube, decreasing its lifetime, and contamination due to the precipitation of
substances originating from the etched ceramic tube would have interfered with the etching process.
The gas flow rate of Ar, CF4, and O, was controlled by mass flow controllers (MFCs).

4.2.2 Processing gap

As shown in Fig. 4.2, in AP-PCVM process, the distance between the outlet of plasma generator
and substrate was defined as processing gap. As one of the important processing parameters in
AP-PCVM process, the processing gap has a great influence on the etching characteristics of AP-
PCVM. Figure 4.3 shows the SWLI images and cross section of the removal spots processed
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Figure 4.3 SWLI images and cross section of the removal spot processed under the same
processing conditions except processing gap (a) Gap 2 mm, (b) Gap 6 mm.

under the same processing conditions except processing gap for 5 s. When the processing gap was
2 mm, a shallow ring-shaped removal spot was obtained. However, when the processing gap was
6 mm, a deep Gaussian-shaped removal spot was obtained. To elucidate the relationship between
etching characteristics and processing gap in AP-PCVM, the mixed state of the gases used in AP-
PCVM was simulated using ANSYS computational fluid dynamics (CFD) simulation.

4.2.2.1 Analysis of gas component distribution in different processing
gap using computational fluid dynamics simulation

As shown in Fig. 4.1, the carrier gas was supplied from the ceramic tube installed at the center of

the plasma generator. However, the process gas was supplied from the other gas inlet offset from

the ceramic tube and mixed with the carrier gas nearby the outlet of the plasma generator. Thus, it
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Figure 4.4 Schematic diagram of the model used in CFD simulation.

is considered that the mixing state of the mixture gases (carrier gas and process gas) was changed
with the distance from the outlet of plasma generator (processing gap). To analyze the distribution
of the mixture gases in different processing gap, CFD simulation was conducted using ANSY'S.
Figure 4.4 shows the fluid model used in CFD simulation. The fluid model contained two parts:
fluid inside and outside (air) of the plasma generator. The inlet diameter of the carrier gas (Ar: 500
sccm) was ¢ 0.5 mm, and the inlet diameter of the process gas (Ar: 1000 sccm, CF4: 10 sccm, O2:
90 sccm) was ¢ 3.0 mm. Before the CFD simulation, the fluid situation should be confirmed by the
Reynolds number (Re)

Re = PUE (4-1)

u

where p is the density of the fluid (kg/m3), wu is the flow velocity (m/s), L is a characteristic
linear dimension (diameter of the pipe, m), and u is the dynamic viscosity of the fluid (Pa-s). At
low Re (< 2100), flows tend to be dominated by laminar flow, while at high Re (> 4000) flows
tend to be turbulent Y. Since Ar was the main component in the fluid model for CFD simulation,
the Re of the fluid was approximated calculated using the physical characteristics value of Ar:

pul  1.4x10.6 x 0.5 % 1073

22.9 X 10-6 =324 (4-2)

Refyig =

Since Regyuig < 2100, the fluid model used in this work was considered to laminar flow. In CFD
simulation this time, the density of the mixture gas was defined using the ideal gas law for an
incompressible flow, the slover computed the density p as

_ Pop
P="7R (4-3)

M,
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where R is the universal gas constant, M,, is the molecular weight of the gas, and p,, is the

operating pressure. Since the mixture flow included more than one chemical species, the specific
heat capacity C,, of the mixture gas was computed as a mass fraction average of the pure species

heat capacities

Cp = Z YiCp,i (4-4)
i

where Y; is the local mass fraction of each species. As described above that the ideal gas law was
used, thus the solver computed the thermal conductivity k and viscosity u based on Kinetic
theory as

Xik; _ Xik;
k= sz X U= ZZj Xty (4-6) (4-7)

where

e ) (]
by = (@)

ij 1/2
M., ;
[8 (1 + Mw'f)]
W,]

and X; is the mole fraction of species i. Mass diffusion coefficients are required whenever
solving species transport equations in multicomponent flows. Mass diffusion coefficients are used

to compute the diffusion flux J; of a chemical species in a laminar flow using Fick’s law:

VT
Ji=—=pDimVY; — DT,iT (4-9)
where D;y, is the mass diffusion coefficient for species i in the mixture and Dr; is the thermal
diffusion coefficient. D;, can be specified in a variety of ways, including by specifying Dj;, the

binary mass diffusion coefficient of component i in component j.

1—X;

L S (4-10)
Yjji(X; / D)

Di,m =

The solver used a modification of the Chapman-Enskog formula ? to compute the diffusion
coefficient Dy; using kinetic theory:
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Figure 4.5 Mole fraction distribution result of CF. under carrier gas inlet temperature of (a) 300
K, (b) 773 K, and (c) 5273 K.

|7 (7 * )|
Mwi M, (4-11)

2
Pabs0ij{2p

where p,ps IS the absolute pressure, and Qp is the diffusion collision integral, which is a
measure of the interaction of the molecules in the system.

And the thermal diffusion coefficient Dr; was defined using the following empirically-based
composition-dependent expression derived from *

M0.5_11X_ N_ M0'5-11X'
— 770.659 w1 1 i=1""w,i 1
Dp;=—-2.59x10°T l] [W]
i=1"w,i 1

?I=1M3},5111Xi — | (4-12)
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Figure 4.6 Mole fraction distribution of (a) CF4 and (b) Ar on the surface 1 (processing gap
= 2 mm) and the cross section of A-A’ when the inlet temperature of carrier gas was set at
300 K.

Since both mass diffusion coefficient D;,,, and the thermal diffusion coefficient Dr; change
with temperature, the diffusion rate of each specie is greatly affected by temperature. Figure 4.5
shows the mole fraction distribution result of CF4 under different carrier gas inlet temperature.
The inlet temperature of process gas was set at 300 K, and the inlet temperature of carrier gas was
set at 300 K, 773 K, and 5273 K, respectively. As shown in Fig. 4.5(a), after ejecting from the
ceramic tube, the carrier gas Ar began to diffuse and mix with the process gases (Ar, CF4, and
O2), which was introduced around it. In the initial stage of mixing, CF, was mainly distributed on
the periphery of gas flow. A certain distance was needed to make CF4 diffuse to the center and
mix well with the carrier Ar gas. As the inlet temperature of the carrier gas increased, the diffusion
rate of mixture gas also increased, and the distance needed for well mixing became shorter. Figure
4.6 shows the mole fraction distribution of CF, and Ar on the surface 1 (processing gap = 2 mm)
and the cross section of A-A’ when the inlet temperature of carrier gas was set at 300 K. Since
CF4 has not been fully diffused and mixed with Ar in such a short distance from the outlet of the
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Figure 4.7 Mole fraction distribution of CF4 (a) on the surface 2 (processing gap = 6 mm) and
the cross section of B-B’, (b) on the surface 3 (processing gap = 24 mm) and the cross

section of C-C” when the inlet temperature of carrier gas was set at 300 K.

plasma generator, the distribution of CF4 was ring-shaped on surface 1 (processing gap = 2).
Although Ar was more distributed in the center position, Ar did not have the ability to etch, so
the removal volume in the center was very small. Since F radicals generated from the
decomposition of CF4 contributed to the etching process in AP-PCVM, the shape of the
distribution of CF4 in CFD simulation presented the same ring shape as the removal spot
experimentally obtained in AP-PCVM at processing gap of 2 mm as shown in Fig. 4.3(a).
However, when the processing gap = 6 mm, the simulation result and the actual processing result
did not match. As shown in Fig. 4.3(b), when the processing gap was 6 mm, a Gaussian-shaped
removal spot was formed, which was considered that CF, has been well diffused and mixed with
the carrier gas at the processing gap of 6 mm. However, from the CFD simulation result, on the
surface 2 with a processing gap of 6 mm, the distribution of CF, still shows a ring-shaped
distribution as shown in Fig. 4.7(a). And CF,4 did not well mix with carrier Ar until the processing
gap reached 24 mm, as shown in Fig. 4.7(b). As shown in the schematic diagram of the plasma
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Figure 4.8 Mole fraction distribution of (a) CF4 and (b) Ar on the surface 4 (processing gap
= 6 mm) and the cross section of D-D’ when the inlet temperature of carrier gas was set at
5273 K.

generator in Fig. 4.1, a microwave electric field with a frequency of 2.45 GHz was applied on
ceramic tube to generate Ar plasma at the first time, the temperature of carrier Ar gas was
increased due to plasma heating. Figure 4.8 shows the mole fraction distribution of CF4 and Ar
on the surface 4 (processing gap = 6 mm) and the cross section of D-D’ when the inlet temperature
of carrier gas was set at 5273 K. Different from the CFD simulation result where the carrier gas
inlet temperature was 300 K, when the inlet temperature was set at 5273K, the gas diffusion rate
was greatly increased due to the increase of temperature. At the same position where the
processing gap was 6 mm, CF4 and Ar have been well mixed, instead of showing a ring-shaped
distribution, which matched with the actual AP-PCVM processing result as shown in Fig. 4.3(b).
Therefore, inside of the plasma generator, the temperature of the Ar plasma, which was ignited at
the first time, was about 5273 K but not 300 K. Although the diffusion rate of gas increased
greatly at high temperature, CF4 still presented a ring-shaped distribution at the position where
was too close to the outlet of ceramics tube as shown in Fig. 4.9. The above CFD simulation and
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Figure 4.9 Mole fraction distribution of (a) CF4 and (b) Ar on the surface 5 (processing gap
= 2 mm) and the cross section of D-D’ when the inlet temperature of carrier gas was set at
5273 K.

AP-PCVM experimental results have confirmed that a certain processing gap was necessary to
get a removal spot with a good shape like a Gaussian-shape.

4.2.2.2 Relationship between processing gap and etching rate

The relationship between processing gap and the shape of removal spot was discussed in the
above section. In this section, the relationship between processing gap and etching rate will be
investigated. Figure 4.10 shows the mole fraction distribution of CF4 (a) and Ar (b) on the center
line F-F’ obtained through CFD simulation when the inlet temperature of carrier gas was set at 5273
K. As the processing gap increased, more CF,4 diffused to the center region, where can be dissociated
by Ar plasma (dissociated firstly using carrier Ar gas) and generate F radicals. Thus, the etching
rate is considered to increase as the processing gap increased. After reaching to the maximum value,
since CF, also diffused to the surroundings, the mole fraction of CF, began to decrease as the
processing gap further increased. For the same reason, the mole fraction of Ar at the center region
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Figure 4.10 Mole fraction distribution of (a) CF4 and (b) Ar on the center line F-F’ obtained
from CFD simulation when the inlet temperature of carrier gas was set at 5273 K..
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Figure 4.11 Relationship between processing gap and etching rate in AP-PCVM.

also decreased as the processing gap increased. In addition, the life of the excited Ar atom, which
was the energy source of CF4 plasma, was limited. When the processing gap became too large,
excited Ar atoms lost their energy during the collision and returned to the ground state and cannot
dissociate CF.. Therefore, as the processing gap increased, the etching rate is considered to decrease
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after reaching a peak value at a certain gap. A similar experimental result was obtained through AP-
PCVM under different processing gap (3 ~ 8 mm) as shown in Fig. 4.11. From the above results, 6
mm was considered to be the optimal gap, where a good-shaped removal spot and the maximum
etching rate can be obtained (The processing gap of maximum etching rate was also considered to

achieve the most stable processing due to the Agtching rate/ Aprocessing gap Was small).

4.2.3 Causes of deterioration of surface roughness after AP-PCVM

As described in section 1.2.2, RS-SiC was manufactured by reaction-sintered at 1693 K in
vacuum using green body (mixture of SiC power and carbon power) and silicon melt. Hence, SiC
particles and unreacted Si are present in RS-SiC. Figure 4.12 shows a scanning electron microscope
(SEM) image of the surface of RS-SiC used in this work, which was prepared by diamond lapping.
And energy dispersive spectroscopy (EDS) spectra of point A, B, and C was also measured. It can
be observed that the grain-shaped regions, which occupied most of the field of observation area,
was SiC grains (point A and B). And the regions between the SiC grains are filled with Si (point C).
Besides, many scratches were formed on the surface during the diamond lapping process.
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Figure 4.12 SEM image of the surface prepared by diamond lapping and EDS spectra of
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Figure 4.13 SWLI image of a removal spot formed by AP-PCVM as well as its cross section.
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Figure 4.14 SEM image of the center of the removal spot processed by AP-PCVM
(microwave power: 59 W, carrier Ar: 500 sccm, process Ar: 1000 sccm, CF4: 50 sccm, O2: 50
scem, processing gap: 6 mm), and EDS spectra of point A, B, and C.

Preliminary investigation experiment of etching characteristics was conducted on RS-SiC. The
size of the RS-SiC substrate was 50 mm x 50 mm x 3 mm, and all the AP-PCVM experiments were
conducted at room temperature without substrate heating. The temperature of the surface irradiated
by plasma, which was measured by infrared thermography, was less than 50°C. The carrier gas was
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Ar (500 sccm) and the process gases were Ar (1000 sccm), CF4 (50 sccm) and Oz (50 sccm). The
working gap between the tip of the nozzle and the sample surface, the microwave power and the
machining time were 6.0 mm, 59 W, and 60 s, respectively. Figure 4.13 shows a SWLI image of a
removal spot formed by AP-PCVM as well as its cross section. It was found that near the center of
the removal spot, the roughness of the surface became large. To clarify the reason for the
deterioration of the surface roughness, SEM image of the center of the removal spot was measured
and shown in Figure 4.14. By comparing with the SEM image of RS-SiC (Fig. 4.12) before AP-
PCVM, it can be clearly found that the surface morphology of RS-SiC has changed significantly.
EDS spectra of point A, B, and C was also measured and shown in Fig. 4.14. In contrast to the image
shown in Fig. 4.12, in the area processed by AP-PCVM, as shown in the EDS spectra, no matter the
grain-shaped regions (point A) or the regions between the grains (point B and C), only SiC was
detected. It means that, the Si regions that originally existed between SiC grains disappeared. It is
assumed that the etching rate of Si was higher than that of SiC, the regions between SiC grains have
been etched away, but the SiC grain remained. In other words, the difference between the etching
rates of Si and SiC led to the large surface roughness. Thus, to obtain RS-SiC with a smoothly
etched surface, it is essential to make the etching rate of SiC equal to that of Si.

4.2.4 Optimization of processing conditions for Gas composition

As discussed in section 4.2.3, to obtain RS-SiC with a smoothly etched surface, it is essential to
make the etching rate of SiC equal to that of Si. However, due to the different chemical properties
of the different components (SiC component and Si component) in RS-SiC, it is difficult to make
the etching rate of them identically. A study on the relationship between the oxygen fraction in a
process gas and the etching rate of Si has been reported by Mogab et al. for a low-pressure CF4-O;
plasma etching process ¥. Their results showed that the addition of O, to a CF4 plasma markedly
increases the optical emission intensity from atomic fluorine, but the etching rate is not strictly
proportional to the density of F radicals because of the competition between F radicals and O
radicals for active Si surface sites. If the etching rate - Oxygen fraction curves of Si and SiC have a
cross point, then, it is considered that the etching rate of Si equal to that of SiC under the oxygen
fraction condition at the cross point.

4.24.1 Correlation between gas composition and etching rate of Si
(100) & SiC (0001)

To investigate the AP-PCVM etching characteristics and find the process gas composition for

which the etching rate of Si is equal to that of SiC, spot processing experiments were conducted on

4H-SiC (0001) and Si (100) substrates using the optimal gap obtained in section 4.2.2 in different
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Table 4.1 Experimental conditions of AP-PCVM in different oxygen fractions.

Parameters Conditions
Experimental setup Figure 4.1
Substrates 4H-SiC (0001)
Si (100)
Carrier gas Ar (500 sccm)
Process gas Ar (1000 sccm)
CF4 (100 — 5 sccm)
0 (0 — 95 sccm)
Applied microwave power 59 W
Processing gap 6 mm
Processing time 60 s
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Figure 4.15 Etching rates of 4H-SiC (0001) and Si (100) for different oxygen fractions.
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[O2/(O2+ CF4)] ratios. The detailed experimental conditions are shown in Table 4.1. The flow of O,
increased as the flow of CF4 decreased, but their total flow was controlled at 100 sccm. The obtained
etching rate—Oxygen fraction curves of 4H-SiC (0001) and Si (100) are shown in Fig. 4.15. The
obtained experimental results were similar to those described in the papers of P. H. Yih et al.® and
C. J. Mogab et al ¥. The etching rate of Si (100) generally increased at low oxygen fractions and the
maximum etching rate was obtained at an O, concentration of about 10%. Then the etching rate
decreased as the oxygen fraction further increased. The 4H-SiC (0001) etching rate exhibited a
much less marked peak than Si (100) at an O, concentration of 70%. Since the bond dissociation
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energy of Si-Si (310 kJ/mol) is lower than that of Si-C (447 kJ/mol) 9, it is considered that the lower
bond dissociation energy of Si-Si led to a higher etching rate of Si (100) than that of 4H-SiC (0001)
under the same conditions.

4.2.4.2 Mechanism for the change of etching rate under different gas
composition

Although the absolute value of the etching rate of Si (100) and 4H-SiC (0001) and the oxygen
fraction required to reach the maximum etching rate was different, their overall change were the
same. As the oxygen fraction in the process gas increases, the etching rate initially increased and
then decreased. Before exploring the mechanism for the change of etching rate under different gas
composition, the chemical reactions that occurred during the AP-PCVM process should be clarified.
Since AP-PCVM was carried out under an open atmosphere, the oxygen in the air was also excited
and participated in the etching process. In the case of using the process gas (CF4) without adding
oxygen, the possible chemical reactions that occur in the AP-PCVM of 4H-SiC (0001) and Si (100)
are as follows:

SiC+20"+4F — SiF,t +CO. ¢
Si+4F" — SiF4t

As written in the chemical equation, F radicals (F") are considered to contribute to the etching
process in AP-PCVM. It means that under the premise that the concentration of F* was not saturated,
as the number of F" increases, the etching rate will also increase.

As reported in the paper of C. J. Mogab et al. ¥, in CF4 plasma, in the absence of oxygen,
electrons in the proper energy range decompose CF, via the reaction below

e +CFy — CF/ +26 — CFs" +F +2¢ (RL)
e +CFs > CRs+F+e (RZ)
e +CFy —» CR3+F (R3)

The first reaction (R1) has a higher threshold energy and proceeds more slowly than one of the
latter two reactions (R2 and R3), but, nevertheless, generates sufficient positive ions and electrons
to sustain the discharge. Reaction (R2) is energetically less favorable than (R3) and may be slow
by comparison. The concentration of negative fluorine ions is also limited by the recombination,

CFs+F — CFi+e (R4)

F atoms are also lost by heterogeneous recombination,

Wall

CFs+F — CF4 (R5)
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When a small amount of oxygen was added into process gas, reaction
CF3+ O, — COF, + OF (R6)

was considered to occurred. The combination of CF; with oxygen competed with reactions (R4)
and (R5) and prevent the recombination of fluorine ions. In addition, the OF radical is highly
reactive and can be converted to F atoms by several paths as follow

CFs + OF — COF, + 2F (R7)
OF + OF — 0, +2F (R8)

According to the reaction above, the addition of a small amount of oxygen in the CF4 plasma can
effectively promote the decomposition of CF, and the formation of F, which resulted in a marked
increase in the etching rate of 4H-SiC (0001) and Si (100).

However, after the etching rate reaching the maximum value, it began to decrease as the oxygen
fraction in process gas further increased. To verify the chemical reactions occurred in AP-PCVM at
high oxygen fraction, X-ray photoelectron spectroscopy (XPS) measurement of the Si surfaces
etched by AP-PCVM with different [O,/(O.+CF,)] ratios were conducted with a take-off angle of
30°. Figure 4.16 shows the Si2p spectra of Si (100) etched by AP-PCVM at oxygen fractions of 0%,
50%, and 90%. Since oxygen is present in the atmosphere, although no oxygen was initially added
to the process gases, a Si-O peak (103.5 eV) ” was observed on the surface. The Si-O peak became
stronger as the oxygen fraction increased. The thickness (d) of the oxide layer at different oxygen
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Figure 4.16 Si2p-XPS spectra of Si (100) etched by AP-PCVM for oxygen fractions of 0%,
50% and 90%.
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fractions on Si (100) was calculated from the ratio of the Si-O peak and Si-Si peak intensities using
the oxide thickness determination equation ©

d = A,y sind-In [(Nm A—m> Io—x + 1] (4-13)
Nox Aox

Ams Aox: €Scape depth of photoelectrons in base material and oxide layer.

N, N,y: volume densities of atoms in base material and oxide layer.

0 take-off angle of photoelectrons.

I, 1,x: intensities of photoelectron peaks of base material and oxide layer.

In the case of Si (100), Ag; and Ng; were 3.34 nm 9 and 4.80 X 10%?/cm?, respectively. And in
the case of SiOz, Agip, '@ and Ng;o, were 3.95 nm and 2.21 X 10%/cm?, respectively. The
calculated thickness oxide layer at different oxygen fractions is shown in Fig. 4.17. With increasing
oxygen fraction in the process gases, the thickness of the residual oxide layer on Si (100) also
increased. Similar plasma simulation results have also been reported by R. Knizikevicius V. As for
4H-SiC (0001), no Si-O peak was observed in the case of 4H-SiC (0001) at low oxygen fractions.
Only for an oxygen fraction of 90% was an oxide layer observed, which had a thickness of 1.05 nm
oxygen (As;c *? and Ng;- were 2.78 nm and 4.83 x 10%%/cm?, respectively). This means that as the
fraction increased, the competition between the adsorption of oxygen and the etching by active
species inhibited the etching process and led to a decrease in the etching rate at a high oxygen
fraction. Despite O radicals being dominant owing to the high oxygen fraction, since the Gibbs free
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Figure 4.17 Thickness of oxide layer on Si (100) and 4H-SiC (0001) surface for different
oxygen fractions.
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energy of SiF4 (—1573 kJ/mol) is lower than that of SiO» (—853 kJ/mol), although the middle of the
reaction process produced SiO,, the final reaction product was SiF, rather than SiO, ). Thus, the
actual AP-PCVM process at high oxygen fractions is considered not simply an etching process but
also involves oxidation process.

Oxidation process:
SiC+40" — SiO, +CO;1
Si+20"— SiO,

Etching process:

SiOp+4F" — SiF41 +O0,1
SiC+20" +4F* — SiF41 +CO,t
Si+4F" — SiF47

The etching rate-Oxygen fraction curves of 4H-SiC (0001) and Si (100) are integrated and shown
in Fig. 4.18. The cross point of two curves, in which the etching rate of 4H-SiC (0001) was equal to
that of Si (100), was obtained at oxygen fraction of around 85%. As shown in Fig. 4.17, after AP-
PCVM, aresidual oxide layer was confirmed on both 4H-SiC (0001) and Si (100) at oxygen fraction
of 90%. Although the oxidation process and etching process proceed simultaneously during the
actual AP-PCVM process, the oxidation process was considered to dominate the AP-PCVM process
at oxygen fraction 90%. And in this condition, the AP-PCVM process can be simply considered
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Figure 4.18 Etching rates of 4H-SiC (0001) and Si (100) for different oxygen fractions.
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as a process in which SiC/Si was firstly oxidized and then etched away in the form of oxide layer
(Si0y). This can explain the reason why the etching rate of 4H-SiC (0001) and Si (100) was
equivalent, and an oxide layer was remained.

4.2.4.3 Improvement of surface roughness of RS-SiC by optimizing
gas composition

It has been found that the gas composition for which the etching rate of Si (100) coincided with
that of 4H-SiC (0001) had an oxygen fraction of between 80% and 90%. As described in section
4.2.2, the surface roughness of RS-SiC became worse after AP-PCVM due to the difference between
the etching rates of Si component and SiC component. Therefore, it is considered that a smooth
surface can be obtained by AP-PCVM under the conditions around the cross point of the two curves
shown in Fig. 4.18. To find the optimum gas composition for processing RS-SiC, spot processing
experiments were conducted on RS-SiC with different oxygen fractions (80%, 85%, 90%). The
carrier gas was Ar (500 sccm) and the process gases were Ar (1000 sccm), CF4 (20, 15, 10 sccm)
and O (80, 85, 90 sccm). The working gap was 6.0 mm and the etching time was 60 s. Figure 4.19
shows SWLI images and cross sections of the removal spots. The surface roughness of the removal
spot has been greatly improved with an oxygen fraction of 90% but the removal spot was shallow.
It is possible that the surface roughness deteriorates as the depth of the removal spot increases. To
investigate this hypothesis, a 120s-removal spot was processed on RS-SiC with an oxygen fraction
of 90%. Figure 4.20(a) shows the cross sections of removal spots etched with an oxygen fraction of
90% for 60 and 120 s, and Fig. 4.20(b) shows the cross section of a removal spot etched with an
oxygen fraction of 50% for 60 s. The figures showed that the surface roughness of the removal
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Figure 4.19 SWLI images and cross sections of removal spots at oxygen fractions of 80%,
85% and 90%.



Chapter 4 Application of plasma 81
nanomanufacturing process to RS-SiC

(a) 0.5 (b) 05
0 — — 0
E -05 } E -05 |
= =
£ 17 60s g ¢
a -5t S5}
2r 120s 2t
25 L L L L 25 1 1 L L
0 0.5 1 15 2 25 0 0.5 1 15 2 25
Distance [mm] Distance [mm]

Figure 4.20 Cross section of removal spots etched with an oxygen fraction of (a) 90% for 60
and 120 s, (b) 50% for 60 s.
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Figure 4.21 SEM image of the RS-SiC processed by AP-PCVM with an oxygen fraction of
90% (microwave power: 59 W, carrier Ar: 500 sccm, process Ar: 1000 sccm, CF4: 10 sccm,
O2: 90 sccm, processing gap: 6 mm), and EDS spectra of point A, B, and C.

spot etched with an O; fraction of 90% was lower than that of the surface etched with an O fraction
of 50% even for the same removal depth. Figure 4.21 shows the SEM image of the RS-SiC surface
etched with an O fraction of 90% and EDS spectra of point A, B, and C. Since Si component and
SiC component were removed in the same etching rate, the RS-SiC surface after AP-PCVM was
the same as the initial surface, where the regions between the SiC grains (point A and B) are filled
with Si (point C).
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4.2.4.4 Raster scanning results for AP-PCVM on RS-SiC using
optimized gas composition

In the previous section, it was confirmed that a removal spot with a smooth surface can be

obtained at an oxygen fraction of 90%. From the etching rate curve, it was assumed that the etching
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Figure 4.22 Raster scanning results for AP-PCVM. (a) Scanning path, (b) AFM image of

initial surface processed by diamond lapping before AP-PCVM, (c) AFM image of surface

etched by AP-PCVM with oxygen fraction of 50%, (d) AFM image of surface etched by AP-

PCVM with oxygen fraction of 90%, (e) AFM image of surface etched by AP-PCVM with
oxygen fraction of 95%.
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rate of Si (100) is greater than that of 4H-SiC (0001) when the oxygen fraction is less than 90% and
that the etching rate of Si (100) is less than that of 4H-SiC (0001) when the oxygen fraction is more
than 90%. In the actual application of AP-PCVM, since the volume of the removal spot increases
with the processing time, the local removal volume at a certain position can be controlled via the
dwelling time of the plasma jet during scanning. A surface etching experiment was conducted to
evaluate the roughness of surfaces etched by AP-PCVM with oxygen fractions of 50%, 90%, and
95%. The carrier gas was Ar (500 sccm) and the process gases were Ar (1000 sccm), CF4 (50, 10,
5 sccm) and O, (50, 90, 95 sccm). The working gap was 6.0 mm. The scanning path is shown in
Fig. 4.22(a). The size of the etched area in the AP-PCVM was 10 mm x 10 mm, and etching was
performed in the raster scanning mode with a scan speed of 10 mm/min and a feed pitch of 1 mm.
To ensure the same etching depth, the etching process was conducted twice with oxygen fractions
of 90% and 95%. Figure 4.22(b) shows the initial surface before AP-PCVM, which was prepared
by diamond lapping, whose roughness was measured by atomic force microscopy (AFM). Although
the surface roughness was excellent, an SSD layer and scratches were formed as shown in Fig. 4.12.
Figure 4.22(c) shows an AFM image of the surface after etching with an oxygen fraction of 50%.
Since the etching rate of Si was greater than that of SiC at this oxygen fraction, the regions between
SiC were concave and the surface roughness deteriorated to 42.3 nm Sq. Figure 4.22(d) shows an
AFM image of the surface after etching with an oxygen fraction of 90%. Since the etching rates of
Si and SiC coincided at this oxygen fraction, a smooth surface was obtained. As AP-PCVM is an
isotropic etching process, the surface became slightly rougher than the diamond lapped surface.
Figure 4.22(e) shows an AFM image of the surface after etching with an oxygen fraction of 95%.
Since the etching rate of Si was less than that of SiC, the regions between the SiC grains protruded.
For this reason, the surface roughness deteriorated to 26.4 nm Sg. To demonstrate the reproducibility
of the experiments, the experiment described above was conducted four times with three different

Oxygen 50% Oxygen 90%  Oxygen 95%

80 r

Surface roughness Sq [nm)]

Figure 4.23 Variation in surface roughness of RS-SiC etched by raster scanning AP-PCVM
with oxygen fractions of 50%, 90% and 95%.
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oxygen fractions. The surface roughness was measured at four random locations under each
condition and the variation in the surface roughness of RS-SiC etched by raster scanning AP-PCVM
with oxygen fractions of 50%, 90% and 95% is shown in Fig. 4.23. It was shown that the surface
roughness was greatly decreased with an oxygen fraction of 90%.

The models proposed for the AP-PCVM process on an RS-SiC surface at different oxygen

(a) Diamond grinding

Dlamond abrasive

Subsurface damage
%
Sl % & i i

Oxide layer \

(b) AP-PCVM figuring (Oxygen fraction 50%)

Regions of Si become holloy

Oxide layer \

. .
\ Etching rate: SiC = Si

(d) AP-PCVM figuring (Oxygen fraction 95%)

Smooth etched surface /

Oxide layer \

S|F4
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Etching rate: SiC > Si Regions of Si protruded /

Figure 4.24 Models showing figuring process for SiC/Si-MMC. (a) Figuring by diamond
grinding, (b) Figuring by AP-PCVM (etching rate: SiC << Si), (¢) Figuring by AP-PCVM
(Etching rate: SiC = Si), (d) Figuring by AP-PCVM (etching rate: SiC > Si).
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fractions are shown in Fig 4.24. As shown in Fig. 4.24(a), turning, and grinding with a diamond tool
are used to realize figuring with high precision and high efficiency. However, scratches and an SSD
layer are inevitably formed. Since AP-PCVM is a pure chemical noncontact process, scratches and
an SSD are not formed. As shown in Fig. 4.24(b), when the etching rate of Si was greater than that
of SiC (oxygen fraction of 50%), the volume of removed Si was larger than that of SiC, causing the
regions of Si to become hollow. As shown in Fig. 4.24(d), when the etching rate of Si was less than
that of SiC (oxygen fraction of 95%), the volume of removed Si was smaller than that of SiC; thus,
the regions of Si protruded. Neither of the two conditions produced a smoothly etched surface. As
shown in Fig. 4.24(c), only when the etching rate of Si coincided with that of SiC (oxygen fraction
of 90%) were the Si and SiC etched at the same rate and a smoothly etched surface was obtained.

4.2.5 Aspherical shape figuring of RS-SiC by AP-PCVM

As discussed in the previous sections, the etching rates of Si and SiC components coincided with
an oxygen fraction of 90%, smooth etched surface of RS-SiC can be obtained by AP-PCVM. In this
section, a figuring experiment was performed on RS-SiC to form an aspherical shape using the
optimum gas composition. The processing theory of figuring by AP-PCVM has been introduced in
Chapter 2 (section 2.4.3), dwelling time distribution of plasma in figuring process can be obtained
through the deconvolution simulation using the target removal volume data and removal spot data.
In this time, the target removal volume should be the superposition of the initial surface shape of
RS-SiC before AP-PCVM and the design shape. The target shape was an aspherical shape designed
by the equation as follow:

0.41r?
1000Z = +53%x1075r% — 107816 — 101998 — 4 x 1012410
1+4/1—(1-0.99)0.1672
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Figure 4.25 Target removal volume used in deconvolution simulation.
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The optic axis is presumed to lie in the z direction, and the Z-component of the displacement of
the surface from the vertex, at distance r from the axis. Diameter of the aspherical shape was 20 mm
and the maximum depth was 21.3387 um. The initial surface shape of RS-SiC was measured by
point autofocus probe 3D measuring instrument (MITAKA NH-3S), and the target removal volume
was calculated as shown in Fig. 4.25. Removal spot data used in deconvolution simulation was
processed using the optimum processing conditions obtained in the previous sections (the carrier
gas was Ar (500 sccm) and the process gases were Ar (1000 sccm), CF4 (10 sccm) and O, (90 sccm).
And working gap was 6.0 mm). Using the scanning velocity distribution result calculated by
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Figure 4.26 SWLI images and cross sections of fabricated shape.
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Figure 4.27 SEM image of the RS-SiC surface processed by NC-AP-PCVM and EDS spectra
of point A, B, and C.
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deconvolution simulation, a numerically controlled (NC) AP-PCVM was performed for about 8
hours, and the SWLI image and cross section of fabricated shape was shown in Fig. 4.26. The
diameter of fabricated shape was the same with target shape (20 mm), but the depth was shallower
than the target. The fabricated shape after the NC processing and the target shape have a proportional
relation of about 0.6 times rather than being partially shallow. Figure 4.27 shows the SEM image of
the RS-SiC surface after NC-AP-PCVM and EDS spectra of point A, B, and C. Since the etching
rate of Si component coincides with that of SiC using the optimum gas composition, both of Si
(point A) and SiC (point C) were observed on the surface after NC-AP-PCVVM. However, in the
position of suspected deposits (point B), Si, F, O, and C, four elements were detected. It is
considered that F-based reaction products during NC-PCVM redeposited on the surface. Since
reaction products (F-based) did not react with CF, plasma, the following etching process was
suppressed and led to a shallower removal depth than target. Moreover, the redeposit of reaction
products also led to the surface roughness deteriorated.

4.2.6 Optimization of processing conditions: Substrate temperature

The result in section 4.2.5 shows that the redeposition of reaction products on the substrate
surface led to the shallow removal depth and deterioration of surface roughness. Therefore,
preventing the redeposition of reaction products is essential during NC-AP-PCVM to improve the
processing accuracy.

4.2.6.1 Effect of substrate temperature on redeposition of reaction
products
So far, all the AP-PCVM experiments were conducted at room temperature without substrate
heating. Consider the kinetic approach for the case of a uniform solid surface exposed to an
adsorbing gas. According to the kinetic theory of gases, the flux | of the gas molecules impinging
on the surface from the gas phase is given by

4

+ 2mmkgT

where p is the partial pressure of the adsorbing gas, m is the mass of the gas molecule, kg is

I =

Boltzmann’s constant, and T is the temperature *¥. However, not all the impinging molecules
become adsorbed at the surface, i.e., contribute to the adsorption rate. The ratio of the adsorption
rate to the impingement rate is defined as the sticking coefficient s. Thus, the adsorption rate ra is

Sp

J2mmkgT

T, =58l =
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It means that during the AP-PCVM process, the adsorption (redeposition) rate of the reaction
products is related to the substrate temperature. Properly increasing the substrate temperature is
considered to effectively reduce the redeposition of reaction products. To verify the relationship
between the substrate temperature and the redeposition of reaction products, a surface processing
experiment was carried out with the same raster scan speed. The detailed experimental conditions

are shown in Table 4.2. Figure 4.28 shows the SEM images and F1s-XPS spectra of the initial

Table 4.2 Experimental conditions of AP-PCVM in different substrate temperature.

Parameters Conditions
Experimental setup Figure 4.1
Substrate RS-SiC
Substrate temperature 25°C / 400°C
Carrier gas Ar (500 sccm)
Process gas Ar (1000 sccm)
CF4 (10 sccm)
02 (90 sccm)
Applied microwave power 59 W
Processing gap 6 mm
Scan pitch 0.1 mm
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Figure 4.28 SEM image and F1s-XPS spectra of RS-SiC (a) before AP-PCVM, (b) after AP-
PCVM without substrate heating, (c) after AP-PCVM with substrate heating up to 400°C.
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Figure 4.29 The influence of substrate temperature on etching rate *°.

RS-SiC surface and processed RS-SiC surface. Since the RS-SiC substrate before PCVM was
cleaned using HF to remove the naturally oxide layer, a small amount of adsorbed F was detected.
No obvious attachment was visible on the SEM image as shown in Fig. 4.28(a). After the normal
PCVM at room temperature without substrate heating, a large amount of deposition, which was
reaction products as shown in Figure 4.27 were observed. F1s-XPS spectra also confirmed this result.
However, after the PCVM with substrate heating up to 400°C, the F1s peak contributed to
redeposited reaction products became weak, and the amount of deposition was significantly reduced
as shown in the SEM image in Fig. 4.28(c). Therefore, substrate heating was a very effective method
to prevent redeposition of reaction products during AP-PCVM process.

4.2.6.2 Effect of substrate temperature on etching rate

Although substrate heating can inhibit redeposition of reaction products, too high substrate
temperature will also lead to a decrease in the adsorption rate of reactive radicals (F”), resulting in
a decrease in the etching rate. P. Piechulla et al. has reported the relationship between the etching
rate and substrate temperature in the case of using He-based CCl, plasma etching silicon substrate
19), As shown in Fig. 4.29, they confirmed when the substrate temperature exceeds a certain value,
the etching rate decreased. Following the scheme of a typical reactive vapor process one may
assume depletion of reactants by enhanced desorption from the surface. Therefore, the substrate
temperature that can inhibit the redeposition of reaction products and maintain a high etching rate
is considered the optimal substrate temperature for AP-PCVM. In future work, the optimal
temperature will be determined to further improve the processing accuracy of NC-AP-PCVM.
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4.3 Surface finishing of RS-SiC by PAP

Although the surface roughness of the processed RS-SiC surface was greatly improved by
optimizing processing conditions such as processing gap and gas composition used in AP-PCVM,
and the low spatial frequency roughness (LSFR) was removed effectively. However, since AP-
PCVM is a pure chemical processing method, isotropy of chemical etching causes AP-PCVM
doesn’t have the ability to remove high spatial frequency roughness (HSFR). To remove the
HSFR remained on the surface after AP-PCVM to obtain an atomically smooth surface, PAP is
considered to be an effective method with low cost. The optimization of processing conditions in
PAP will be carried out in future work.

4.4 Summary

AP-PCVM can quickly remove LSFR without forming SSD, and PAP can remove HSFR and
achieve an atomically smooth surface, thus plasma nanomanufacturing process, which combined
AP-PCVM, and PAP is considered a very suitable processing method to process RS-SiC.
However, as a pure chemical processing method, the application of AP-PCVM to multicomponent
materials such as RS-SiC faces many challenges. In this chapter, through the optimization of a
variety of processing conditions, AP-PCVM was successfully applied to RS-SiC and obtained a
smooth surface. AP-PCVM was firstly applied to process a multicomponent material until now,
which further broadened the application area of plasma nanomanufacturing process.

(1) A microwave plasma generator with special structure was used in this work. In order to clarify
the mixed state of the carrier gas and the process gas before and after ejected from the plasma
generator, CFD fluid simulation was carried out. The CFD fluid simulation results well
explained the reason why the etching rate and the shape of the removal spot changed with the

variation of the processing gap in AP-PCVM.

(2) Since the process gas was introduced from the other gas inlets and mixed with the carrier gas,
enough time and distance were needed to make them mixed well. Due to insufficient mixing,
a circular removal spot was obtained because the distribution of CF4 was circular at a small
processing gap. In contrast, a removal spot with Gaussian-shape was obtained at a relatively
large processing gap, where the process gas (CF.) was fully mixed with the carrier gas. In
addition, the distribution in the direction of injection can also explain the correlation between
the etching rate and the processing gap. Since the Ar plasma (ignited at the first time using

carrier Ar gas), which was the energy source, hit the substrate and lost its energy before mixed
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(4)

(®)

(6)

and collided with the ground state CF4 to generate F radicals, the etching rate was low at small
processing gap. With the increase of the processing gap, carrier Ar and CF4 were fully mixed,
and the energy of Ar plasma was transferred to CF4 to generate F radicals, the etching rate
also increased. The processing gap 6 mm, where the removal spot with good shape can be

obtained and the change rate of etching rate was small, was the optimal processing gap.

According to the comparison of SEM images, SWLI images and EDS spectra of the RS-SiC
surface before and after AP-PCVM, the difference in the etching rate of the Si and SiC
components was the main reason for the deterioration of surface roughness. This is also the
reason why it was difficult to apply AP-PCVM to the processing of multicomponent materials
like RS-SiC.

Upon optimizing the oxygen fraction of the process gases, the etching rates of both Si (100)
and 4H-SiC (0001) changed. Due to the promoting effect of oxygen on the formation of F
radicals in CF4 plasma, the etching rate reached the maximum at a certain oxygen fraction
and decreased due to the competitive relationship between the oxidation and etching process
as the oxygen fraction further increased. When the oxygen fraction was 90%, the etching rate
of Si (100) coincided with that of 4H-SiC (0001). Through the analysis of the XPS spectra of
the processed surface, the mechanism that making the etching rate of the two components in
RS-SiC coincide was the result of the competition between the oxidation process and the
etching process. At high oxygen fraction, the oxidation reaction dominated the AP-PCVM
process. Both two components were firstly oxidized to SiO; and then be etched, thus, the Si

and SiC components were removed at the same rate.

The results of raster scanning experiments also proved that, when the oxygen fraction in-
process gas was lower than 90%, the etching rate of Si was greater than that of SiC and the
surface roughness deteriorated due to the regions of Si became hollow. And when the oxygen
fraction was higher than 90%, the etching rate of SiC was greater than that of Si, the surface
roughness also deteriorated due to the regions of Si became protruded. Only when the oxygen
fraction was 90%, SiC and Si was etched at the same rate and a smoothly etched surface was

obtained.

Aspherical shape figuring experiment using the optimal processing conditions was also
conducted on RS-SiC by AP-PCVM. The diameter of fabricated shape was the same with
target shape, but the depth was shallower than the target. The redeposition of reaction products

is the cause of this result. Heating of the substrate was effective in preventing the redeposition
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of reaction products. However, a too high substrate temperature also caused the adsorption
rate of reactive radicals decrease, thereby result in the decrease of etching rate. Therefore, the

optimization of the substrate temperature was also necessary.

(7) AP-PCVM can achieve figuring efficiently without forming SSD, but a further polishing is
required to obtain an atomically smooth surface. In plasma nanomanufacturing process, PAP

plays the role of surface finishing, and the related work will be carried out in the future.
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Chapter 5
Highly efficient and dress-free dry polishing technique

with plasma-assisted surface modification and dressing

5.1 Introduction

Since many pits were formed on the surface by shedding-off grains from the sintered material
surface, high-quality polishing of sintered materials has always been a challenging in the field of
precision machining. As described in Chapter 1, sintered AIN ceramic is an excellent candidate
for heat sinks and microelectronics application . In recent years, research on using AIN
substrates as the epitaxial growth substrate has also attracted considerable attention, and requires
high-quality AIN surfaces. Although CMP processes are now widely used to polish difficult-to-
machine materials with high hardness and chemical inertness, such as SiC and GaN **, the low
MRR of CMP makes such processes very time-consuming. Large particles can easily be formed
by the agglomeration of the abrasive particles in slurry when it is placed for a long time as shown
in Fig. 5.1. The management and disposal of the used slurry in CMP are also considered as very
expensive for actual industrial applications. Thus, a dry polishing technique without using slurry
is desired. Generally, a fixed abrasive is used in dry polishing processes. No matter which kind of
fixed abrasive grinding stone been used, over a certain period after polishing, the abrasives will
undergo wear, and the grinding stones will be overloaded and will lose their polishing ability.
Therefore, to solve these problems, a dry dress-free polishing technique, which can also be applied
to polishing sintered ceramics materials, is desired. As a part of plasma nanomanufacturing

process, PAP is a suitable dry polishing technique. In this chapter, vacuum PAP using Ar-based

Abrasive Alkaline solutions Agglomerated abrasive

Figure 5.1 Agglomeration of the abrasive particles in slurry used in CMP.
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CF4 plasma, and a vitrified-bonded diamond grinding stone was applied to polish an AIN ceramic
wafer. When using CF,4 plasma, it was confirmed that SiO,, which is the main component material
of the binder in the vitrified-bonded diamond grinding stone, was etched by the CF4 plasma, which
is equivalent to the continuous dressing of the grinding stone surface. By irradiating CF4 plasma,
the new diamond abrasives were constantly exposed, and the surface of the AIN grains was
modified to AlF3, so that a high MRR will be maintained. Thus, overall, using a vitrified-bonded
grinding stone, the simultaneous plasma-assisted dressing (PAD) in the PAP process enabled a

dress-free high integrity polishing process for sintered AIN.

5.2 Vacuum PAP setup used in this work

In our previous research, PAP, which uses fixed abrasives instead of slurry, has been proven to
be very effective for obtaining atomically smooth surfaces of difficult-to-machine materials
without forming subsurface damages >. In Ref. [5], Yamamura et al. modified the Si face of 4H-
SiC into SiO; by the irradiation of atmospheric-pressure water-vapor plasma, and they obtained
an atomically smooth surface without subsurface damages using a CeO; polishing film to remove
the modified SiO; layer. In Ref. [6], Deng et al. confirmed that many pits were generated on a
GaN surface after using a conventional CMP process, where the pits originated because of
dislocations in the GaN epilayer. It was considered that these pits were generated by the
preferential etching of the dislocations using the chemicals in the slurry. In contrast, in the case
of PAP, the atmospheric-pressure CF4 plasma irradiation modified the GaN surface to GaFs, and
an atomically smooth pit-free GaN surface was obtained by removing the GaF; layer using a CeO;
resin-bonded grinding stone. As for the capacitively coupled plasma (CCP) used in PAP, the
breakdown conditions at different gas pressures were first studied by Paschen et al., and the result
of their study is the well-known Paschen curve ”, which is explained thus: In a discharge system,
in which the electrode distance is constant, an increase in pressure leads to a small mean free path,
to prevent the electrons sufficient energy to ionize. Thus, it is easier to generate plasma with
relatively low gas pressures. However, larger plasma areas were intended to be generated to
increase the modification process efficiency, thereby increasing the MRR of PAP. In Ref. [5, 6],
although local stable glow discharge plasma was generated and used at AP, the substrate was only
locally irradiated by plasma per unit time, resulting in a very low surface modification efficiency.
Furthermore, due to the high collision frequencies (high density of gas particles) at AP, spark, or
arc discharge can easily occur, thus damaging the substrate. As a result, it is nearly impossible to
generate a large stable glow discharge plasma at AP to improve the modification efficiency ®. A
relatively lower gas pressure (lower density of gas particles) can decrease the collision frequency,

thus avoiding the formation of spark or arc discharges. In this work, vacuum plasma was proposed
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Figure 5.2 Schematic diagram of the vacuum PAP setup.

to be used instead of atmospheric-pressure plasma since a stable large area plasma can be easily
generated with relatively lower gas pressures.

Figure 5.2 shows a schematic of the vacuum PAP setup used in this study. The setup comprises
upper and lower metal electrodes made of aluminum alloy, and the area between them was
separated from the atmosphere using a cylindrical quartz glass cover. The rotary pump was used
to reduce the required pressure for plasma generation in this space. A ¢ 50 mm x 1.0 mm!' sintered
AIN wafer was installed on the lower rotary table, and a vitrified-bonded diamond grinding stone
(outer diameter = 11 mm, inner diameter = 6 mm, thickness = 6 mm) was set on the upper rotary
head, whose center of rotation was offset by 15 mm from the center of rotation of the lower rotary
table. Therefore, the area to be polished was ring-shaped, as shown in Fig. 5.2. The gap distance
between the upper electrode and AIN wafer surface was 14 mm, and the Ar and CF4 mixture was
controlled using MFCs. By applying RF (f'= 13.56 MHz) power on the upper electrode, plasma
was generated in the space between the upper electrode and AIN wafer, and the grinding stone
was pressed against the AIN wafer with a constant load. Through the rotation of the lower rotary
table and upper rotary head, plasma irradiation and polishing were alternately conducted on the
AIN wafer. Conventional mechanical polishing can also be carried out using this setup without

applying RF power. Table 5.1 shows the detailed experimental conditions used in this work.
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Table 5.1. Experimental conditions of dry polishing.

Parameters Conditions

Experimental setup Figure 5.2

Substrates AIN ceramics (grinded surface)
Abrasive material vitrified-bonded diamond (¢ 0.25 pm)
Polishing pressure 800 Pa

Grinding stone rotation 121 rpm

Substrates rotation 100 rpm

Chamber pressure 800 Pa

Carrier gas Ar (100 sccm)

Process gas CF4 (5 sccm)

Applied RF power PAP: 100 W / Polishing without plasma: 0 W
Polishing time 30 mins x 6 times

5.3 Different fixed abrasive grinding stone distinguished
according to the type of bond materials

As seen in Fig. 5.3, the fixed abrasive grinding stone generally contains the three main elements
of abrasive particles, bond materials, and pore. Abrasive particles provide a uniform and dependable
cutting action of the abrasive gains, and pore between abrasive particles controls the porosity which
releases the heat from grinding and makes it easy for the rejection of the chips. Bond materials
maintain a bonding effect between abrasive particles. According to the kind of bond materials, a
fixed abrasive grinding stone can be divided into four types of stones: a resin- bonded grinding stone,
a metal-bonded grinding stone, an electroplated monolayer grinding stone, and a vitrified-bonded
grinding stone ¥. However, no matter which kind of fixed abrasive grinding stone is used, over a
period after polishing, the abrasives undergo wear, and grinding stones get loaded and lose their

Abrasive Pore Bond material

Figure 5.3 Schematic diagram of the fixed abrasive grinding stone.
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polishing ability. In Ref. [6], although an atomically smooth pit-free GaN surface was obtained
using PAP process, the loading of CeO; resin-bonded grinding stone greatly limits the MRR.
Therefore, dressing grinding stones is essential to sustain efficient material removal processes % 19,
Not every type of grindstone is suitable for PAP. With a resin-bonded grinding stone, the material
used to bond the abrasives with the stone is mainly phenolic, which is cured over 200°C. Due to the
large area of vacuum plasma, a grinding stone is inevitably exposed to plasma with high temperature.
Thus, it is difficult to use resin-bonded grinding stones in vacuum PAP due to the relatively high
temperatures. Metal bonds mainly use modified copper/tin and cobalt/bronze materials. Since CCP
is used in vacuum PAP, the metal components in metal-bonded grinding stones and electroplated
monolayer grinding stones cause the concentration of the electric field distribution. Partial arc
discharge plasma could be easily generated at the location where the electric field distribution is
concentrated. However, the vitrified-bonded (main component of binders is SiO2) grinding stone is
suitable for use in PAP.

5.4 Polishing properties of vitrified-bonded grinding stones
with different abrasive particle sizes for conventional dry
polishing method

Figure 5.4 shows the SEM images, SWLI image, and cross-sectional profile of the AIN surface
after mechanical polishing was performed using a grinding stone with large size SiC abrasive
particles, where the average abrasive particle size is 30 um. As shown in the SEM image of the AIN
surface, the average size of the AIN grains was 3 um, and AIN was removed in units of AIN grains

after polishing using large abrasives due to the weak intergranular interactions. Figure 5.4 indicates
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Figure 5.4 Surface morphology of the AIN after polishing using #600 abrasive. (a) SEM
image, (b) SWLI image and cross-sectional profile.
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that it is difficult to obtain smooth surfaces using mechanical polishing with large size abrasives due
to the shedding of AIN grains. Wang et al. established equations describing the relationship between
the polishing pressure and abrasive particle size and proved that the abrasive particle size is an
important parameter of the polishing pressure. When smaller particle size abrasives were used with
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Figure 5.5 (i) SEM image and (ii) SWLI image of the AIN surface (a) after the 1st 30 min of
dry polishing, (b) 2nd 30 min of dry polishing, (c) 3rd 30 min of dry polishing, (d) 4th 30 min

of dry polishing, (e) 5th 30 min of dry polishing, (f) and 6th 30 min of dry polishing. ()
Cross-sectional profile of the AIN surface after the 6th 30 min of dry polishing.
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a constant load, due to the increase in the number of abrasive grains per unit area, the polishing
pressure acting on each abrasive became smaller 2 2), Thus, polishing experiments using a grinding
stone with small size abrasive particles were conducted on the AIN wafer. Figures 5.5(a)-5.5(f)
show an SEM image at the same position and an SWLI image of the AIN surface after polishing
every 30 min under the experimental conditions shown in Table 5.1. Moreover, Fig. 5.5(g) shows
the cross-sectional profile of the AIN surface after the 6th 30-min polishing process. In contrast to
the polishing results when large size abrasive particles were used, as shown in the blue frame of Fig.
5.5(a—i), the AIN was flattened from the top of each AIN grain but not in units of AIN grains. With
the increase in the polishing time, the flattened area of each AIN grain increased, and the flattened
grains became more connected together, as shown in the red frame of Figs. 5.5(a)-5.5(f). Finally, a
smooth AIN surface could be expected. Based on the above results, polishing sintered AIN wafers
using vitrified-bonded grinding stones with different abrasive particle sizes can be modeled, as
shown in Fig. 5.6. When the AIN wafer was polished using large size abrasive particles, the
polishing pressure acting on each abrasive increased. The large polishing pressure led to a large
tangential force larger than the intergranular interactions of the AIN grains, leading to the shedding
of the AIN grains, and many pits were formed on the AIN surface, as shown in Fig. 5.6(a). In contrast,

(a) braswe Shedding off pits
AIN ' Binder material AIN . Binder material
Flattened from the top
(b) i Abrasive
AIN ' Binder material AIN . Binder material
Flattened area

'_ —_—
AIN @ Binder material

Figure 5.6 Models showing the mechanical dry polishing process for AIN using (a) large

particle size abrasives and (b) small particle size abrasives.
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when the AIN wafer was polished using small size abrasive particles, the polishing pressure acting
on each abrasive particle was very small. Thus, the AIN grains did not shed off from the surface and
were flattened from the top. As the flattened area became larger, a smooth AIN surface could be
obtained, as shown in Fig. 5.6(b).

5.5 Loading of the grinding stone surface under ultralow
polishing pressure

In the previous section, it has been confirmed that the shedding of AIN grains in a mechanical
dry polishing process can be effectively suppressed using small size abrasive particles and ultralow
polishing pressure. However, when polishing using a vitrified-bonded grinding stone, abrasives
undergo wear and easily fall. Thus, over a period after polishing, a grinding stone surface easily gets
loaded and loses its polishing ability. Currently, a dressing process, which mechanically removes
the worn-out abrasive particles and bond material by applying external force to expose new abrasive
particles, is necessary '%. However, dressing processes demand an interrupted polishing process,
resulting in significant productivity losses. In recent years, many research were conducted to
develop self-sharpening vitrified-bonded grinding stones to make the dressing phenomenon occur
under the grinding force itself by weakening the bond strength *4. However, self-sharpening needs
enough polishing force to break the bonds between abrasive particles, which does not work when
only ultralow polishing pressure is applied. In this study, mechanical dry polishing experiments
without dressing, mechanical dry polishing experiments with frequent dressing, and PAP
experiments without dressing were conducted using a vitrified-bonded diamond grinding stone
under ultralow polishing pressure. The MRRs were compared under different conditions, and each
polishing mechanism was discussed. In this section, mechanical dry polishing experiments of AIN
without dressing or plasma irradiation were conducted under the conditions shown in Table 5.1. The
surface morphology of the grinding stone was observed every 30 min using SWLI and SEM, and
the results are shown in Fig. 5.7. Sdr (developed interfacial area ratio) was used to evaluate the
surface condition of the grinding stone and is expressed as the percentage of a defined area’s
additional surface area contributed by its texture in comparison with the planar definition area.
However, the Sdr of a completely flat surface is 0 *. If many abrasive particles are exposed on the
grinding stone surface, the Sdr value will be large. At each stage of the experiment, four positions
on the surface of the grinding stone were observed randomly, and the representative data are shown
in Fig. 5.7. Figure 5.7(a) shows the SEM image (i) and SWLI image (ii) of the grinding stone surface
after dressing using a diamond dress plate (average particle size is 10 pm). Many pores can be
observed on the initial surface of the grinding stone, and the Sdr value of the grinding stone surface
was approximately 0.6. After 1 h of mechanical dry polishing, the Sdr value from SWLI image did
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Figure 5.7 (i) SEM and (ii) SWLI images of the diamond grinding stone surface (a) after
dressing using a diamond dress plate after (b) 1 h of dry polishing, (c) 2 h of dry polishing,
(d) 3 h of dry polishing, and (e) after cleaning using N, gas blow.

not change significantly in the large-scale observation range, as shown in Fig. 5.7(b—ii). However,
in the small-scale observation range using SEM, a part of the surface of the grinding stone became
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Figure 5.8 SWLI images of the AIN (a) before mechanical dry polishing and (b) after 3h of

mechanical dry polishing. (c) Cross-sectional profile of the ring-shaped polished area.

smooth because the pores were filled with the falling abrasive particles, bond materials, and
removed AIN chips, as shown in the area surrounded by the red frame of Fig. 5.7(b—i). Since only
an ultralow polishing pressure was applied, self-sharpening did not occur. However, with the
increase in the polishing time, the smoothed area on the grinding stone surfaces also increased, and
the Sdr of the grinding stone surface significantly decreased from 0.59 to 0.02, as shown in Figs.
5.7(c) and 5.7(d). However, some diamond abrasives could still be observed on the grinding stone
surface after 3 h of polishing, as shown in Figs. 5.7(d—i). Since these abrasive particles were not
fixed by a bond material, after simple cleaning using an N, gas blows, these abrasive particles, which
had been recently adhered to the surface, were easily removed. As shown in Fig. 5.7(e), after
cleaning, there were almost no abrasive particles with cutting edges exposed on the surface, meaning
that the grinding stone lost its polishing ability and only slid on the AIN surface. Figures 5.8(a) and
5.8(b) show the SWLI images of the AIN surface before and after 3 h of mechanical dry polishing
without plasma irradiation, and Fig. 5.8(c) shows the cross-sectional profile of the ring-shaped
polished area measured by a stylus profiler. Since the grinding stone quickly lost its polishing ability
due to the loading of its surface, the MRR was very low. The removal depth was only 500 nm, and
the surface roughness Sa only decreased from 432 to 321 nm.
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5.6 Increase in MRR by dressing the surface of the grinding
stone and cleaning the surface of AIN ceramics wafer

It has been confirmed that the surface of grinding stones gets easily loaded during mechanical
dry polishing processes with ultralow polishing pressure. Thus, to maintain the polishing ability of
grinding stones, frequent dressing is necessary. In this section, mechanical dry polishing
experiments without plasma irradiation were conducted under the conditions shown in Table 5.1,
while the surface of the used grinding stone was dressed using a diamond dress plate (average
particle size was 10 um), and the used AIN wafer was cleaned using isopropyl alcohol (IPA)

(a) 30mins 30mins 30mins 30mins 30 mins 30 mins

A DD B D

[:l Dry polishing D Dressing of grinding stone & Cleaning of AIN wafer

Sa463n
Sdr 0.51

Figure 5.9 (a) Experimental procedure and (i) SEM and (ii) SWLI images of the diamond
grinding stone surface (b) before the 1st 30-min of polishing, (c) 3rd 30-min of polishing, and
(d) 5th 30-min of polishing.
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Figure 5.10 SWLI images of the AIN (a) before dry polishing and (b) after 3 h of dry

polishing. (c) Cross-sectional profile of the ring-shaped polished area.

ultrasonic cleaning every 30 min, as shown in Fig. 5.9(a). To represent the surface morphology of
each stage, Figs. 5.9(b)-5.9(d) show the SEM (i) and SWLI images (ii) of the grinding stone surface
before the 1st 30-min polishing, before the 3rd 30-min polishing, and before the 5th 30-min
polishing, which were after dressing. Before each 30-min mechanical dry polishing process, the
surface of the grinding stone was confirmed to be in the best state, where enough abrasive particles
with cutting edges were exposed and without loading, and the Sdr values of the grinding stone
surface were all approximately 0.6. Figures 5.10(a) and 5.10(b) show the SWLI images of the AIN
surface before and after 3 h of mechanical dry polishing without plasma irradiation, and Fig. 5.10(c)
shows the cross-sectional profile of the ring-shaped polished area. Since the grinding stone surface
was dressed in time before getting loaded, it was considered that an effective polishing process was
being conducted all the time. The surface roughness Sa decreased from 422 to 122 nm, and the
removal depth was 750 nm, which is larger than in the case without grinding stone dressing.

5.7 Self-sharpening technique of metal-bonded grinding
stones using electrolytic in-process dressing (ELID)

It has been confirmed that the frequent dressing of grinding stones is very effective and necessary
in maintaining the MRR in fixed abrasive polishing processes with ultralow polishing pressure.
However, frequent dressing impacts both the processing efficiency and tooling costs. Thus, a dress-
free polishing technique is desired.
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Figure 5.11 Schematic diagram of a typical setup and mechanism of ELID-grinding method.

H. Ohmori et al. developed the self-sharpening technique of metal-bonded grinding stones using
electrolytic in-process dressing (ELID) 617, Figure 5.11 shows the schematic diagram of a typical
setup and mechanism of ELID-grinding method. A metal-bonded grinding stone made by sintering
abrasive particles and bond material with cast iron as the main component was used. The electrode
plate used for ELID was placed with a 0.1-0.3 mm gap from the grinding stone. At first, the surface
of grinding stone had good electro-conductivity. Therefore, the current was as high between the
electrode plate and grinding stone. After several minutes passed, the bond material (mainly cast
iron) was removed by the electrolysis (mostly ionized into Fe?*), and an appropriate amount of
abrasive particle protrusion was obtained. The ionized Fe made hydro-oxide substances Fe(OH), or
Fe(OH)s. Next, this substance changed into an oxide substance Fe;Os by the help of the electrolysis
of water. After these reactions occurred, the electro-conductivity of the surface of the grinding stone
was reduced in accordance with the growing of the oxide layer. Thereby, the current decreased. At
this time, the initial dressing was completed. When the grinding process was started from this state,
the protruded abrasives grind the substrate. As the abrasives wear, at the same time the oxide layer
also became worn. The wear of the oxide layer caused an increase in the electro-conductivity of the
grinding stone surface. And thus the electrolysis increased and the oxide layer was recovered. The
protrusion of the abrasives was therefore remained constant in a general sense 7. Although ELID-
grinding method has been successfully applied to the grinding of many materials ¥2%, it was
difficult to be applied in dry PAP process since dress-fluid was necessary for ELID. Furthermore,
in PAP process, the metal components in metal-bonded grinding stones would cause the
concentration of the electric field distribution. Partial arc discharge plasma could be easily generated
at the location where the electric field distribution concentrated. Thus, a new dress-free process like
ELID that can be used in PAP is desired.
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5.8 Modification of AIN ceramics wafer by Ar-based CFs
plasma irradiation

As the removal mechanism of AIN in the PAP process, AIN was first modified by plasma
irradiation to make a modified layer on the AIN surface and subsequently removed it using abrasive.
Table 5.2 shows the oxidation—reduction potential of different oxidizing species ?2. Fluorine atoms
have the strongest oxidation—reduction potential. Therefore, it is considered that if the surface of
AIN are exposed to plasma containing CF4, surface modification will occur easily. Table 5.3 shows
the conditions used for plasma modification using CF, gas. Figure 5.12 shows the optical emission
spectroscopy (OES) spectrum of the Ar-based CF,4 plasma generated during the plasma irradiation.
Optical emission from Ar, OH, N, and F (739.9 nm) were obtained from the spectrum. Fluorine
radicals were generated by the dissociation of CF4, and OH and N, were generated from the air (H-.O
and N). Since fluorine radicals have a high oxidation potential, efficient modification of AIN is
expected. The surface composition of AIN was analyzed by XPS before and after CF, plasma
irradiation. As shown in the Figs. 5.13(a) and 5.13(b), only AI-N (73.7 eV %2%) and Al-O (74.6 eV
22:24)) peaks were observed from the Al2p spectrum, and no peak attributed to the fluorine compound
was observed from the F1s spectrum of the AIN surface before plasma irradiation. After 2 h of
plasma irradiation, a strong peak corresponding to Al-F3 (76.3 eV 2) was observed in both the Al2p
and F1s spectra, as shown in the Figs. 5.13(c) and 5.13(d). This result showed that AIN was modified

Table 5.2 Oxidation-reduction potential.

Radicals F OH O O3 H.,0O, ClO, Cl,

Oxidation-reduction potential (V) 303 | 280 | 242 | 207 | 1.78 | 149 | 1.36

Table 5.3 Experimental conditions of plasma irradiation.

Parameters Conditions

Experimental setup Figure 5.2

Substrates AIN ceramics (grinded surface)
Carrier gas Ar (100 sccm)

Process gas CF4 (5 sccm)

Chamber pressure 800 Pa

Applied RF power 100 W

Irradiation time 1 hours
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Figure 5.12 OES spectrum of the Ar-based CF4 plasma used in this study.
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Figure 5.13 XPS spectra of AIN (a) Al2p spectra of AIN before plasma irradiation (b) F1s
spectra of AIN before plasma irradiation (c) Al2p spectra of AIN surface after 1 h of plasma
irradiation (d) F1s spectra of AIN after 1 h of plasma irradiation.

to AlF; by the irradiation of Ar-based CF,4 plasma.
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5.9 Selection of abrasive material used in PAP

As discussed in section 5.3, the vitrified-bonded (main component of binders is SiO) grinding
stone is suitable for use in PAP. And the Ar-based CF, plasma was confirmed to be very effective
to modify AIN surface in section 5.8. And the choice of abrasive material used in PAP will be
discussed in this section. As for the abrasive of vitrified-bonded grinding stone, diamond, SiC, silica
(Si0y), ceria (CeO,) are commonly used. In our previous research, PAP, which used soft abrasives,
has been proven to be very effective with regards obtaining atomically smooth surfaces of difficult-
to-machine materials without forming subsurface damage 5. Thus, the polishing characteristics of
AIN ceramics wafer using soft abrasives #8000 SiO; (average particle size 1 um) and #8000 CeO;
(average particle size 1 um) in PAP were investigated. Table 5.4 shows the detail experimental
conditions of PAP. Figure 5.14 shows the SWLI images of the AIN and the photograph of the
grinding stone before and after 2 h of PAP using silica abrasives. Since the F radicals dissociated
from CF4 have strong reactivity, CF, was often used as a process gas in PCVM to etch materials
such as quartz glass or SiC wafer. In the PAP process using CF4 plasma, not only AIN was modified
by the irradiation of CF4 plasma, but silica (SiO,) abrasives were also etched by CF4 plasma and
became volatile reaction products, thereby losing the polishing ability as abrasives. Thus, as shown
in Fig. 5.14, there was almost no change in the surface roughness of AIN ceramics before and after
PAP. In addition, since the grinding stone was also exposed to CF4 plasma, the diameter of the
grinding stone was reduced from 11.37 to 10.87 mm because the silica abrasives were etched. For

Table 5.4 Experimental conditions of PAP.

Parameters Conditions

Experimental setup Figure 5.2

Substrates AIN ceramics (polished surface)
Abrasive material vitrified-bonded silica or ceria
Polishing pressure 800 Pa

Grinding stone rotation 121 rpm

Substrates rotation 100 rpm

Chamber pressure 800 Pa

Carrier gas Ar (100 sccm)

Process gas CF, (5 sccm)

Applied RF power PAP: 100 W

Polishing time 2 hours
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Figure 5.14 SWLI images of the AIN and photograph of silica grinding stone (a) before PAP
and (b) after 2 h of PAP.

the same reason, SiC abrasives were also considered unsuitable for PAP process using CFs. PAP
experiment using another soft abrasive ceria (CeO,) was also conducted on AIN ceramics under the
same conditions. Different from the polishing results using silica abrasives, since ceria cannot be
etched by CF4 plasma, polishing ability of ceria abrasives was maintained. However, the surface
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Figure 5.15 SWLI images and Ce3d-XPS spectra of the AIN (a) before PAP and (b) after 2 h

of PAP using ceria abrasives.
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roughness of AIN ceramics became larger than before PAP as shown in Fig. 5.15. By comparing
the XPS spectra on the AIN surface before and after PAP, it can be found that peaks, which were
not detected before PAP, were observed from the Ce3d spectrum. This was that ceria abrasives
adhered to the AIN surface during PAP process and hindered the modification of the AIN surface
by plasma, thereby interrupting the PAP process, and ultimately led to the deterioration of the
surface roughness. According to the above results, several commonly used abrasives such as silica,
SiC, and ceria have been proved to be unsuitable for PAP process using CF4 due to various reasons,
and chemically inert diamond abrasives have become the best candidate abrasive material. The
polishing characteristics of AIN ceramics using diamond abrasives in PAP will be discussed details
in the following sections.

5.10 Change of adhesion force between diamond abrasive
particles and AIN ceramics surface after Ar-based CFs
plasma irradiation

To investigate the effect of the AlF; modified layer formed on the AIN surface after CF4 plasma
irradiation on the PAP process, the adhesion force between the diamond abrasive particles and AIN
ceramics surface before and after the plasma modification was compared. Recently, AFM has been
used to characterize the particle-surface adhesion force through the measurement of force-distance
curves %20, Figure 5.16 shows a schematic diagram of the force-distance curve. The force-distance
curve can be divided into two different segments where (D-3) refers to motion where the tip is
approaching the surface and @-® is when the tip is retracting from the surface 2. In the force-
distance curve measurement, the zero force is defined as the position of the cantilever beam when
the sample is very far away, and
(D Cantilever is approaching the surface. If there are attractive or repulsive forces between the tip
and the sample, those could be measured in this segment by the down or up bending of the
cantilever.

@ Snap-in at some critical distance the tip feels an attractive force from the surface and falls
quickly toward the surface until contact 229,

(® Repulsive portion: the tip and sample are in contact and bends up upon further movement until
reach to the setted z-position. This section is referred to as the net-repulsive portion.

@ Repulsive portion on withdrawal: the tip is unbending while releasing from the surface after
reached to the setted z-position.

® Pull-out: The tip will adhere during the release process until the force exerted by the cantilever
is enough to break the adhesion and jump out.
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Figure 5.16 Schematic diagram of the force-distance curve using AFM.

®

distance.

The cantilever has returned to its unperturbed state while the further increases of the tip-sample

The force F is the adhesion force between the tip and material surface. In addition to the adhesion
force itself, the partial pressure of water vapor (relative humidity, RH) of the measure environment
will also affect the value of adhesion force shown in the force-distance curve *. D. B. Asay et al.
has reported that as RH increased, the adhesion force measured with an AFM initially increases,
reached a maximum, and then decreased at high RH 9. Therefore, in the measurement in this work,

Anti-vibration table

Figure 5.17 AFM used for adhesion force measurement.
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Figure 5.19 The representative force-distance curve between diamond tip (a) before and (b)
after CF, plasma irradiation, and (c) the variation in adhesion force.

to eliminate the influence of RH of the measure environment on the measurement results, as
shown in Fig. 5.17, the AFM (SPM-9700, SHIMADZU) was placed in a soundproof box. To
reduce and stabilize the RH of the measure environment, the RH in the soundproof box was
controlled by the dry air stream. The flow rate of dry air was controlled in 20 sIm by a mass flow
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controller, and the RH was monitored in real time by the Humidity sensor (TESTO 440). All
measurements were conducted at 26.1°C after the RH stabilized at 10%.

As shown in Fig. 5.18, a single-crystal diamond coated tip (Artech Carbon-ART D10) was used
to measure the force-distance curve of AIN. And the changes of adhesion force between diamond
abrasive particles and AIN surface before and after CF. plasma irradiation were investigated. The
adhesion force between diamond tip and AIN wafer was randomly measured at 25 positions on the
AIN wafer before and after CF4 plasma irradiation. The representative force-distance curve on each
state and the variation in adhesion force is shown in Fig. 5.19. The adhesion force between diamond
tip and AIN wafer was significantly increased after CF4 plasma irradiation from 3.5 nN to 9.9 nN.
Therefore, during the actual PAP process, it is considered that the adhesion force between the
diamond abrasive particles and the AlF; modified layer was also increased, which made the AlF;
modified layer can be removed much easier than before plasma irradiation.

5.11 Dress-free polishing of AIN ceramics wafer in PAP

5.11.1 Preliminary polishing of AIN grinded surface
In comparison with conventional mechanical dry polishing, preliminary PAP experiments were

also conducted on grinded AIN wafer under the conditions shown in Table 5.1 without dressing the
used grinding stone. As a type of process gas with high oxidation potential, CF4 is widely used for
etching Si, SiC, and SiO.. Here are the chemical reactions occurring during the etching process 3
32).

Si+CFs+0, — SiFs T +CO; T

SiC+CF4+20; — SiFsT +2CO; T

SiO,+CFy — SiFsT +CO 1
Before the PAP experiments, the grinding stone was dressed using a diamond dress plate. Figure
5.20 shows the SEM and SWLI images of the grinding stone surface at each stage, and Fig. 5.21
shows the variation in Sdr values of grinding stone during different polishing processes. In contrast
to the results without plasma irradiation, as described in section 5.5, no loading of the grinding stone
surface was observed, which was similar to the results of dressing every 30 min in section 5.6.
Diamond abrasives with cutting edges were exposed on the surface of the grinding stone all the time,
and the Sdr values were kept at approximately 0.6. Because the main component of the bond
materials of the vitrified bond is SiO;, it was able to react with fluorine radical generated by the
dissociation of CF. in plasma to create volatile reaction products such as SiF4 and to evaporate from
the surface of the grinding stone. The worn-out abrasive particles fell off because of the etched the
bond materials, and new abrasive particles were constantly exposed. The PAD process occurred all
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Figure 5.20 (i) SEM and (ii) SWLI images of the diamond grinding stone surface (a) after
dressing using a diamond dress plate, (b) after PAP for 1 h, (c) after PAP for 2 h, (d) after PAP
for 3 h, (e) and after cleaning using N gas blow.

the time during the whole PAP process, and the etching rate of bond materials was fast enough to
keep the grinding stone from being loaded.
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Figure 5.21 Variation in Sdr values of grinding stone during different polishing processes.
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Figure 5.22 SWLI images of the AIN (a) before PAP and (b) after PAP for 3 h. (c) Cross-
sectional profile of the ring-shaped polished area.

Figures 5.22(a) and 5.22(b) show the SWLI images of the AIN surface before and after PAP for 3h,
and Fig. 5.22(c) shows the cross-sectional profile of the ring-shaped polished area. Although the
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Figure 5.23 (a) Removal depth and (b) variation in the surface roughness of AIN wafer before
and after different polishing processes.

grinding stone surface was not actively dressed during the 3-h PAP process, it was always
maintained in a good state due to PAD. In the case of PAP, the consumed time by frequent dressing
was saved, thus greatly improving the processing efficiency. After the CF4 plasma irradiation, the
AIN was modified to AlFs, and its modified layer could be easily removed by the diamond abrasives
as discussed in section 5.10. Thus, a much deeper removal depth (1000 nm) was realized, as shown
in Fig. 5.22(c), and the surface roughness Sa decreased from 419 to 41 nm. Figure 5.23 shows the
removal depth and variation in the surface roughness of AIN wafer before and after different
polishing processes.

To confirm the above hypothesis, XPS measurements of the grinding stone and AIN wafer surface
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Figure 5.24 Photograph and XPS spectra of the () initial grinding stone, (b) grinding stone

after conventional mechanical dry polishing, (c) grinding stone after PAP, (d) grinding stone
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conventional mechanical dry polishing, (g) AIN wafer after conventional mechanical dry

polishing and IPA ultrasonic cleaning, (h) AIN wafer after PAP, and (i) AIN wafer after PAP
and IPA ultrasonic cleaning.
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before and after conducting conventional mechanical dry polishing and PAP were performed.
Figure 5.24(a) shows a photograph and XPS spectra of the grinding stone initial surface. A C-C
(285.0 eV * %) peak attributed to the diamond abrasive particles and a Si-O (103.5 eV ) peak
attributed to the bond materials were observed from the Cls and Si2p spectra, and no peaks
attributed to the fluorine compound were observed from the F1s spectrum. As for the initial surface
of the AIN surface, as shown in Fig. 5.24(e), only a weak C—C (284.8 eV *9) peak attributed to
organic contamination was observed from the C1s, and no peaks attributed to the fluorine and silicon
compounds were observed from the F1s spectrum and Si2p spectrum. After the conventional
mechanical dry polishing process, the chemical state of the grinding stone components was not
changed, as shown in the XPS spectrum in Fig. 5.24(b). The grinding stone components were also
observed on the AIN surface, as shown in Fig. 5.24(f). It was considered that the abrasive particles
and bond materials falling from the grinding stone were accumulated on the AIN surface. Since the
falling bond materials can also fix abrasive particles, the falling abrasive particles were
agglomerated on the AIN wafer and on the grinding, stone surfaces, as shown in Figs. 5.24(b) and
5.24(f). Agglomerated abrasive particles have always been responsible for scratch formation in
polishing processes. As shown in Fig. 5.24(g), although the abrasive particles were removed, the
bond materials could not be removed after a simple IPA ultrasonic cleaning process. Thus, an
additional cleaning process had to be conducted to remove the bond materials. As a comparison, in
the case of PAP, the surface of the diamond abrasive particles was modified to CF, because a strong
peak corresponding to C—F (288.0 eV ") was observed, and most importantly, no peaks attributed
to the silicon compound were observed from the Si2p spectrum, thus confirming that the main
components of the bond materials (SiO,) were etched by CF, plasma and that they became volatile
products, as shown in Fig. 5.24(c). After 3-h PAP process, the surface of grinding stone was cleaned
using N2 gas blows, and the XPS measurement results of the grinding stone surface after cleaning
is shown in Fig. 5.24(d). A C-C (285.0 eV) peak attributed to the diamond abrasive particles and a
Si—0 (103.5 eV) peak attributed to the bond materials were observed from the C1s and Si2p spectra,
respectively. Only a weak peak corresponding to C—F (288.0 eV) was observed. Therefore, only an
extremely thin modified layer was generated on the outermost surface of the newly exposed
diamond abrasive particles. In the PAP process, because the modified abrasive particles were not
firmly fixed, they fell off easily because of the friction between the grinding stone and AIN wafer
(Fig. 5.24(c)). These newly exposed diamond abrasive particles were involved in the material
removal process in PAP. Figure 5.24(h) shows a photograph and XPS spectrum of the polishing
area on the AIN wafer surface after PAP. Since the main components of the bond materials were
etched, the falling abrasive particles were not fixed or agglomerated, and they could easily be
removed and accumulated on both sides of the ring-shaped polished area. Also, from the F1s
spectrum, in addition to the C—F peak attributed to the modified layer of the diamond abrasive
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particle, an Al-F peak attributed to the AlF; modified layer was observed. This is the reason why
the MRR of the PAP was greater than that of conventional mechanical dry polishing with grinding
stone dressing every 30 min. After the IPA ultrasonic cleaning, the grinding stone components were
easily removed because no bond materials were there to fix them, as shown in Fig. 5.24(i).

5.11.2 Fine surface finishing of AIN polished surface 3®

PAP using CF4 plasma and vitrified-bonded grinding stone, which combined PAD and surface
modification process, has been proved to be very effective for the preliminary polishing of AIN
grinded surface. In this section, the polishing characteristics of PAP in the fine surface finishing of
AIN polished surface was also investigated under the experimental conditions shown in Table 5.5.
As shown in Fig. 5.25(a), the surface used in this study was prepared by mechanical polishing using
diamond slurry. Many pits due to the shedding of grains can be observed on the surface, and the
SWLI images and SEM images of AIN surface before and after polishing without plasma irradiation
are shown in Fig. 5.25. Compared to the AIN surface after grinding, the surface roughness after
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Figure 5.25 (i) SWLI and (ii) SEM images of the AIN surface (a) before polishing without
plasma irradiation, (b) after polishing without plasma irradiation, and (c) cross section of the
surface before and after polishing without plasma irradiation with a polishing load 800 Pa.
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Table 5.5 Experimental conditions of dry polishing.

Parameters Conditions

Experimental setup Figure 5.2

Substrates AIN ceramics (polished surface)
Abrasive material vitrified-bonded diamond (¢ 0.25 um)
Polishing pressure 800/ 7000 Pa

Grinding stone rotation 121 rpm

Substrates rotation 100 rpm

Chamber pressure 800 Pa

Carrier gas Ar (100 sccm)

Process gas CF4 (5 sccm)

Applied RF power PAP: 100 W / Polishing without plasma: 0 W
Polishing time 2 hours
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Figure 5.26 (i) SWLI and (ii) SEM images of the AIN surface (a) before PAP, (b) after PAP,
and (c) cross section of the surface before and afterPAP with a polishing load 800 Pa.
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Figure 5.27 (i) SWLI and (ii) SEM images of the AIN surface (a) before polishing without
plsama irradiation, (b) after polishing without plsama irradiation, and (c) cross section of the
surface before and after polishing without plasma irradiation with a polishing load 7000 Pa.

polishing was much lower, which resulted to a larger contact area between AIN surface and abrasive
particles. A contact area led to a smaller polishing pressure on each abrasive particle for the same
polishing load. Since only ultralow polishing pressure was applied, these abrasive particles were
considered to have an almost zero indentation depth, but only a slid on the AIN surface. Thus, the
surface roughness Sa of AIN remained nearly the same, and the pits remained. For PAP, although
only ultralow polishing pressure was applied, the modified layer AlF; can be removed easily due to
the increase of adhesion force between AIN surface and diamond abrasives after CF4 plasma
irradiation. After the modified layer was removed, the newly exposed AIN could not be removed
by the diamond abrasives (the same situation with the polishing process without plasma irradiation),
and so, only the modified layer was removed during the PAP process. The surface roughness Sa
decreased from 10 to 3 nm for the measurement area of 315 wm % 315 um, and no pits were observed
on the polished surface as shown in Fig. 5.26. The polishing pressure was increased from 800 to
7000 Pa, while the other experimental parameters remained the same. As shown in Fig. 5.27, for
the polishing without plasma irradiation, the surface roughness could not be decreased even if the
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Figure 5.28 (i) SWLI and (ii) SEM images of the AIN surface (a) before PAP, (b) after PAP,
and (c) cross section of the surface before and afterPAP with a polishing load 7000 Pa.

polishing pressure was increased. However, the Sa roughness decreased because of the removal of
the surface waviness after PAP, a situation like a mechanical polishing process, and pits formed
locally on the surface because of the large polishing pressure (Fig. 5.28). Thus, the combination of
plasma modification and ultralow-pressure polishing is essential to obtain nanometer-order surface

roughness for sintered AIN.

5.12 Dress-free polishing model using CF4 plasma and a
vitrified-bonded grinding stone *%

Figure 5.29 shows the model of the probable mechanism for conventional mechanical dry
polishing processes and the PAP process using a vitrified-bonded grinding stone. As seen from the
diagram in Fig. 5.29(a), the vitrified-bonded grinding stone comprises of abrasive particles, bond
materials, and holes (three main elements). After a period mechanical dry polishing with ultralow
polishing pressure, worn-out abrasive particles, and bond materials fall from the grinding stone and
accumulates on the AIN wafer surface. Since the polishing force was not enough to break the bonds
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between the abrasive particles, self-sharpening could not occur. Thus, no new abrasive particles

could be exposed. More so, the falling bonding materials fixed and agglomerated the falling abrasive

particles, which could not be easily removed, on the AIN surface. In this condition, the grinding

stone was only slid on the AIN surface, and the MRR was very low. The accumulated bond materials

could not be removed using simple IPA ultrasonic cleaning, and an additional cleaning process was

required. As shown in Fig. 5.29(b), the dressing process could effectively break the bonds between

the abrasive particles and could expose new abrasive particles to maintain a great MRR. However,

frequent dressing impacted both the processing efficiency and tooling costs. Figure 5.29(c) shows

the probable mechanism of the dress-free polishing process in PAP. The bottom surface of the

grinding stone (surface contacted with the AIN wafer) had waviness with a height of micrometer
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order, which created the gap of micrometer order to allow fluorine radicals to enter the contact area.
Due to the relative movement of the AIN wafer and grinding stone, fluorine radicals attached to the
AIN surface are continuously in contact with the bottom surface of the grinding stone. The fluorine
radicals generated in the CF, plasma could modify the AIN wafer surface and react with SiO,, which
is the main component of the bond materials. The bonds between the abrasive particles were etched,
and worn-out abrasive particles could be removed easily by the polishing force, which is equivalent
to the continuous dressing of the grinding stone surface without impacting the processing efficiency.
Due to the real-time PAD, new abrasives was constantly exposed, and a great MRR was maintained.
On the side surface of the grinding stone, although SiO2, which is the main component of bond
materials, could be etched by the fluorine radicals in CF4 plasma, the other components in bond
materials (related to company patent that cannot be disclosed) could not react with the fluorine
radicals. Thus, the abrasive particles were still fixed with weak bonding force and did not fall off
because there was no polishing force acting on the side of the grinding stone. As the fluorine radicals
could only react with the SiO, exposed on the surface, the diamond abrasive particles and other
component of bond materials did not react with CF, and did not fall off. Thus, the deeper bond
materials were not etched, and therefore only the contact surface of the grinding stone was
constantly dressed by plasma, and the side surface of the grinding stone was not continuously
dressed. The AIN surface was modified into an AlF; layer, which is easier to remove, resulting in a
greater MRR than that of conventional mechanical dry polishing processes with frequent dressing.
Also, the accumulated abrasive particles on the AIN surface was easily be removed due to the
absence of the bond materials.

5.13 Summary

In this chapter, a novel dry high-efficiency dress-free polishing technique using CF4 plasma and
a vitrified-bonded grinding stone was achieved. By considering the changes in the surface
morphology of AIN surface and grinding stone surface before and after polishing under different
polishing conditions, and the analysis of the composition of the attachment, a probable mechanism
for dress-free polishing in PAP process was proposed.

(1) Slurry was widely used in polishing of difficult-to-machine materials. However, has some
limitations, such as the agglomeration of abrasives and high disposal cost. Although using fixed
abrasive grains instead of slurry can solve these issues, the problems of wear and of loading
fixed abrasive grinding stones, which result in decrease of MRR, also need to be solved. Since
frequent dressing of the grinding stone results in a low processing efficiency, many research
have been conducted on the need for. self-sharpening of fixed abrasive grinding stones.
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However, the self-sharpening of grinding stones is not efficient with ultralow polishing pressure,
which is not large enough to break bonds to expose new abrasives.

As an ultraprecision dry polishing technique, PAP has been successfully applied to polish many
difficult-to-machine materials. However, since fixed abrasives were used in PAP, the loading
of grinding stone also greatly limited the MRR in PAP. Although a self-sharpening technique
of metal-bonded grinding stones using ELID has been developed by H. Ohmori et al., metal-
bonded grinding stones cannot be used in PAP. Hence, a method that can achieve in-process
dressing in PAP process, which can greatly improve the MRR in PAP, is desired.

As a target material for vacuum PAP, sintered AIN ceramic was considered in this work. High-
quality precision polishing of sintered ceramic materials was very difficult due to grains tend to
shed off the surface during mechanical dry polishing processes. However, this shedding can be
avoided, and the grains were flattened from the top using a vitrified-bonded grinding stone with
small abrasive particles and by applying ultralow polishing pressure.

The surface of the vitrified-bonded grinding stone was loaded, and it easily lost its polishing
ability. Also, it was proved that the MRR of the mechanical dry polishing process with dressing
every 30 min was 1.5 times higher than that without dressing. Thus, to maintain great MRRSs,
the frequent dressing of grinding stones is necessary for conventional mechanical dry polishing
processes.

The surface of AIN can be modified to AlF; by the irradiation of Ar-based CF4 plasma. Through
the measurement of the force-distance curve between diamond tip and AIN wafer before and
after CF, plasma irradiation, it was confirmed that the adhesion force between diamond tip and
AIN wafer was significantly increased after CF, plasma irradiation. Therefore, during the actual
PAP process, it is considered that the adhesion force between the diamond abrasive particles
and the AlFs modified layer was also increased, which made the AlF; modified layer can be
removed much easier than before plasma irradiation.

In the case of PAP using CF4 plasma and a vitrified-bonded grinding stone, the CF4 plasma
irradiation not only generated an easily removable and modified AlF; layer on the AIN surface
but also dressed the grinding stone surface simultaneously by etching the main components of
the bond materials. Owing to the PAD simultaneously occurring in the PAP process, a novel
highly-efficient dress-free polishing process was realized. Thus, the combined contribution of
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PAP and PAD resulted in twice the MRR compared with mechanical dry polishing processes
without dressing.

(7) In the manufacturing process of functional ceramic materials, ultralow pressure dry polishing
using CF4 plasma and vitrified-bonded grinding stones with small abrasive is a very promising
technique for replacing conventional mechanical polishing processes.
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Chapter 6

Summary

An ultraprecision manufacturing process named plasma nanomanufacturing process, which
combines PCVM and PAP, was proposed for the high accuracy, damage-free, slurry-free, and low-
cost manufacturing of difficult-to-machine brittle functional materials, such as ultrathin quartz
crystal wafer, reaction-sintered silicon carbide (RS-SiC) and AIN ceramics for different application
target in this study.

In Chapter 1, the background of the study was presented. The properties, and applications of
the difficult-to-machine brittle functional materials were presented and the aims of this study were
introduced.

In Chapter 2, to realize the highly efficient, cost effective, and damage-free nanoscale
manufacturing of different difficult-to-machine brittle functional materials for different target, a
review of the current figuring and polishing technique was conducted and their advantages and
disadvantages were summarized. Plasma nanomanufacturing process, which combines PCVM
and PAP, was proposed. In this chapter, the basics of plasma for different processes, and the
concepts and strategies of plasma nanomanufacturing process were described.

(1) High-efficient, low-cost, and high-quality damage-free ultraprecision manufacturing of
difficult-to-machine brittle functional is difficult due to their high hardness and chemical
inertness. In recent years, several figuring and polishing techniques have been developed for
these materials. However, there are still several challenges associated with these polishing
techniques such as the low polishing efficiency, high cost, and limitation of applicable
materials.

(2) Due to its chemical activity and high reactivity, plasma is considered as a low-cost and
effective processing tool for difficult-to-machine brittle functional materials. Frequent
collisions between electrons and gas molecules/atoms in plasma can cause the reactions such
as excitation, deexcitation, ionization, and dissociation. Since the released energy is related
to the inherent properties of each atom or molecule, by measuring the characteristic emission
light during the deexcitation process, the properties of the plasma can be monitored, making
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the plasma become a controllable processing tool.

(3) As an efficient noncontact figuring technique with good form accuracy, PCVM has been
successfully applied for the ultraprecision figuring of Si-based materials. However, PCVM
cannot be used for finishing because of the isotropy of the etching process. As an excellent
dry polishing technique, PAP has been proven to achieve damage-free finishing of a variety
of difficult-to-machine brittle functional materials and obtain an atomically smooth surface.
However, the problem of low MRR still needs to be resolved.

(4) Plasma nanomanufacturing process, which combines PCVM and PAP, was proposed in this
study. Plasma nanomanufacturing combines the advantages of the two techniques and
addresses the limitations in both processes. It is expected to achieve a highly efficient, cost
effective, and damage-free nanoscale manufacturing of different difficult-to-machine brittle
functional materials for different target.

In Chapter 3, as a part of plasma nanomanufacturing process, AP-PCVM has been successfully
applied to improve the thickness uniformity of ultrathin quartz crystal wafer in the previous study.
Helium, a gas with high cost and unstable supply, has been used as a carrier gas in AP-PCVM till
date. Although argon, which is a low cost and easier to manufacture gas from liquid air, is also
commonly used in vacuum plasma as the carrier gas. Since the high breakdown voltage for argon
at atmospheric pressure easily leads to the formation of filamentary arc streamers, which can
break a quartz crystal wafer, argon has not been used in AP-PCVM as the carrier gas to correct
the thickness distribution of a quartz crystal wafer till date. In this chapter, it was confirmed that
the plasma can be stabilized by adding a small fraction of ethanol into Ar, and the etching
characteristics of ultrathin quartz crystal wafer by AP-PCVM using ethanol-added Ar as the
carrier gas was investigated.

(1) The difference between He plasma and Ar plasma at AP was well explained using the Penning
effect. The addition of a small fraction of ethanol to Ar can generate atmospheric-pressure
plasma with a stable glow discharge state instead of arc streamers due to the Penning effect
between metastable states Ar atoms and ethanol molecules.

(2) The etching characteristics of ultrathin quartz crystal wafer obtained by AP-PCVM using
ethanol-added Ar-based atmospheric-pressure CFs plasma was investigated. Due to the
incompletely decomposed carbon from ethanol, a large amount of carbon deposit was formed
on quartz crystal wafer after AP-PCVM using ethanol-added Ar as the carrier gas. The
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experimental results proved that the addition of oxygen into the process gas can suppress the
formation of the carbon deposit.

(3) Since oxygen itself did not contribute to the etching reaction of the quartz crystal, and the
generation of O and F radicals, of which both require the energy from Ar in the active state,
the competition between O, and CF4, however, led to a decrease in the etching rate at high
oxygen fractions. An O, flow rate of 4 sccm is suitable because of the high etching rate that
can be obtained without carbon deposition.

(4) Comparative experiments were conducted on ultrathin quartz crystal wafers in AP-PCVM
using He and ethanol-added Ar as the carrier gas (the other experimental conditions were
same). Since He has a much lower mass than air, and Ar has a higher mass than air, so the
area of plasma using ethanol-added Ar as the carrier gas was wider than that of using He as
the carrier gas. The diameter of the removal spot formed using ethanol-added Ar as the carrier
gas was larger than that of the spot formed using He, though the maximum depth was lower.
However, the volumetric removal rate using He and ethanol-added Ar were almost the same.

(5) Since the same etching rate was obtained using He or ethanol-added Ar as the carrier gas in
AP-PCVM, and the removal volume was proportional to the processing time in both cases,
hence it is considered that using argon instead of helium as the carrier gas in AP-PCVM will
effectively solve problems such as the depletion of natural resources and high cost.

In Chapter 4, since AP-PCVM can quickly remove LSFR without the formation of SSD, and
PAP can remove HSFR and achieve an atomically smooth surface, then plasma
nanomanufacturing process, which combined AP-PCVM and PAP is considered a very suitable
processing method to process RS-SiC. However, as a pure chemical processing method, the
application of AP-PCVM to multicomponent materials such as RS-SiC faces many challenges, in
this chapter, through the optimization of a variety of processing conditions, AP-PCVM was
successfully applied to RS-SiC and a smooth surface was obtained. Until dateAP-PCVM was
firstly applied to process a multicomponent material, which further broadened the application area
of plasma nanomanufacturing process.

(1) A microwave plasma generator with special structure was used in this work. To clarify the
mixed state of the carrier gas and the process gas before and after being ejected from the
plasma generator, CFD fluid simulation was carried out. The CFD fluid simulation results
better explained the reason why the etching rate and the shape of the removal spot changed
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with the variation of the processing gap in AP-PCVM.

Since the process gas was introduced from the other gas inlets and mixed with the carrier gas,
enough time and distance were needed to enable a good mixture. However, due to insufficient
mixing, a circular removal spot was obtained because the distribution of CF4 was circular at
a small processing gap. In contrast, a removal spot with Gaussian-shape was obtained at a
relatively large processing gap, where the process gas (CF4) was fully mixed with the carrier
gas. The distribution in the direction of the injection can also explain the correlation between
the etching rate and the processing gap. Since the Ar plasma (generated for the first time using
carrier Ar gas), which is the energy source, hit the substrate and lost its energy before being
mixed and collided with the ground state CF, to generate F radicals, the etching rate was low
at small processing gap. But with the increase of the processing gap, carrier Ar and CF4 were
fully mixed, and the energy of Ar plasma was transferred to CF, to generate F radicals, and
the etching rate also increased. The processing gap 6 mm, where the removal spot with good
shape can be obtained and the change rate of etching rate was small, was considered as the
optimal processing gap.

According to the comparison of the SEM images, SWLI images and EDS spectra of the RS-
SiC surface before and after AP-PCVM, the difference in the etching rate of the Si and SiC
components was the main reason for the deterioration of surface roughness. This is also the
reason why AP-PCVM was difficult for processing multicomponent materials like RS-SiC.

Upon optimizing the oxygen fraction of the process gases, the etching rates of both Si (100)
and 4H-SiC (0001) changed. Due to the promoting effect of oxygen on the formation of F
radicals in CF4 plasma, the etching rate reached the maximum at a certain oxygen fraction
and decreased due to the competitive relationship between the oxidation and etching process
as the oxygen fraction further increased. When the oxygen fraction was 90%, the etching rate
of Si (100) coincides with that of 4H-SiC (0001). From the XPS spectra of the processed
surface, the mechanism responsible for the coinciding of the etching rate of the two
components in RS-SiC was seen to be the result of the competition between the oxidation
process and the etching process. At high oxygen fraction, the oxidation reaction dominated
the AP-PCVM process. Both two components were firstly oxidized to SiO, and was later
etched, and thus, the Si and SiC components were removed at the same rate.

The results of raster scanning experiments also proved that, when the oxygen fraction in-
process gas was lower than 90%, the etching rate of Si was greater than that of SiC and the
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surface roughness deteriorates since the region of Si becomes hollow. And when the oxygen
fraction was higher than 90%, the etching rate of SiC becomes greater than that of Si, and the
surface roughness also deteriorated due to the protruded regions of Si. SiC and Si could be
etched at the same rate, and a smoothly etched surface will be obtained, only when the oxygen
fraction is 90%.

(6) Aspherical shape figuring experiment using the optimal processing conditions was also
conducted on RS-SiC by AP-PCVM. The diameter of fabricated shape was the same with
target shape, but the depth was shallower than the target. The redeposition of reaction
products is considered the cause of this result. Heating of the substrate was effective in
preventing the redeposition of reaction products., but however, a highly substrate temperature
also caused the decrease in the adsorption rate of reactive radicals, thereby resulting in the
decrease of the etching rate. Therefore, there is need for the optimization of the substrate
temperature.

(7) AP-PCVM can achieve figuring efficiently without forming SSD, but a further polishing is
required to obtain an atomically smooth surface. In plasma nanomanufacturing, PAP plays
the role of surface finishing, and the related work will be carried out in the future.

In Chapter 5, a novel dry high-efficiency dress-free polishing technique using CF4 plasma and a
vitrified-bonded grinding stone was achieved. By considering the changes in the surface
morphology of AIN surface and grinding stone surface before and after polishing under different
polishing conditions, and the analysis of the composition of the attachment, a probable mechanism
for dress-free polishing in PAP process was proposed.

(1) Slurry was widely used in polishing of difficult-to-machine brittle functional materials.
However, it has limitations such as the agglomeration of abrasives and high disposal cost.
Although using fixed abrasive grains instead of slurry can overcome these limitations, the
challenge of wear and of loading fixed abrasive grinding stones, which causes the decrease of
MRR, also need to be solved. Since frequent dressing of the grinding stone results in a low
processing efficiency, many researches have been conducted on the self-sharpening of fixed
abrasive grinding stones. However, the self-sharpening of grinding stones is not efficient with
ultralow polishing pressure, which is not large enough to break bonds to expose new abrasives.

(2) Asan ultraprecision dry polishing technique, PAP has been successfully applied to polish many
difficult-to-machine brittle functional materials. However, since fixed abrasives were used in
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PAP, the loading of grinding stone also greatly limited the MRR in PAP. Although a self-
sharpening technigue of metal-bonded grinding stones using ELID has been developed by H.
Ohmori et al., metal-bonded grinding stones cannot be used in PAP. Hence, a method that can
achieve in-process dressing in PAP process, which can greatly improve the MRR in PAP, is
desired.

As a target material for vacuum PAP, sintered AIN ceramic was considered in this work. High-
quality precision polishing of sintered ceramic materials was very difficult since grains tend to
shed off from the surface during mechanical dry polishing processes. However, this shedding
can be avoided, and the grains could be flattened from the top using a vitrified-bonded grinding
stone with small abrasive particles and by applying ultralow polishing pressure.

The surface of the vitrified-bonded grinding stone was loaded, but can easily loose its polishing
ability. It was proved that the MRR of the mechanical dry polishing process with dressing every
30 min was 1.5 times higher than that without dressing. Thus, to maintain great MRRs, the
frequent dressing of grinding stones is necessary for conventional mechanical dry polishing
processes.

The surface of AIN can be modified to AlF; by the irradiation of Ar-based CF4 plasma. Through
the measurement of the force-distance curve between diamond tip and AIN wafer before and
after CF, plasma irradiation, it was confirmed that the adhesion force between diamond tip and
AIN wafer was significantly increased after CF, plasma irradiation. Therefore, during the actual
PAP process, it is considered that the adhesion force between diamond abrasive particles and
the AlF; modified layer increased, which allows easier removal of the AlF; modified layer than
before plasma irradiation.

In the case of PAP using CF4 plasma and a vitrified-bonded grinding stone, the CF4 plasma
irradiation not only generated an easily removable and modified AlF; layer on the AIN surface
but also dressed the grinding stone surface simultaneously by etching the main components of
the bond materials. Owing to the PAD simultaneously occurring in the PAP process, a novel
highly efficient dress-free polishing process was realized. Thus, the combined contribution of
PAP and PAD resulted in twice the MRR compared with mechanical dry polishing processes
without dressing.
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(7) In the manufacturing process of functional ceramic materials, ultralow pressure dry polishing,
using CF4 plasma and vitrified-bonded grinding stones with small abrasive particles is a very
promising technique for replacing conventional mechanical polishing processes.

In this study, plasma nanomanufacturing process was applied to ultrathin quartz crystal wafer,
RS-SiC and AIN ceramics. For thickness correction of ultrathin quartz crystal wafer by AP-PCVM,
the replacement of He using ethanol-added Ar as the carrier gas enabled the commercialized AP-
PCVM technology successfully get rid of the unstable supply of He, and reduced production costs
by of ensuring increased removal rate. By optimizing the gas composition used in AP-PCVM, the
etching rate of the two components in RS-SiC coincided, and a smooth processed RS-SiC surface
was obtained. AP-PCVM was firstly applied to process a multicomponent material, and thus further
broadened the application area of plasma nanomanufacturing. Furthermore, owing to the combined
contribution of PAP and PAD, a novel highly efficient dress-free polishing process was realized. A
double MRR compared with mechanical dry polishing and a surface roughness Sa 3nm, which
exceed the limits of conventional mechanical polishing method, has been obtained. As a high
accuracy, damage-free, slurry-free, and low-cost manufacturing process, plasma
nanomanufacturing process is strongly expected to be used in industrial applications such as in the
processing of wide-gap semiconductor substrates, glass lens molds, functional ceramic materials,
telescope mirrors, etc.
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