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Abstract: In recent years, yttrium oxide coatings prepared by atmospheric plasma spraying (APS)
have been employed extensively in semiconductor processing equipment. Meanwhile, defects in
yttrium oxide coating, such as unmelted particles and pores, reduce the etching resistance of the
coating. In this work, two yttrium oxide coatings were prepared by in situ laser-assisted plasma
spraying (LAPS) coupled with a 500 W and 600 W laser for comparison with a coating prepared by
APS, and the effects of the laser on the coating properties were investigated. The results show that the
surface roughness was reduced by 25.7% (500 W) and 25.3% (600 W) and the porosity was reduced
by 52.3% (500 W) and 36.9% (600 W) after laser coupling. After being etched by CF4/CHF3 for a long
time, it was observed from SEM, EDS and XPS analyses that the intensity ratios of the Y-F bonds in
the coating were 1 (APS):1.3 (LAPS+500W):1.1 (LAPS+600W), which indicated that the LAPS+500W
coating had a thicker fluorination layer. It was also observed that the fluorination layer at the defect
was first eroded; then, the erosion area gradually spread to the surrounding area, and finally, the
fluorination layer was etched. This indicated that the defects had a significant impact on the etching
resistance. Consequently, the LAPS+500W coating with fewer defects and a thicker fluorination layer
showed the lowest etching rate. Therefore, in situ laser-assisted plasma spraying coupled with an
appropriate laser power is an effective method to improve the performance of yttrium oxide coatings.

Keywords: APS; LAPS; Y2O3; plasma etching; fluorination

1. Introduction

With the continuous reduction in chip processing size, high-density plasma etching
technology faces many challenges, one of which is the problem of particle contamination.
During the etching process, ceramic components such as electrodes, shower heads, gaskets
and focusing rings react with plasma and are corroded [1–3]. Due to the large contact
area and long exposure time of the inner wall of the processing chamber cavity, the afore-
mentioned problems can be much more serious. Aluminum alloy has become the main
material in machining chambers due to its considerable vacuum performance. However,
aluminum alloy is very susceptible to corrosion by fluorinated plasma. Due to the strong
etching ability of silicon-based materials, plasma etching gases are mainly fluorinated
gases, such as CF4, CF4/CHF3, C2F6, SF6 and NF3. CF4/CHF3 gas is widely used, and
the process is versatile, so it can cover most existing chip manufacturing processes, but
it does not perform well on hard materials. Therefore, a protective coating is needed to
improve its resistance to plasma corrosion [4–7]. Early protective coatings were composed
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of silicon-based materials (SiO2 and SiC), and subsequently, aluminum oxide (Al2O3) re-
placed silicon-based materials due to its better etching resistance. With the development
of chip manufacturing technology, yttrium oxide superseded aluminum oxide in terms of
its better chemical stability and corrosion resistance [8–10]. In recent years, some scholars
have explored new coating materials such as YOF and YF3 or added zirconia to yttrium
oxide to improve their performance, but yttrium oxide is still the mainstream cavity coating
material from the perspectives of cost and process [11–16].

The principal preparation methods of yttrium oxide coatings are atmospheric plasma
spraying (APS), suspended plasma spraying (SPS) and aerosol deposition (AD), but consid-
ering the production cost and technical barriers, APS is the most suitable method [17–19].
APS is generally performed with agglomerated sintered powder with a particle size of
30 µm. During the deposition process, impact fractures and nonmelting will occur, leading
to the formation of internal defects such as pores and cracks, which will have a detrimental
impact on the quality of the coating. This has drawn the attention of many scholars. Min-
joong Kim et al. [20] investigated the APS coating microstructure of yttrium oxide powders
with different particle sizes and found that powders with small particle sizes can form
high-density coatings and improve the etching resistance. L. Dubourg et al. [21] used laser
para-assisted plasma spraying to prepare an alumina-titanium dioxide coating and found
that when the laser energy density was between 15 and 22 W/mm2, the cracks and pores in
the coating were greatly reduced, and the erosion resistance was improved. Zhou et al. [22]
found that after laser remelting, the particles of AT13 composite ceramic coating were
refined, the lamellar structure disappeared, and the density increased. The bond strength,
microhardness, wear resistance, erosion resistance and thermal shock performance were
significantly improved. Chong et al. [23] used the pulsed laser technique to remelt Cr3C2-
NiCr coatings prepared by supersonic spraying and found that the porosity was reduced
by 74% and the carbide volume fraction increased by 42.9%, the coating microstructure was
more homogeneous and denser, and the hardness and corrosion resistance were greatly
improved after laser remelting. Janka et al. [24] argued that the heat input of the laser at
a low power would not remelt the Cr3C2-NiCr coating. Compared with the as-sprayed
coating, the microstructure and the distribution of carbides did not change, but there were
more secondary chromium carbides. Our team combined LAPS and APS to prepare a
molybdenum coating and found that the coating porosity could be controlled by adjusting
the laser power and the best-performing coating can be obtained with a laser power of
500 W [25].

Therefore, laser-assisted plasma spraying is an effect method to improve the coating
performance, but to date, most research has focused on laser remelting; in situ laser
irradiation-modified plasma spraying has rarely been studied. However, in situ laser-
assisted plasma spraying can be more accurate in terms of the microstructure and tissue
distribution control of the coating by regulating the laser power. Especially for ceramic
coatings, it can effectively alleviate defects such as cracks generated during laser remelting.
In this study, yttrium oxide coatings prepared by in situ laser-assisted atmospheric plasma
spraying and APS were compared. The effects of the laser power on the interfacial structure
and porosity of the yttrium oxide coating applied by plasma spraying were studied. The
relationship between the yttrium oxide coating density and etching performance was
also discussed.

2. Materials and Methods

The substrate was aluminum alloy (Al6061-T6) and the chemical composition (wt%) of
the Al6061-T6 is listed as follows: 0.393 Si, 0.246 Gu, 0.96 Mg, 0.001 Zn, 0.086 Mn, 0.015 Ti,
0.05 Gr, 0.462 Fe, and 97.8 Al. The substrate was machined into a 20 mm × 20 mm × 5 mm
block. The material was Yttrium oxide with a particle size ranging from 15 to 50 µm with
the average size of 40 µm and purity ≥ 99.9% (Shanghai Xiangtian Nanomaterials Co., Ltd.,
Shanghai, China). The experimental device for the LAPS process was constituted by the
coupling of an atmospheric plasma spray gun (XM-SG100, Xiuma Spraying Machincry,
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Shanghai, China) and a 6 KW semiconductor laser (LDF6.000-40VGP, Laserline, Koblenz,
Germany) with a wavelength of 940 nm, as shown in Figure 1a. The laser was at a 60◦ angle
to the substrate. The plasma gun and semiconductor laser were connected by a fixture to
ensure consistent action during the spraying process. The diameter of the laser spot was
6 mm. Before depositing, the aluminum alloy substrate was ultrasonically cleaned with
anhydrous alcohol, and then sandblasted. After sandblasting, the residual sand and gravel
were blown away with high-pressure nitrogen. The preparation method of the coatings in
this experiment was as follows: the center of the laser spot and the spray gun powder spot
coincided, and the laser was irradiated on the deposited particles synchronously. Three
kinds of coatings were prepared with the same process parameters except for the laser
power, as shown in Table 1.
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Figure 1. Schematic diagram of (a) in situ laser-assisted plasma spraying and (b) system for CF4/CHF3

plasma etching.

Table 1. Parameters of in situ laser-assisted plasma spraying process.

No. Current
(A)

Voltage
(V)

Primary
Gas, Ar
(SLPM)

Primary Gas,
H2

(SLPM)

Spray
Distance

(mm)

Powder
Feed Rate

(g/min)

Gun
Speed

(mm/min)

Overlap
Distance

(mm)

Laser
Power

(W)

1 700 58 45 3 100 15 100 4 0
2 700 58 45 3 100 15 100 4 500
3 700 58 45 3 100 15 100 4 600

The samples were cut and embedded in epoxy resin (the cross-sections of coatings
were exposed), polished and then observed. In the process, standard metallographic
methods were followed. Image J ver.1.8.0.345 analysis software was used to analyze the
porosities of the entire cross-section of the coatings. The surface roughness of the coatings
was measured using a confocal laser microscope (VK-X1100, KEYENCE, Osaka, Japan).
Inductively coupled plasma etcher (GSEC200, NAURA, Beijing, China) was used for plasma
etching, as shown in Figure 1b. The Ar, CF4 and CHF3 gases in the chamber were mixed
at a ratio of 1:1:4. SRF (Source Radio Frequency) was used to generate plasma (1800 W,
1–2 min), and then BRF (Bias Radio Frequency) was used for plasma etching (200 W,
20 min). After the etching was completed, O2+SF6 gases were applied for cleaning (10 min),
and this procedure was repeated 220 times. The microstructures of the samples were
studied with a field emission electron microscope (FE-SEM, Sigma 300, Zeiss, Oberkochen,
Germany) equipped with an energy-dispersive spectroscope (EDS). Phase compositions
were determined using an X-ray diffractometer (XRD, Empyrean, Almelo, Holland). The
element binding states of the Y2O3 coatings were characterized by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Waltham, MA, USA) with a monochromated Al
Kα source.
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3. Results and Discussion
3.1. Cross-Sectional Analysis

In the conventional thermal spraying process, the time for powder particles to absorb
heat is a fixed parameter. As the particle size decreases, the ease of melting and deposition
in the form of droplets increase. However, due to insufficient heat absorption, large-
scale particles can only be deposited in an unmelted state, resulting in fragmentation and
splashing, which increases the internal defects of the coating [24–27]. Figure 2a–d illustrate
the electron microscope cross-section images of the yttrium oxide coatings deposited by
APS and LAPS coupled to a 500 W and 600 W laser, respectively. The defects observed
in the coatings were pores and cracks. The primary defects of the APS (Figure 2a) and
LAPS+500W (Figure 2b) coatings were pores, whereas the LAPS+600W coating exhibited
pronounced transverse and longitudinal cracks (Figure 2d). The porosity of the LAPS
coatings is shown in Table 2.
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Figure 2. FE-SEM images of cross-sectional of Y2O3 coatings: (a) APS; (b) LAPS+500W;
(c) LAPS+600W; (d) LAPS+600W with cracks.

Table 2. Porosity and roughness of LAPS coatings with different laser powers.

APS LAPS+500W LAPS+600W

Laser power (W) 0 500 600
Porosity

Roughness (µm)
7.84%
12.941

3.74%
9.61

4.95%
9.671

The APS coating exhibited a considerable number of unmelted particles and pores,
some of which were contiguous. This is a typical phenomenon of insufficient heat input, and
the unmelted particles in the pores were mainly mechanical bonds or semi-mechanical semi-
metallurgical bonds, which would reduce the cohesion of the coating. The LAPS+500W
coating showed a higher density and a smaller thickness. This was because the introduction
of the laser resulted in an increased heat input during the deposition process, which in
turn led to a greater number of particles being deposited in a molten or semi-molten
state. As a result, the number and size of the large pores were reduced, most of the fine
pores were sealed, and the connected pores disappeared. The defects in the LAPS+600W
coating showed that a higher laser power would result in an excessive heat input. The
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significant temperature differential during the rapid cooling process led to the generation
of considerable thermal stress, ultimately causing the formation of cracks. Meanwhile,
the coating surrounding the crack was relatively dense, thereby maintaining the overall
porosity of the coating within a specified range. As the number of deposited particles
increased, the coating thickness also increased. Despite the elevated heat input resulting
from the laser coupling, the coating did not undergo remelting.

Figure 3 shows the XRD patterns of the three coatings. It can be observed that the
diffraction peaks of the three coatings remained unaltered, and that the intensity of the
peaks were essentially consistent. No new phases appeared during the crystallization
process, and no impurities were produced. This indicated that the laser coupling does not
change the crystallization process of yttrium oxide.
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3.2. Surface Topography Analysis

The roughness of the LAPS coatings is shown in Table 2. It shows that the roughness of
the LAPS+500W and LAPS+600W coatings was reduced by 25.7% and 25.3%, respectively,
in comparison to the APS coating. Figure 4 shows the 3D images of about 0.9 cm2 of the
central area of the surface of three coatings. The APS coating was thicker in the middle and
thinner on both sides, which is a typical thermal spraying coating topography (Figure 4a).
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In contrast, the LAPS coatings exhibited a relatively uniform surface with no dis-
cernible peaks or valleys (Figure 4b,c). This phenomenon might be attributed to the flow of
particles that have melted, which was reflected in the surface roughness.
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Figure 5a shows the surface morphology of the three coatings. The LAPS+500W
coating rarely had large unmelted particles; this was consistent with the cross-section
morphology shown in Figure 2b. As a result, the coating had a lower roughness and a
smoother surface while the rough microstructure could reduce the performance of the
coating in plasma etching. Figure 5b shows the surface morphology of the three coatings
following exposure to CF4/CHF3 plasma etching. It shows that the numerous pores were
exposed and the large unmelted particles deposited on the surface were bombarded out of
the cracks, rendering the coating more susceptible to corrosion. Among the three coatings,
the LAPS+500W coating had the smoothest morphology and fewest defects. This could
be attributed to the superior quality of the original coating, the fewer defects and the
formation of a relatively uniform fluorination layer subsequent to etching.
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As can be seen from the EDS maps of the coating surfaces (Figure 6), fluorine appeared
in all three coatings following plasma etching, and its distribution was predominantly
observed at the boundary of the yttrium and oxygen elements [20]. However, in the
LAPS+500W coating, some fluorine was observed to overlap with the yttrium and oxygen
elements. The presence of fluorine indicated the formation of a fluorination layer, and the
coincidence degree reflected the uniformity of the fluorination layer.
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3.3. CF4/CHF3 Plasma Etching Behavior

Figure 7 shows the etching rates of the three coatings. The etching rates of the
APS, LAPS+500W and LAPS+600W coatings were 1.675 mg/dm2, 1.175 mg/dm2 and
1.8 mg/dm2. The LAPS+500W coating showed the lowest etching rate, with a mass loss
of 70.15% and 65.28% relative to the APS and the LAPS+600W coatings, respectively. As
evidenced in Table 3, the LAPS+500W coating exhibited the least reduction in thickness,
while the LAPS+600W coating demonstrated the most significant reduction. This was
consistent with the etching rates of the three coatings, indicating that the LAPS+500W
coating had the best etching resistance.
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Table 3. Thickness of three coatings before and after plasma etching.

APS LAPS+500W LAPS+600W

Before (µm) 474.494 425.914 452.874
After (µm)

Decrease ratio
448.485
5.48%

415.463
2.45%

414.96
8.37%

Figure 8 shows the test results for the chemical composition alterations of the APS,
LAPS+500W and LAPS+600W coatings after CF4/CHF3 etching (73.4 h) with varying
XPS etching times (0–200 s). The alteration of the elements could be roughly divided into
two distinct stages. The first stage, from the surface coating to the etching using XPS for
around 50 s, the atomic concentration in this area changed dramatically; the fluorine and
yttrium increased while the carbon and oxygen decreased. The fluorine content of the
APS, LAPS+500W and LAPS+600W coatings increased from 33.66, 40.5 and 24.32 atomic%
to 48.76, 60.15 and 49.76 atomic%, respectively. These values increased by 44.9%, 48.5%
and 104.6%, respectively. In this stage, the coating underwent a transition from a carbon
polymer layer to a fluorination layer [10]. In the second stage, XPS etching for 50 s to XPS
etching for 200 s, the changes in the atomic concentration tended to be flat, and the fluorine
concentration of the three coatings increased by 10.9%, 1.65% and 3.88%, respectively. The
concentration of the LAPS+500W coating changed the least during this stage, indicating
that the composition of the coating was the most stable. Since the powder did not contain
carbon, the carbon in the sample had primarily randomly infiltrated from the atmospheric
environment during the preparation of the coating. As the etching progressed, some of the
carbon combined with oxygen evaporated into a vapor phase (COz), while some remained
on the coating in the form of a polymer.
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(a) APS; (b) LAPS+500W; (c) LAPS+600W.

Figure 9 shows the position of the spectral peaks of the three coatings after XPS etching
for 200 S. The chemical compositions of the APS and LAPS+600W coatings were similar.
The carbonate peaks (C1s) at 286.7 (APS) and 286.78 (LAPS+600W) eV and the Y-OH peaks
(O1s) at 531.93 (APS) and 531.85 (LAPS+600W) eV indicated the presence of carbonate
bonds in the coatings, which was similar to the findings of another report [20]. Furthermore,
they confirmed the polymer morphology of the carbon described above.
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Figure 9. Narrow scans of XPS after CF4/CHF3 plasma etching of three coatings.

Two strong peaks with a higher binding energy (162.13 and 160.29 eV for APS and
162.05 and 160.09 eV for LAPS+600W) and two relatively weak peaks (159.56 and 158.83 eV
for APS and 158.15 and 157.44 eV for LAPS+600W) were identified in the yttrium spectrum.
The strong peaks were identified as Y-F bonds, and the weak peaks were determined to
be Y-O bonds. Since the electronegativity of fluorine (4.0) is higher than that of oxygen
(3.5), the binding energy of the Y-F bond formed when fluorine replaces oxygen is higher
than that of the Y-O bond [28]. However, the peaks of the Y-O bonds in the spectra of
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the APS and APS+600W coatings were not discernible in the yttrium spectrum shown
in Figure 9, because they were too weak to show up in the image. The peak intensity
ratios of the Y-F and Y-O bonds obtained from the XPS spectra of yttrium in the APS and
LAPS+600W coatings were 8.4:1 (APS) and 78:1 (LAPS+600W), which were much higher
than the average ratio (2.2) [29]. The weak peaks of the Y-O bond in O1s (530.59 eV for APS
and 530.32 eV for LAPS+600W) were in accordance with this result. The spectral peaks
of Y3d and O1s showed that the Y-O bonds had been eroded or replaced by Y-F bonds,
indicating that the coatings had been severely corroded, especially the LAPS+600W coating.

In contrast, there was no significant carbonate peak (C1s) in the LAPS+500W coating,
which was consistent with the low content of the C element in the coating in Figure 7. In
addition to the Y-OH (532.0 eV) bond, an evident Y-O bond (529.96 eV) was observed in
the O1s spectrum of the LAPS+500W coating, which was verified by the Y3d3/2 peak
(159.18 eV) and Y3d5/2 peak (157.72 eV) in the Y3d spectrum. Furthermore, the peak of
Y3d of the LAPS+500W coating was the strongest, and the peak intensity ratios of the Y-F
bonds in the three coatings were 1 (APS):1.3 (LAPS+500W):1.1 (LAPS+600W).

Figure 10 shows the XPS spectra of yttrium at the LAPS+500W coating surface, etched
for 50 s and etched for 200 s (etching for 50 s was chosen because this was close to the
atomic concentration change turning point). Figure 10a shows the spectral peaks of the
yttrium element at three etching depths, which intuitively shows how the intensity of the
Y3d peak changed with depth. Figure 10b–d represent the narrow spectrum of the Y3d
peaks at the surface, etched for 50 s and etched for 200 s. The intensity ratios of Y-F peaks
from the top to the bottom were 1:1.18:1.15. The intensity ratios of the Y-F peaks and Y-O
peaks at each position were 2.33 (surface), 2.35 (etched for 50 s) and 1.88 (etched for 200 s),
and the first two ratios were close to the ratio (2.2) obtained by Cao et al. on the coating
surface [29]. It can be seen from Figure 10 that the Y3d peaks at the three positions exhibited
a shift, which was primarily attributed to fluoridation [11]. The intensity of the Y-O bond
increased with depth, indicating that the effects of etching began to diminish.
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In order to elucidate the phenomenon of the three coatings, the etching process should
be taken into consideration. The entire etching process was divided into four distinct steps.
First step: the CF4/CHF3 gas underwent a complex dissociation reaction during electron
impact, resulting in the formation of dozens of reactants, including F+, CF+, CF2

+, CF3
+,

and CHF+ [30]. Second step: the ionized free radicals were deposited on the coating surface
to form a layer of fluorocarbon film. Third step: the deposited free radicals reacted with
the surface to decompose the Y-O bond and form a YOxFy layer. Fourth step: the coating
was removed, and a reaction gradient was established by means of physical impact and
chemical degradation [31,32].

In the second step, fluorine-free radicals deposited on the surface of the coating would
diffuse. The diffusion of fluorine was affected by defects, temperature, density, etc. J.
Kirchhof et al. found that a high hydroxyl concentration could potentially increase the
diffusion rate of fluorine [33]. Due to the lower density caused by more defects, the
fluorine concentrations of the APS and LAPS+600W coatings were lower than that of the
LAPS+500W coating. In addition, it could be seen from the peaks of O1s in Figure 9 that the
LAPS+500W coating had a higher hydroxyl concentration. Therefore, the fluorine diffused
rapidly on the LAPS+500W coating, which could facilitate the formation of the fluorination
layer faster in the third step. The formation of the fluorination layer can play a certain role
in protecting the coating.

The results of the SEM and EDS in Figure 11 support the conclusion above. There
were some dark regions at the edge of the coating in the SEM images (shown by the yellow
arrows in the figure). According to the EDS maps, it could be determined that these regions
belong to the fluorination layer. Compared with the other two coatings, the fluorination
layer of the LAPS+500W coating was wider and thicker. However, in the regions composed
of defects (shown by the red circles in the figure), the concentration of the yttrium and
fluorine elements decreased, whereas that of the carbon element exhibited an increase.
Meanwhile, the content of the yttrium element around the defects also decreased. This
indicated that the coating at the defects had undergone serious erosion, and this erosion
behavior tended to spread. This phenomenon can be explained by the cohesive force of the
coating. As mentioned above, the defects in the coatings were mainly pores, and the pores
were mostly caused by the presence of unmelted particles which were mainly mechanically
bonded. On the contrary, the dense area of the coating was dominated by metallurgical
bonding and the binding force was higher than that in a mechanically bonded coating.
Therefore, the defect regions were more susceptible to erosion during plasma etching. In
addition, the presence of carbon within the defects of the coating was identified (illustrated
by the yellow circles in the figure), which had penetrated into the coating during the
preparation process.

In the third stage, the formation process of the fluorination layer could be expressed
as follows:

Y2O3(s) + aCFm(g) → YOxFy (s) + bCOz (g),

YOxFy is a non-stoichiometric compound and YFx is the ideal form. During the
formation of YOxFy, some Y-O bonds were replaced by Y-F bonds with higher energy,
resulting in volume expansion and stress generation. Accordingly, the YOxFy layer was
more easily removed by physical sputtering rather than chemical reactions [20,32]. Since
physical sputtering and chemical degradation occur simultaneously in the plasma etching
process, the etching process of the yttrium oxide coating could be performed as depicted in
Figure 12.

According to the results of the SEM, EDS and XPS analyses, combined with the etching
rates of the three coatings, we believed that the density was the primary factor influencing
the differing etching resistance of the three coatings. The APS and LAPS+600W coatings
were seriously eroded due to the presence of numerous defects, and the low yttrium
content and weak Y-O bonds in the surface area indicated that the fluorination layer was
rapidly eroded.
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4. Conclusions

In this study, yttrium oxide coatings were prepared by atmospheric plasma spraying
combined with different in situ laser irradiation powers. The results showed that laser
coupling did not alter the phase composition of the coatings, but it enhanced the density
and reduced the porosity. However, an excessive laser power (600 W) caused cracks.
After coupling with a 500 W laser, more powder particles melted, which decreased the
thickness and internal defects of the coating and increased the binding force. Owing to
the high density, the LAPS+500W coating formed a thicker and wider fluorination layer
after CF4/CHF3 plasma etching. In contrast, for the coating with more defects (APS and
LAPS+600W), the defect areas were first eroded due to the low binding force of the particles,
and the corrosion resistance of the adjacent areas was reduced. The findings demonstrated
that the defects had a significant effect on the etching resistance of the coating and the laser
coupled with atmospheric plasma spraying effectively reduced defects and enhanced the
plasma etching resistance of the coating. Therefore, in situ laser-assisted plasma spraying
is a promising method for producing high-quality yttrium oxide coatings.
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