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1 | INTRODUCTION

In recent years, oxide ceramic materials like yttrium
oxide (Y,03) are increasingly applied as consumables in
semiconductor etching devices due to their significantly
improved erosion resistance in comparison to commer-
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Abstract

Due to the increasing number of applications for ceramic components in reactive
etching processes, the interest in the specific erosion behavior of highly etch-
resistant materials like yttrium oxide (Y,03) has increased in the past years.
Despite the large number of investigations already existing in this field, a more
general understanding of the erosion mechanisms still lacks due to the limited
comparability of these investigations. The huge difference in the kind of etch-
ing setups, processing parameters (bias voltage and plasma gas composition),
and sample microstructures prevented consistent conclusions so far. To achieve
a more general understanding, this study investigates the erosion behavior Y,05
under a broad spectrum of plasma etching parameters. Therefore, the bias volt-
age is increased from 50 to 300 V and the plasma gas composition is gradually
changed from Ar-rich to CF,-rich compositions. This systematic approach allows
to directly correlate the morphology changes caused by plasma erosion with the
related plasma etching parameters and enables to better understand their influ-
ence on the depth of physical and chemical interactions, surface damage, and
etching rate. We discovered three distinct erosion regimes, which exhibit spe-
cific erosion characteristics. Using these observations, a schematic processing
map for Y,0; was developed, which could help to estimate the severity of the
erosion attack dependent on the processing parameters.
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cial high purity quartz glass."* However, the low sinter-
ability of Y,03 powders prevents conventional processing
routes like pressing and sintering.’ As an alternative, var-
ious coating technologies were developed to deposit func-
tional Y,05 coatings on quartz glass or Al,O; substrates
to increase their erosion resistance.’” Especially aerosol
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deposition"® and thermal spray techniques®'? are estab-
lished in the industry for applying Y,O5 or other rare earth
oxide coatings.

With respect to the literature, the intrinsic erosion of
polycrystalline Y,03; under reactive plasma etching condi-
tions is a physicochemical process. On the one hand, there
is a chemical degradation of the surface, which is driven by
the reactive plasma species (in most cases carbofluorides
such as CF,, C,F, and C4Fg). On the other hand, physical
removal of the reaction products by ion sputtering takes
place.!'? The formation of nonvolatile reaction products
during plasma exposure results in much lower etching
rates as compared to SiO, based components, which form
gaseous reaction products.'*!* A first general description
of the erosion mechanism of Y,03; was reported by Miwa
et al. separating the erosion in three stages: fluorocarbon
deposition, chemical interaction between fluorocarbons
and Y,05, and material removal by physical sputtering.’
However, in conventionally processed Y,0; ceramics
material removal takes predominantly place at residual
porosity, which leads to the formation of a crater-like
surface.!>'¢

Therefore, the field-assisted sintering technology/spark
plasma sintering (FAST/SPS) has been introduced as a
single-step consolidation process enabling high-quality
components for plasma etching devices yielding materi-
als with a minimal degree of residual porosity.””"'* This
helps to reduce porosity-induced plasma erosion—usually
the dominating erosion mechanism—to a minimum.">'¢
Nearly pore-free samples are a prerequisite for studying the
intrinsic erosion mechanisms of polycrystalline Y,05.20-%!

Our recent studies applied this procedure to obtain novel
insights into the erosion mechanisms of Y,0;. The gath-
ered results clearly reveal that in the case of polycrystalline
Y,0; the microstructure and crystalline orientation have
a significant influence on the erosion.?"?! Especially the
crystallographic orientation of grains at the surface influ-
ences the surface topography that appears after plasma
exposure. After exposure, a plateau-like topography was
observed,?? which has not been reported in the literature
before. However, the occurrence of this specific kind of
erosion seems to depend strongly on the etching param-
eters. Up to now, the literature describes the formation
of a crater-like surface'®?” and a predominant erosion of
residual porosity" as main structural changes after plasma
exposure.

Even if a lot of reports exist that describe the gen-
eral behavior of Y,03 coatings as well as bulk samples
in plasma environments, the large variety of experimental
setups and applied etching parameters impedes an objec-
tive comparison between the results and, therefore, pre-
vents more general conclusions at the present state. Little
attention has been paid so far on the formation of a grain
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orientation-related surface topography after plasma expo-
sure, even though this is expected to be critical with respect
to the formation of versatile abrasive particles.'” Particle
formation can be a critical issue in plasma etching devices
leading to a detrimental damage of the processed wafer.
This effect is usually caused by materials, forming solid
reaction products during plasma exposure.

In order to make well-founded statements about the
specific risks of plasma exposure for Y,0;, the erosion
behavior of dense polycrystalline Y,0; samples was
investigated by systematically varying the plasma etching
parameters, in our case the applied bias voltage and the
plasma gas composition. By doing so, we were able to dis-
tinguish between three distinct regimes of erosion effects,
which depend on the etching parameters and strongly
influence the etching rate as well as the surface damage
during plasma exposure. Based on these experimental
results, we were able to derive a schematic processing
map, which characterizes the erosion response depending
on the plasma processing parameters.

2 | EXPERIMENTAL SECTION

In this study, commercial, highly pure Y,05; powder (99.99
% purity; KDL Resources, USA) was used as the starting
material. The content of elemental impurities was deter-
mined by inductively coupled plasma (ICP) mass spec-
troscopy (ICP-MS; Agilent 7900, USA). The detected impu-
rities were traces of 4 ppm Si, 20.0 ppm Ca, 1.9 ppm Zn,
0.2 ppm Sr, 0.6 ppm Ba, and 0.1 ppm Ce at a very low
level. Important for the desired application, the powder did
not contain Co, Na, Ni, and Ti impurities, which are crit-
ical elements in the processing chain of semiconductors.
In the as-delivered state, the powder was strongly agglom-
erated with a median agglomerate size of 5.2 + 0.1 um
(determined by laser granulometry; LA-950 HORIBA Sci-
entific, Japan). The primary crystallite size was 60 + 17 nm
(determined by TEM). Without further treatment, the
powder was less suitable for conventional processing by
pressing and sintering. Therefore, field-assisted sintering
technology-spark plasma sintering (FAST-SPS) was used
to produce polycrystalline Y, 03 specimens with a high rel-
ative density (above 99%) in a single sintering step. High
densities are crucial to avoid that material removal start-
ing from the edge of residual pores dominates the erosion
process,'>'® superimposing the intrinsic erosion behavior
of the respective material itself. FAST-SPS was done in
an HP-D5 device (FCT Systeme, Germany). All samples
were processed in cylindrical graphite tools with a diam-
eter of 12 mm and the sintering temperature, heating rate,
uniaxial pressure, and dwell time were fixed at 1500°C,
100°C/min, 50 MPa, and 10 min.
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TABLE 1
composition (C) on the erosion behavior
Sample U, [V] Ar [sccm]
B50 50 5.0
B150 150 5.0
B300 300 5.0
C5 150 9.5
C10 150 9.0
C40 150 6.0
C80 150 2.0

To obtain samples free of graphite impurities and
chemically reduced surfaces, graphite foil residues were
removed by mechanical grinding followed by a postther-
mal treatment at 1200°C for 4 h in air to regain oxygen
stoichiometry. Before exposing the samples to the plasma
atmosphere, ceramographic preparation was used to
reduce the thickness of samples below 1 mm and gain a
mirror-polished surface finish. The final polishing step
was performed with a 1 um diamond suspension, yielding
a well-defined, mirror-like surface to exclude that surface
roughness and other preparation-related surface features
like scratches influence the erosion process.

The plasma experiments conducted in this study were
performed in a laboratory-scale ICP reactor using an
Ar, CF,4, and O, mixture as plasma gas. Details on the
experimental setup can be found elsewhere.”’ During
all plasma experiments, the working pressure and the
ICP power were kept constant at 0.02 mbar and 600 W,
respectively. Further, the exposure time was fixed at
120 min to ensure a good comparability between exper-
iments under varied bias voltage and different compo-
sitions. To gain more knowledge about the influence of
varied bias voltages and gas composition, both parame-
ters were systematically changed, and the associated ero-
sion response was investigated thoroughly. Therefore, the
bias voltage was changed between 50, 150, and 300 V at
a fixed plasma gas composition of Ar (5.0 sccm), CF,
(1.0 sccm), and O, (0.3 sccm) corresponding to a CF,
volume percentage of 20% (oxygen excluded). In a sec-
ond set of experiments, the plasma gas composition was
varied from an Ar-rich composition (Ar [5.7 sccm], CF,
[0.3 sccm]) to a CF,-rich composition (Ar (1.2 sccm),
CF, [4.8 sccm]) at a constant bias voltage of 150 V. All
investigated processing parameters are summarized in
Table 1.

After the plasma exposure, the surface topography
and the reaction layer formed on the sample surface
were investigated using different characterization meth-
ods. The surface topography was determined by atomic
force microscopy (AFM; Cypher, Oxford Instruments Asy-

Plasma etching parameters applied in this study to investigate the influence of bias voltage (B) and the influence of plasma gas

0, [sccm] CF, [sccm] CF, [%]
0.3 1.0 20
0.3 1.0 20
0.3 1.0 20
0 0.5 5
0 1.0 10
0 4.0 40
0 8.0 80

lum Research Inc; USA). Measurements were done in
the tapping mode and analyzed using the software pack-
age Gwyddion. The derived topographic data were post-
processed by using the align rows as well as the remove
background function to allow a reproducible comparison
of different AFM scans. Additionally, scanning electron
microscopy (SEM, Zeiss Cross Beam XB540, Germany) was
used to characterize the surface topography and validate
the AFM results.

For a deeper understanding of the reaction layer formed
after plasma exposure, transmission electron microscopy
(TEM; Tecnai F20; FEI, USA) was applied in high reso-
lution (HR TEM) mode. This allows to conclude on the
depth of physical interaction induced by the plasma expo-
sure. A focused ion beam (FIB; FEI STRATA FIB 205,
USA) was applied to extract lamellae from a representa-
tive area of the surface. Additionally, the chemical com-
position at the surface was investigated by time-of-flight
secondary ion mass spectroscopy (TOF-SIMS; ION-TOF,
Germany). This is especially important to understand how
the change of plasma gas composition from Ar-rich to
CF,-rich compositions influences the chemical degrada-
tion of the surface. Therefore, intensity profiles of F~, O,
C~, and Y™ ions were measured allowing a direct compari-
son of the interaction depth. The applied TOF-SIMS device
used Cs* ions (1 keV, 57 nA) to remove material from the
surface forming a 300 x 300 um sputter crater. Bi** ions
(30 keV, 26 pA) were used for elemental analysis in the
center of this crater. Finally, the etching rate was deter-
mined for samples subjected to different plasma compo-
sitions. Here, parts of the Y,05 surface were covered by
a plasma resistant polyimide tape, and the height of the
etching step formed at the edge of the tape after a distinct
exposure time was analyzed to conclude on the etching
rate. As a reference, in all experimental series, pure silica
glass samples (Spectrosil, Heraeus Quarzglas GmbH, Ger-
many) were positioned in the plasma chamber to compare
the performance of FAST/SPS processed Y,03; to commer-
cially available high-quality quartz glass. Depending on the
material, AFM or confocal laser microscopy (VK-9710 K,
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Keyence, Japan) were applied to determine the etching
depth.

3 | RESULTS AND DISCUSSION

In the following, the results of both experimental series
are shown in separate sections. For comprehensively
discussing the influence of the applied bias voltage, parts
of the experimental results from our former studies were
considered here.??! To get a more general understanding
of the specific erosion mechanisms of polycrystalline
Y,0;, further targeted experiments at 50 and 300 V
were conducted in the present study. To the best of our
knowledge, a detailed investigation of how the plasma
gas composition influences the erosion of Y,0; is not
available in the literature so far.

3.1 | Influence of applied bias voltage

The applied bias voltage is the main driving force for mate-
rial degradation in reactive plasma etching of polycrys-
talline ceramics. It is directly coupled with the formation
of nonvolatile phases as a result of the chemical reaction
with the fluorine-containing plasma species [2,6,16]. This
makes the applied bias voltage one of the significant pro-
cessing parameters due to defining the etching rate, gener-

ated surface topography as well as the physical and chem-
ical interaction in the near-surface area.

In this study, the erosion mechanisms are analyzed by
the characterization of the surface topography as well as
the reaction layer formation at varied bias voltages and
different Ar/CF, ratios. Finally, it led to a more general
understanding of the material response induced by reac-
tive plasma exposure. An important aspect of our study
with respect to the literature is that the application of
FAST-SPS allowed us to almost completely exclude the
influence of residual pores on the erosion behavior. There-
fore, we were able to gain a deeper insight into the intrin-
sic erosion behavior of polycrystalline Y,053, which is only
marginally discussed in the literature so far.

3.1.1 | Surface topography and morphology

Figure 1 shows representative secondary electron SEM
images of the surface morphology as a function of the
applied bias voltage indicating the strong impact of bias
voltage on the topography formation after plasma expo-
sure. In the case of a bias voltage of 50 V (Figure 1A) the
surface shows only slight microstructural changes. Grain
boundaries and pores tend to be attacked preferentially. At
low bias voltage, surface grooving and edge rounding of
residual pores were less pronounced, but first changes in
the surface morphology when comparing different grains

FIGURE 1

SEM images of the surface morphology after a plasma exposure for 2 h under a bias voltage of (A) 50 V (B) 150 V (C) 300V.

(D) Detail of a sample exposed to 150 V (E) Detail of a sample exposed to 300 V. Highlighted areas show (1) porous grains, (2) flat grains, (3)

flat grains, (4) surface rumpling, and (5) rough grains
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Atomic force microscopy (AFM) scans of the surface morphology in topographic and amplitude mode after a plasma

exposure for 2 h under a bias voltage of (A,D) 50 V. (B,E) 150 V. (C,F) 300V. Highlighted areas show (1) porous grains after an exposure to 150
V, (2) flat grains after an exposure to 150 V, (3) flat grains after an exposure to 300 V, (4) Surface rumpling, and (5) rough grains

were already visible. Increasing the applied bias voltage
to 150 V already strongly changes the surface topography.
Part of the grains had a nano-porous appearance after the
treatment (Figure 1D, marker 1), while in the case of other
grains a flattened surface remained (Figure 1D, marker 2).

Furthermore, a plateau-like surface topography
appeared, which depicts the grain structure of polycrys-
talline Y,03. The specific formation of a microstructure-
dependent erosion topography at a bias voltage of 150 V in
an Ar-rich plasma gas has been extensively investigated
and discussed in our recent studies’>-?! In these connected
publications, which investigate the erosion mechanisms
and the formation of an reaction layer in-depth two major
reasons were identified to be the main reason for the for-
mation of a plateau-like topography: (I) On the one hand,
we found a grain orientation dependent material removal,
which was induced by an ion transparency effect.’*-?* (II)
On the other hand, an orientation-dependent adsorption
behavior of the reactive plasma species on the sample
surface led to the formation of a reaction layer, dominated
by the fluorination of Y,03.21 The direct correlation
of crystallographic orientation and surface topography
formation is additionally highlighted in Figure S2. In
addition to topographic effects, the small amount of
residual pores on the surface shows the rounding of pore
edges as well-known from literature.'>'°

A further increase of the bias voltage to 300 V led to
a much more pronounced change of surface topography

compared to the microstructure at lower accelerating volt-
ages. The porous surface layer visible in Figure 1B cannot
be observed anymore, indicating higher removal rates of
the reaction layers formed at the surface Additionally, it
is possible to distinguish between three different kinds
of microstructure dependent morphologies: smooth and
flat surfaces (Figure 1E, marker 3), microstructural rum-
pling (Figure 1E, marker 4), and rough and flat surfaces
(Figure 1E, marker 5). The microstructure-dependent
formation of different morphologies hints on removal
processes, which depend on the crystallographic orienta-
tion of certain grains also at a high bias voltage of 300 V.
This behavior did not become obvious from our former
works.”*?! However, STEM-EDX investigations could
already highlight the different reaction layer formation
under varied bias voltages (Figure S2).

Further investigations of the surface topography under
different bias voltages were performed by AFM (Figure 2).
The topographic scans in Figure 2A,C,E confirmed the
increase of surface damage when bias voltages exceeded
50 V. While the topography after the exposure at 50 V
left the microstructure almost physically undamaged,
bias voltages of 150 and 300 V caused strong topographic
changes, which obviously depend on the grain orien-
tation. Furthermore, the amplitude scans displayed in
Figure 2B,D,F clearly indicate the formation of different
morphologies at low and high bias voltages. The for-
mation of nano-pores inside selected grains was limited
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FIGURE 3 Detailed atomic force microscopy (AFM) analysis of the surface morphology after a plasma exposure for 2 h at a bias voltage

of 300 V in topographic (a) and amplitude mode (b). Colored lines in (a) mark the position of the AFM line profiles. Arrows in (B) highlight

the position of microstructure independent sputtering craters. (C) AFM line profiles extracted from the topography scan indicate

microstructure dependent surface morphologies

to intermediate bias voltages while high voltages of
300 V caused a complete removal of material near to the
surface.

In addition to the microstructure-dependent topog-
raphy, high bias voltages suggest an independent,
superimposed removal mechanism leading to sputtering
craters randomly distributed on the surface. Figure 3
shows details of the AFM scan of a sample surface after
being exposed to a bias voltage of 300 V focusing on the
microstructure-dependent topography. Line profiles are
extracted from the topography scan to highlight different
surface morphologies, which were dependent on the
underlying microstructure.

Grains represented by red and blue lines exhibited a flat
surface and differed only by a slightly increased roughness
of certain grains. In contrast, grains indexed by green lines
display a clearly rugged surface. This specific morpholog-
ical effect was observable only at high Ar+ ion energies
and indicated a strong orientation dependency, which has
been only described so far for metals exposed to plasma
environments.”*?> Furthermore, microstructure indepen-
dent craters are visible (white arrows), which indicated an
additional erosion mechanism superimposing the already
described orientation-dependent removal mechanism at
high bias voltages. This behavior has been described in sev-
eral studies investigating the erosion behavior at increased
bias voltages.'®**

When looking at surface morphologies of polycrystalline
Y,0; after plasma treatment at 50, 150, and 300 V, the main
observations can be summarized as follows. The variation

of the bias voltage led to major differences between the
active erosion mechanisms:

1) At50YV,erosion was almost negligible. Plasma-material
interaction is dominated by surface fluorination,>!-?°
which mainly leads to nonvolatile reaction products.
The appearing reaction layer is stable against low-
energy sputtering. Therefore, it strongly decelerates the
material removal and causes a high resistance against
the plasma exposure.

2) Increasing the voltage to 150 V changes the surface
reaction and material removal mechanism to a mixed
chemical and physical erosion. The deposition of
fluorine-containing species on the surface and the
related fluorination of Y,0; are in equilibrium with
the physically induced material removal through sput-
tering. This mixed erosion process leads to the observed
formation of nano-pores in selected grains indicating
the formation of a fluorine reaction layer as well as a
microstructure dependent plateau-like topography. A
direct correlation between crystallographic orientation
and surface topography is given in Figure S1.

3) A further increase of the bias voltage up to 300 V
changes the main erosion mechanism toward a phys-
ically dominated process. Additional physical erosion
mechanisms are activated leading to a topography,
which still depends on the initial grain orientation.
In addition, microstructure independent sputtering
craters appear indicating the onset of severe plasma-
material interactions.
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FIGURE 4 HRTEM images of Y,0; after plasma exposure for 2 h under varied bias voltages of 50 V (a), 150 V (b), and 300 V (c).
Included arrows illustrate the thickness of the physical interaction layer. Additional marked areas in (b) highlight amorphous regimes, which

are embedded in a crystalline lattice

3.1.2 | Reaction layer formation

To get a better understanding of how the physical damage
of the sample surface takes place and how deep it impacts
the bulk of the samples, FIB lamellae of affected areas were
prepared and examined using high resolution transmis-
sion electron microscopy (HRTEM). The bias voltage was
varied again to 50, 150, and 300 V. Figure 4 shows the cross
section of the sample surface at the different bias voltages.
With an increasing bias voltage, the depth of the influ-
enced zone on the surface clearly increases. The physical
damage at 50 V was almost negligible and is limited only
to the surface. Here, only the surface zone is influenced
through a reaction with the fluorocarbon deposit. Increas-
ing the bias voltage to 150 and 300 V expanded the affected
zone from 10 to 15 nm (Figure 4B,C). This reaction layer
consists of a YO, F, reaction layer, which shows a chemical
gradient from the surface into the bulk (Figure S2). In
some areas, there is an indication that amorphous phases
have been formed (Figure 4B, marked areas). On the other
hand, the crystal structure below the physically affected
zone remained unchanged. These results confirm the com-
bined or mixed erosion mechanism that is active during
the plasma exposure at high bias voltages. The chemical
surface reaction induced by reactive fluorine species
is superimposed by physical damage induced by ion
irradiation. These results reveal that the physical damage
strongly increases with an increase in the incident energy
of Ar* ions, which is in accordance with literature and the
fundamental erosion mechanism first described by Miwa
et al. (detailed schematic graph in Figure S3). Large dif-
ferences in the depth of the affected zone at 150 and 300 V
could not be detected, even though different kinds of mor-

phological surface morphologies were observed for these
bias voltages by SEM and AFM. This fact makes it obvious
that the plasma-induced erosion is an effect, which mainly
takes place in a small volume near the surface.

3.2 | Influence of plasma gas composition
In addition to the applied bias voltage, the plasma gas
composition also has a significant influence on the ero-
sion behavior of polycrystalline ceramics in the case of
plasma exposure. Only a small number of investigations
considered this parameter so far. Their focus mainly lied
on chlorine-containing etch gases.’?”?® The ratio between
the chemically reactive plasma species (in this work CF,)
and the ionized plasma component (in most cases Ar)
strongly determines the number of reactive atoms and rad-
icals as well as the amount of ionized Ar being the origin
of the sputtering effect. The gas composition is expected
to change the erosion mechanism from a chemically to a
physically controlled mode, having a large impact on the
material response like etching rate, particle formation, and
resulting surface morphology.

To investigate this in detail, Y,05; samples were sub-
jected to different plasma compositions using a bias volt-
age of 150 V and an exposure duration of 2 h. The compo-
sition (defined by volume percentage of CF,) was varied
from 5%, 10%, 40% to 80% CF, (C5, C10, C40, C80; Table 1),
leading to corresponding Ar contents 95%, 90%, 60%, and
20%, respectively. The parameters were chosen to cover a
broad range from highly Ar-rich to CF,-rich compositions,
allowing conclusions regarding the influence of gas com-
position on the erosion behavior.
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FIGURE 5
(B) 10%, (C) 40%, and (D) 80%

3.21 | Surface topography and morphology
The influence of the CF, volume percentage during the
plasma exposure on the formed surface topography is char-
acterized by SEM and representative microstructures are
displayed in Figure 5. The microstructure at the surface is
strongly dependent on the CF,/Ar ratio and showed three
types of erosion modes:

(I) Figure 5A shows a homogeneous distribution of
microstructure independent sputtering craters. A
comparable surface topography was already observed
in samples subjected to high bias voltages (AFM in
Figures 2 and 3) indicating a physically dominated
etching process.

(IT) Figure 5B,C exhibits a microstructure-dependent sur-
face topography, which was already observed at inter-
mediate bias voltages of 150 V with a CF, percentage
of 20%, indicating a mixed erosion mechanism.

(III) Figure 5D shows a very smooth surface indicating
only a minor effect of the initial grain structure.

Comparing the surface topography, using SEM imaging,
shed first light on the dominant etching mechanisms in
different processing regimes. The characteristic material
response of Y,0; depended strongly on the amount of

SEM images of the surface morphology after a plasma exposure under 150 V for 2 h with a CF, volume percentage of (A) 5%,

physical and chemical contribution during the exposure.
A high proportion of ionized Ar atoms in the plasma or
increased bias voltages induced a physically dominated
removal process. Material removal by ion sputtering is
the rate-controlling mechanism leading to a microstruc-
ture independent etch morphology and to high removal
rates. During plasma etching, the ongoing fluorocarbon
deposition-removal process is shifted strongly toward
a fast removal of reactive species from the surface but
nevertheless inducing a certain amount of fluorination.
Increasing the CF, percentage from 5% to 10% and further
to 40% shifted the competing degradation processes at the
surface more to a mixed chemical-physical regime (M),
where a microstructure dependent erosion mechanism
became active as indicated by the formation of a sur-
face topography representing the initial grain structure.
Hereby, the deposition of the fluorocarbon layer on the
surface plays a more dominant role leading to a grain
orientation-dependent etching mechanism.’*?! Replacing
large amounts of Ar in the plasma gas composition by
CF, leads to a chemically dominated erosion (C). Due to
the nonvolatile nature of the reaction products that are
formed during the chemical plasma attack and the low
content of ionized Ar in the plasma chamber, the ero-
sion rate decreased significantly and almost no material
removal and erosion damage was observed during SEM
investigations.
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3.2.2 |
rate

Reaction layer formation and etching

For a better understanding of the chemical interaction
of the plasma with the bulk material near to the surface,
the reaction layer formation at different plasma gas com-
positions was investigated by TOF-SIMS. Figure 6 shows
the chemical gradients of fluorine, oxygen, carbon, and
yttrium depending on the sputtering time. The change of
the plasma gas composition to higher CF, concentrations
led to a stepwise change of the chemical gradients at
the surface. This observation can be associated with the
lower amount of Art ions in the plasma, which reduces
material removal rates and enables an increased fluorine
interaction depth, which is especially indicated by the
fluorine (Figure 6C) and oxygen (Figure 6B) distributions.
The increased CF, content causes a higher fluorine pen-
etration and a depletion of oxygen near to the surface in
comparison to the profiles related to plasma compositions
with a higher Ar/CF, ratio. The lower amount of CF, in
the plasma gas was coupled with a constant and sharp
decrease in the fluorine intensity while high CF, percent-
ages led to a two-step gradient. The high concentration of
Ar™ ions in the compositions with low CF, led to a reac-
tion process dominated by physical sputtering, directly
removing fluorine reaction products from the surface and

preventing a more pronounced chemical interaction (phys-
ical regime). Similar behavior is indicated by the chemical
gradients of oxygen and yttrium. These results confirm the
appearance of two clearly distinguishable etching regimes
that influence the morphology at the surface after plasma
exposure and change the chemical interaction with the
bulk material. During a physically dominated erosion,
fluorine species are removed quickly from the surface due
to high sputtering rates and prevent the formation of a
chemical fluorine gradient. Changing the plasma gas com-
position to the CF,-rich regime led to an increased fluorine
penetration into the bulk, which is coupled with a change
of the characteristic run of the gradients (Figure 6C; 40%,
80% CF,). The chemical gradients of oxygen, yttrium,
and carbon behave accordingly, mirroring the gradients
introduced by fluorine interaction. This behavior shifts the
erosion response to a chemically dominated regime. Here,
TOF-SIMS could reveal the stepwise change from physical
to chemical-dominated plasma surface interaction, which
is induced by the varied plasma gas composition.

Finally, the etching rate is one of the most critical pro-
cess parameters because it directly influences the lifespan
of the sintered component in the plasma etching device.
Therefore, the etching rate was determined for polycrys-
talline Y,05 and amorphous SiO, samples at varying gas
compositions. The etching rate was calculated from an
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FIGURE 7 Etching rate of Y,0; and SiO, depending on the

plasma gas composition. The etch rate was determined on an etch
step induced through masking parts of the exposed area. All
samples were treated with a bias voltage of 150 V and the exposure
duration was 2 h. The etch depth was determined using a confocal
laser microscope for SiO, and an AFM for Y,0;. Dominating
removal mechanisms are indicated by the background color and
abbreviations P, physical; M, mixed; and C, chemical

etch step that formed at the edge of a plasma resistant
polyimide mask. The etching rate of both materials as a
function of the CF, content is displayed in Figure 7. As
expected from the results presented before, the plasma gas
composition had a strong impact on the etching rate of
Y,05 and SiO,. Ar-rich gas compositions are coupled with
the highest removal rates. The comparison of etching rates
between Y,0; and SiO, clearly demonstrates the signif-
icantly improved etching performance of Y,0; ceramics
as Indicated by orders of magnitude lower erosion rates.
The highest removal rate for Y,0; was observed when
physical sputtering was the dominating erosion process.
The etching rate slightly decreased in the mixed erosion
regime and only very low removal rates were measured
when chemical interaction was the dominant mechanism.
The specific etching rates confirm the plasma-material
interaction behavior as already concluded from the surface
morphology investigations. It is possible to derive three
distinct regimes, which have a characteristic etching
rate, surface morphology, and chemical reaction layer.
This is highly dependent on the applied plasma etching
parameters bias voltage and plasma gas composition.

A systematic variation of the main processing param-
eters of plasma etching (bias voltage and plasma gas
composition) enabled to draw sound conclusions on the
material response of polycrystalline Y,0; with respect
to these parameters. As discussed before, the material
behavior can be categorized into three different kinds

Journal | s

of characteristic microstructural and chemical types:
(P) physically dominated erosion (M) mixed erosion (C)
chemically dominated erosion. Based on the main results
of the present study and our previous work on the erosion
mechanism of yttria in fluorine-based etching plasmas,
Figure 8 shows a process parameter-material response
map. Visualizing how the bias voltage and gas composition
are related to the observed change of the sample surface
allows to sketch the active erosion mechanisms in form of
a processing map. The observed mixed erosion behavior,
which has been discussed in detail already in our recent
studies.’’?! is now completed by a chemically driven
erosion regime with minor surface damage and low mate-
rial removal (C) and a physically driven erosion regime
characterized by strong surface damage and high material
removal rates (P). This processing map enables to estimate
the dominating erosion response at a given parameter set.
It is therefore a helpful tool for predicting the lifespan
of polycrystalline Y,0; components when exposed to
reactive fluorine plasmas. Furthermore, the basic idea
behind our processing map can be easily transferred to
other ceramic materials to evaluate their erosion behavior
under different plasma processing parameters. Therefore,
the fundamental approach of our study contributes to a
more general understanding of the erosion behavior of
ceramic materials under plasma etching conditions.

4 | CONCLUSIONS

In the present work, a systematic variation of the main
plasma etching parameters bias voltage and plasma gas
composition enabled to draw sound and comprehensive
conclusions on the erosion behavior of polycrystalline
Y,0;. The variation of the bias voltage from 50 to 300 V
led to significant changes in the surface morphology. At
bias voltages of 150 and 300 V, different microstructure-
dependent erosion mechanisms could be observed, which
are distinguished by a physicochemical mechanism at
150 V and a pure physical erosion mechanism at 300 V.
Vice versa, low bias voltage of 50 V did not reveal strong
surface damage due to the low intensity of Ar* ion bom-
bardment during exposure. Additionally, TEM investiga-
tions highlighted the stepwise increase of the physical
interaction depth induced by increasing bias voltages. Fur-
thermore, a stepwise variation of the plasma gas com-
position from Ar/CF, = 95/5 to Ar/CF, = 20/80 clearly
revealed three distinct erosion regimes, namely a phys-
ically driven, a mixed, and a chemically driven erosion.
These erosion regimes are distinguished by their character-
istic surface morphology, chemical interaction depth, and
etching rate. These findings enabled to derive a schematic
erosion regime map. It allows to estimate the active erosion
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mechanisms depending on the etching parameters and is
expected to be helpful for predicting the lifespan under real
plasma etching conditions.

The systematic variation of the bias voltage and plasma
gas composition conducted during this study showed for
the first time a distinct relationship between the plasma
etching parameters and the specific kinds of erosion
induced by fluorine-based plasmas on the example of poly-
crystalline Y,05. The approach can be easily transferred
to other ceramic materials that are in contact with reac-
tive plasmas in the semiconductor industry. In general, our
approach is the key of understanding the erosion behavior
of novel plasma-faced materials in a systematic way and
therefore allows to evaluate their potential with respect to
their long-term use.
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