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Abstract
In semiconductor industry, the ongoing miniaturization of the integrated func-
tions on silicon wafers requires the application of harsher plasma compositions
during dry etching. At the same time the requirements for cleanliness andwafer-
to-wafer reproducibility increase. As a consequence, the erosion of inner wall
materials releasing impurity particles into the plasma etching chamber poses
a major challenge in semiconductor manufacturing. To mitigate maintenance
costs and avoidwafer contamination, conventionalmaterials such as quartz glass
(SiO2) and alumina (Al2O3) are gradually exchanged for materials with superior
etch resistance. Recently, yttrium aluminum garnet (YAG, Y3Al5O12) and alter-
native materials with garnet structure have emerged as promising candidates
for this application. In the present study, erbium aluminum perovskite (ErAlO3)
was identified as a novel candidate for inner wall materials surpassing the etch
resistance of erbium aluminum garnet (ErAG, Er3Al5O12) and YAG, which were
tested as reference materials in the same etch run. Reactive spark plasma sin-
tering (RSPS) was employed for the synthesis of all specimen, which were then
exposed to fluorine-based etching plasma. The erosion was characterized using
scanning electronmicroscopy (SEM), energy-dispersive spectroscopy (EDS), and
laser scanning microcopy.

KEYWORDS
erbium/erbium compounds, etchants/etching, rare earths, reaction sintering, spark plasma
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1 INTRODUCTION

Ever since its declaration in 1965, semiconductor industry
kept Moore’s law alive by putting more and more effort
into further refinement of the semiconductor manufactur-
ing process. This complex process can be broken down
into three different steps: patterning, etching, and doping.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2025 The Author(s). Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

Owing to its higher resolution, dry etching, which involves
the application of a plasma on the wafer, is the predom-
inant etching technique since the 1970s.1–5 Driven by the
need for the implementation of newmaterial systems with
higher plasma resistance, conventional materials such as
quartz glass (SiO2) and alumina (Al2O3), which are prone
to particulate erosion inducing wafer contamination, are
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gradually replaced as component material in plasma etch-
ing chambers.6,7 Due to its higher formation enthalpy and
more stable reaction products, yttria (Y2O3) has been suc-
cessfully employed in this kind of application.8–12 More
recently yttrium aluminum garnet (YAG, Y3Al5O12) has
emerged as a cost-efficient alternative with comparable
plasma etching resistance.13 In our previous study aim-
ing on enhanced etch resistance, alternative garnets,where
the yttrium ion in the garnet crystal was replaced with the
heavier lanthanoids Er and Lu, exhibited comparable etch
resistance as YAG.14
The interaction of the Al2O3–Y2O3 systemwith fluorine-

based etching plasma has been excessively studied in the
past. Tan et al.15 suggest that the etch resistance increases
with increasing Y2O3 content and follows a percolation
transition. Further research has been carried out on the
etch resistance of the compounds of the Al2O3–Y2O3 sys-
tem with the intermediate phases being YAG, yttrium
aluminum perovskite (YAP, YAlO3), and yttrium alu-
minum monoclinic (YAM, Y4Al2O9).16 The results show
that the intermediate phases have a significantly better
plasma etch resistance than alumina and that when com-
paring the etch rates of YAG, YAP, and YAM, intermediate
phases with higher yttria portion have a slightly better etch
performance. Furthermore, the etch performance of pure
yttria slightly outperforms the intermediate phases.17–19
However, the difference in etch rates is small and depend-
ing on the plasma gas composition and experimental
parameters.7
Based on the encouraging results on the etch perfor-

mance of a phase pure erbium aluminum garnet (ErAG)
sample in our most recent work,14 this study focuses on
the etch performance of the Er2O3–Al2O3 system. There-
fore, two samples were processed. One sample is leaning
toward erbia excess from the stoichiometric composition of
ErAG (Er3Al5O12) resulting in a dual phase material con-
tainingErAlO3 (ErAP) as secondary phase homogeneously
distributed in an ErAG matrix. This samples enables a
direct comparison of the etch resistance of both phases in
the immediate neighborhood. To our understanding such
direct comparison is necessary since there is a certain devi-
ation of the etch attack depending on the etch run and the
position of the sample in the plasma chamber.14 The sec-
ond sample consists of the pure ErAP phase enabling a
direct comparison to pure ErAG, pure YAG, and our usual
quartz glass reference. Because our previous study showed
the negative impact of alumina phase on the plasma etch
resistance, the alumina rich portion of the phase diagram
was not considered for this study.
All ceramic samples investigated in this study were

processed by reactive spark plasma sintering (RSPS) and
subsequently exposed to a fluorine-based etching plasma
together with the above-mentioned reference materials.

Fluorocarbon plasmas are commonly employed in dry
etching processes owing to the high selectivity between
silicon (Si) and silicon dioxide (SiO2).20–23 The plasma ero-
sion was characterized with scanning electron microscopy
(SEM)/energy-dispersive spectroscopy (EDS) and confocal
laser scanning microscopy. Our results indicate that ErAP
features superior etch performance than both YAG and
ErAG.

2 EXPERIMENTAL PROCEDURE

In this study, RSPS was employed for synthesizing erbium
aluminates. This technique has been successfully applied
for the synthesis of YAG and alternative garnets before.14,24
High-purity commercial alumina (A1 grade, 99.999%,
d50 = 1.1 µm, Heraeus Holding GmbH), yttria (99.999%
purity, d50 = 6.0 µm, Neo Performance Materials Inc.),
and erbia (99.99% purity, d50 = 7.6 µm, Neo Performance
Materials Inc.) were used as raw materials. The particle
size distribution (PSD) of these materials was measured
using a LA950 V2 particle size analyzer (Horiba), with
the results summarized in Figure S1. Before the sintering
step, the morphology of the powder blend was exam-
ined using SEM(Ultra 55, Carl Zeiss AG). The results
confirm the PSD and show large chunks of Er2O3, that
are covered with finer Al2O3. Exemplary SEM images
can be found in Figure S2. Additionally, the materi-
als were characterized by X-ray diffraction (XRD; D4
Endeavor, Bruker, 10◦–140◦ in 2θ range, increment 0.02◦,
0.75 s/step).
For the synthesis of the ErAG/ErAP composite and the

single phase ErAP sample, two powder blends containing
40 and 50 mol% Er2O3 were processed. Theses composi-
tions were chosen with respect to the Er2O3–Al2O3 phase
diagram, which is given in Figure S3. In the first blend,
the erbia portion is slightly exceeding the stoichiometric
composition of ErAG (37.5 mol% Er2O3), which suggests
a microstructure predominantly composed of ErAG with
ErAP as a secondary phase. The second blend, contain-
ing equal amounts of erbia and alumina, corresponds to
the stoichiometric composition of ErAP.25 By examining
both ErAP as a secondary phase and as themain phase, we
aim to verify the results on the plasma etch resistance. For
the synthesis of the YAG reference sample, alumina and
yttria were weighed according to the stoichiometric ratio:
37.5 mol% yttria and 62.5 mol% alumina.16 By adding alu-
mina grinding balls (Ø 10 mm) and ethanol as solvent, a
slurry was formed and then homogenized in polyethylene
(PE) bottles for 24 h on a roller bench. The potential impact
of grinding ball abrasion on the stoichiometry was not con-
sidered. The slurry was subsequently dried using a rotary
evaporator. Before sintering, the dried powder was sieved
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TABLE 1 Plasma parameters applied for plasma etching
experiments.

PICP
(W)

tetch
(min)

p
(mbar)

UB
(V)

CF4
(sccm)

Ar
(sccm)

O2
(sccm)

600 120 0.01 −250 1.0 5.0 0.5

through a 90 µm mesh, calcined at 1000◦C for 3.5 h, and
then sieved again through a 90 µmmesh.
For the synthesis, a spark plasma sintering appara-

tus (HP D5, FCT Systeme GmbH) was used to compact
cylinders with a diameter of 20 mm and a height of
approximately 3 mm, employing graphite dies as the tool
material. While reactive sintering of YAG is described
in detail in the literature, information on the reac-
tions of Al2O3 and Er2O3 is sparse. Therefore, sintering
parameters to achieve desirable conversion to ErAP were
derived from literature on the interaction of yttria and
alumina.26,27
Following an initial precompaction at 20 MPa, the sam-

ples underwent heating at a rate of 25 K/min until reaching
1000◦C, with simultaneous application of a uniaxial pres-
sure of 5MPa. In the following heating step the heating rate
was reduced to 10 K/min, while the pressure was increased
to 25 MPa. After reaching 1450◦C for the perovskite phase
and 1625◦C for the garnet samples, respectively, the sam-
ples dwelled for a duration of 30 min under a constant
pressure of 25 MPa. Afterward, the system was switched
to active cooling mode.
For conducting etch experiments, the samples were cut

into 10 mm × 10 mm squares and the thickness was
reduced to less than 1 mm through a series of grinding and
polishing steps. The final polishing was performed with
colloidal silica to achieve a smooth,mirror-like surface and
thereby remove any defects that could affect the erosion
process. Prior to plasma exposure, each sample was par-
tially covered with plasma-resistant polyimide (Kapton R©)
tape, leading to the formation of etch steps, which were
used to assess the etch rate.
For the experiments an inductively coupled plasma

(ICP) reactor was used, and a mixture of CF4, Ar, and O2
was employed as plasma gas, with CF4 being the chemi-
cally reactive species andAr the physically reactive species.
O2 was added to prevent the formation of a polymer
layer.28,29 A detailed description of the experimental setup
and the working principle of the etch chamber are avail-
able in the literature.30 The parameters that were used for
the etch trail are shown in Table 1.
After removing the plasma-resistant Kapton R© tape, the

resulting surface topography was examined using confocal
laser scanning microscopy (VK-9710, Keyence Corpora-
tion). Furthermore, SEM (Gemini 450, Carl Zeiss AG) was
employed for the characterization of the microstructure
before and after plasma exposure.

F IGURE 1 X-ray diffraction (XRD) pattern of yttrium
aluminum garnet (YAG), erbium aluminum garnet (ErAG), and
erbium aluminum perovskite (ErAP). The enlarged section on right
side shows the 100% peaks.

3 RESULTS AND DISCUSSION

Figure 1 compares theXRDpatterns in the as sintered state,
with the 100% peaks in the enlarged section on the right-
hand side. All peaks are assigned to the respective phases,
and the main phase is marked with dashes of the same
color below each pattern. In the YAG sample no secondary
phase was detected, whereas the enlarged pattern of the
ErAG sample clearly features the aspired ErAP as a sec-
ondary phase. Contrarily, in the ErAP sample still a small
amount of erbia was detected as a secondary phase, which
will be considered in the discussion of the etching results
later. For a deeper understanding of the phase composi-
tion Rietveld refinements of themeasured XRD patterns of
ErAG and ErAP were carried out using the software pack-
age Topas 4.2.31 The ErAG–ErAP composite consists of 93%
garnet and 7% perovskite phase and the ErAP sample con-
tains 1% residual erbia. The results are also given as Figures
S4 and S5.
The corresponding backscattered electron (BSE)-SEM

images to the XRD patterns are shown in Figure 2 and
were taken with an acceleration voltage of 8.0 kV. In the
ErAP sample (Figure 2A) small amounts of the brighter
Er2O3 secondary phase, indicated by green arrows, are
visible. The bright contrast of Er2O3 can be attributed
to its larger average atomic number compared to the
ErAP matrix. It is also apparent that the grain bound-
aries contain flaws due to microcracks, which may lead
to grains becoming loose and causing outbreaks. In the
SEM image of ErAG (Figure 2B), the brighter ErAP sec-
ondary phase can clearly be seen. The brighter contrast
of the ErAP phase can be explained by the higher aver-
age atomic number of the compound. An additional
EDS mapping that confirms the presence of ErAP as a
secondary phase can be found in Figure S6. The third
SEM image of the YAG sample (Figure 2C) shows a
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STERN et al. 4 of 8

F IGURE 2 Backscattered electron (BSE)-scanning electron microscopy (SEM) of as sintered samples. (A) Erbium aluminum perovskite
(ErAP), green arrows indicate residual Er2O3, (B) erbium aluminum garnet (ErAG)/ErAP composite, (C) yttrium aluminum garnet (YAG).

TABLE 2 Relative density of specimen processed in this work.

Material Rel. density (%)
Yttrium aluminum garnet (YAG) 99.1
Erbium aluminum garnet (ErAG)/erbium
aluminum perovskite (ErAP) composite

99.8

ErAP 98.4

homogenous, single-phased microstructure. In order to
make grain boundaries visible, this sample was ther-
mally etched at 1250◦C for 30 min. Generally speaking,
all samples were consolidated close to the theoreti-
cal density with no pores visible in SEM. To confirm
this, the relative density of the samples was deter-
mined according to the Archimedes principle, with the
results shown in Table 2. All samples have a rela-
tive density of more than 98%, which can be attributed
to the spark plasma sintering (SPS) approach. The
absence of pores is crucial in plasma etching, as resid-
ual porosity gets preferentially eroded during plasma
exposure.
To determine the erosion depth after plasma etching,

four topography line scans of the etch step, evenly dis-
tributed along it, were averaged. The procedure that leads
to the topography of the etch step as well as an exemplary
line-scan showing the resulting topography are provided
in Figure S7. The determined erosion depths are summa-
rized in Figure 3. The outcome indicates that the erosion
depth in the ceramic samples is more than an order of

F IGURE 3 Erosion depth determined with the confocal laser
scanning microscope.

magnitude smaller compared to the quartz glass reference,
which underlines the excellent etch resistance of all three
materials. Among the ceramic samples, the ErAP sample
exhibits the smallest erosion depth, while YAG performs
on a similar level but got slightly more eroded. The ErAG
sample was eroded about 125 nm more compared to YAG.
The derived erosion rates are 204 nm/h for YAG, 267 nm/h
for ErAG, 193 nm/h for ErAP and 6.05 µm/h for the quartz
glass reference respectively.
The corresponding SEM images (Figure 4A,B) of the

surface of ErAP after plasma exposure, taken at an accel-
eration voltage of 8.0 kV, show significant marks of heavy
physical damage. On the one hand sputtering craters that
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5 of 8 STERN et al.

F IGURE 4 Secondary electron (SE)-scanning electron microscopy (SEM) of etched surface. (A, B) Erbium aluminum perovskite
(ErAP); (C) erbium aluminum garnet (ErAG) with ErAP secondary phase (blue dashed line); (D) yttrium aluminum garnet (YAG) with
reaction products.

tend to form at grain boundaries and triple points are
apparent. On the other hand, the grain boundaries were
preferentially eroded by the plasma, likely due to the pres-
ence of microcracks (see Figure 2A). These microcracks
facilitated localized erosion along the grain boundaries,
resulting in a topography of scattered deep sputtering
craters and trenches along parts of the grain boundaries.
Physical damage is also apparent in the SEM images of
the garnet samples; however, here different erosionmecha-
nisms are apparent. Preferentially eroded grain boundaries
were not observed (Figure 4C,D) but randomly distributed
sputtering craters were found on both garnet samples.
At the same time, the less eroded ErAP secondary phase
can be observed in the nonstoichiometric ErAG sample
(Figure 4C, marked with blue dashed line). Less eroded
regionswere also observed on theYAG sample (Figure 4D).
The corresponding EDS analysis is given in Figure S8 and
shows that these areas have higher C and F signals com-
pared to the surrounding. Therefore, we conclude that
these areas formeddue to reactionswith the fluorine-based
etching plasma. Visible cracks (green arrows in Figure 4D)
suggest that these products grow during etching and fall
of at some point due to physical damage caused by Ar+
sputtering.
Figure 5 shows the topography at the etch step in the

dual-phased ErAG sample analyzed with the laser micro-
scope. The lower half of the sample was protected from
the plasma by the Kapton tape and therefore not eroded.

The upper half however was exposed to the plasma, result-
ing in physical erosion. Within the etched surface, the
significantly less eroded ErAP phase is visible. Further
analysis of the topography with a line scan (Figure 5
red arrow) revealed that the ErAP secondary phase was
eroded about 150–160 nm less than the ErAG matrix. This
result is in excellent agreement with the determined ero-
sion depth of the whole samples (Figure 3), where the
ErAP sample was eroded about 150 nm less than ErAG
and underlines the superior plasma etching resistance of
ErAP over ErAG. Topographic images of the etch step
in ErAP and YAG are provided in Figures S9 and S10,
respectively.

4 CONCLUSIONS

In this study, ceramic samples with garnet and per-
ovskite structures were successfully synthesized using
RSPS. While the YAG reference exhibited no secondary
phase, the ErAP sample contained small amounts of
Er2O3. The composition of the ErAG sample was inten-
tionally leaning toward Er2O3 excess, resulting in the
formation of ErAP as a secondary phase. The microstruc-
ture of the sintered YAG and ErAG samples is dense and
homogenous, except for the secondary phase in ErAG. In
the perovskite sample, the grain boundaries present flaws.
In the corresponding SEM images microcracks between
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STERN et al. 6 of 8

F IGURE 5 Topography at the etch step in dual-phased erbium aluminum garnet (ErAG) with erbium aluminum perovskite (ErAP)
secondary phase. Image taken with the laser microscope. Topography line scan illustrates different erosion of ErAG matrix and ErAP
secondary phase.

grains, which could eventually lead to material outbreaks,
are clearly visible. This indicates the potential for further
optimization of the sintering parameters and processing
route.
Following plasma exposure, the resulting erosion depth

was determined using the laser scanning microscope. The
results demonstrate the superior plasma resistance of the
ErAP phase compared to the YAG reference, while the
ErAG coupon exhibited more erosion than the reference.
Nevertheless, compared to the quartz glass reference, all
materials feature an excellent etch resistance.Additionally,
SEM analysis revealed significant physical damage on the
surface of the plasma-exposed samples. On the YAG and
ErAG samples, randomly distributed sputtering craters
were found. The SEM images of the nonstoichiometric
ErAG sample also indicate that the ErAP secondary phase
was less eroded than the ErAG matrix, highlighting the
superior etch resistance of this phase. On the YAG sample,
reaction products with the fluorine-based etching plasma
were found. SEM images of theErAP sample revealed sput-
tering craters and preferentially eroded grain boundaries,

which is consistentwith the presence ofmicrocracks found
prior to plasma etching.
Our results suggest that analogous to the Y2O3–Al2O3

system, the etch resistance in the Er2O3–Al2O3 system
increases with decreasing alumina content. An impact of
the small amount of residual erbia in the ErAP sample on
the erosion process was not obvious. However, to reliably
benchmark the two systems, sampleswith equivalent erbia
and yttria content must be etched in the same trial.
The discovery of the ErAP phase as a highly etch-

resistant material is particularly significant, as it provides
a promising alternative to conventional etch-resistant
ceramics. Its enhanced resistance to plasma erosion com-
pared to YAG suggests potential applications in environ-
ments where minimizing material degradation is critical,
such as in semiconductor processing or protective coatings
for plasma-facing components. This finding broadens the
material selection for advanced plasma-resistant ceramics,
making ErAP a strong candidate for future research and
industrial applications. Moreover, investigations of alter-
native lanthanoid aluminates beyond erbium could result
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in valuable insights. According to the existing literature,
the R2O3–Al2O3 systems (R= Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm) feature both (meta)stable garnet and perovskite
phases, suggesting potential routes for further research.25
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