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ABSTRACT

The effects of water addition on Y,0, coatings or thick films prepared by plasma suspension spray (SPS) have been investi-
gated. Water addition in suspension media was found to be effective to control the color of a Y,0, coating prepared by SPS. The
color changed with water addition at the shortest stand-off distance of 50 mm even if samples had the same crystalline phase.
Change was not correlated with fragmentation behavior of liquid suspension inside the plasma jet. Water content over 50 vol%
was found to produce unmelted particles, indicating that water suppressed heat transfer to the particles. However, plasma jet
temperature was not affected. Instead, the coating fabricated with water addition has higher oxygen and lower carbon content
compared to these characteristics of the coating without water addition. This was attributed to the retarded complete evapora-
tion of liquid media from the suspension droplet, resulting in inhibition of excessive heating and evaporation of the molten Y,0,
droplet. In this regard, crystalline phase development with respect to stand-off distance and water addition was discussed.
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1. Introduction

s transistor size has scaled down, Y,0, ceramics have
been widely used in the semiconductor industry in
order to reduce particulate contamination inside the wafer
processing chamber.'” Y,0, ceramics are applied as a sin-
tered bulk or as coatings in various components because
these materials have very high plasma resistance in fluo-
rine-based plasma. To achieve Y,0, ceramics as coatings, var-
ious techniques such as physical vapor deposition, aerosol
deposition, and plasma spray have been used.*'” Of these,
suspension plasma spray (SPS) has become a new candidate
method to obtain a highly dense microstructure.®
SPS coating generally uses submicrometer- or a few
micrometer-sized powders dispersed in a liquid media as a
feeding material for the plasma spray; these sizes are
compared to those in materials used in the conventional
plasma spray, which have a few tens of micrometer-sized
granules.'®'” The suspension is injected radially or axially
into the plasma jet and is fragmented into small droplets;
then, after evaporation of the liquid media, the particles are
melted and deposited on the substrate.'®'” Thus, the coat-
ings fabricated by SPS consisted of finer splats or particles
than those in coating by conventional plasma spray; also,
the produced materials generally showed denser micro-
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structure and smaller pores.®?

For commercialization of coatings, color control is a key
technology, though the effect of color on the production of
particulate contamination is not clear. The semiconductor
industry usually requires bright-colored coatings, as well as
a dense microstructure. However, the processing parame-
ters needed to obtain a dense microstructure often result in
a dark gray color of the coatings: for instance, a shorter
stand-off distance for coating leads to a denser microstruc-
ture, but with dark color. Colors of coatings in plasma
spraying may come from many different sources such as pri-
mary particle size, dopant, crystalline phase, valance
change of transition metal with reduction, vacancy forma-
tion, and deposition method.'*'”

In this study, the effects of water addition to the suspen-
sion on the Y,0, coating have been investigated. First, we
observed the color change of the coatings with respect to the
stand-off distance as water is added to the suspension.
Then, development of crystalline phase was observed with
or without water addition. To check for the possibility of dif-
ferent fragmentation behavior depending on water addition,
we did a single rapid scan of the plasma spray and obtained
the splat size distribution. Finally, through oxygen content
measurement, color and crystalline phase development
were discussed.

2. Experimental Procedure

Fine Y,0, powder (>99.95%, Grade C, H.C. Starck, Ger-
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many) was dispersed in ethanol with or without water addi-
tion. The content of Y,0, was 2 vol% and ethanol was
partially substituted with water in various levels of vol% (3,
10, 30, 50 and 100). Mixed suspension was ball-milled for 4
hr after the addition of a dispersant of 0.5 wt% (DISPER-
BYK-111, BYK-Chemie GmbH, Germany).

The coating was fabricated on an alumina substrate with
a diameter of 256 mm by continuous spraying using a sus-
pension plasma spray system (Axial III, Northwest Mettech,
Canada) with axial suspension feeding. The horizontal and
vertical spans of the gun trajectory were 50 and 10 cm,
respectively, and the vertical increment of the gun position
for every horizontal movement was 5 mm. The SPS condi-
tions were configured as follows: gas flow rate of 200 L/min
with a gas composition of Ar/N,/H,: 45/45/10 and a plasma
current of 200 A. Stand-off distance was varied between 50,
70, and 100 mm. The surface temperature of the substrate
was measured using k-type thermocouples that were
located on the top of alumina substrate. In order to obtain
size distribution of the splats, suspension was rapidly spray-
scanned once at a very fast transverse gun speed (4 m/sec)
on a mirror polished soda-lime glass substrate; this process
is the so-called single rapid scan. After the single rapid
plasma spray test, splats were observed using a scanning
electron microscope (SEM, JSM-6390, JEOL, Japan) and
were analyzed with image analysis software (Image-Pro
Plus, Version 6.0, Media Cybernetics Inc., USA) to obtain a
splat size distribution.

The color of the coating was quantitatively measured
using a UV-VIS spectrophotometer (UV-2600, Shimadzu,
Japan) in the wavelength range of 380~780 mm. Crystalline
phase of the coating was analyzed using an X-ray diffrac-
tometer (RINT-2500HF, Rigaku, Japan). Oxygen and car-
bon contents of the coating were measured using an oxygen/
nitrogen analyzer (EMGA-920, Horiba, Japan) and a car-
bon/sulfur analyzer (CS230, LECO, USA). O/Y ratios were
measured using XPS (K-Alpha, Thermoscientific, UK) with
monochromatic Al Ka radiation.

3. Results and Discussion

Figure 1 shows typical coated samples with respect to
stand-off distance when ethanol was used as suspension
media. At a stand-off distance, 50 mm, the coating surface
appeared dark-gray; however, at increasing distances, the
color changed to white-gray, which is the desired color in
usual applications in the semiconductor industry. However,
when we add water to the suspension, we were able to
obtain a brighter color even at short stand-off distance.
Fig. 2 shows the measured brightness, the L* value, with
respect to the stand-off distance when water of 10 vol% was
added to ethanol. With the addition of water, the L* value
was around 90 even at the shortest stand-off distance, 50
mm, showing the strong effect of water on the color of the
coating.

To understand this color change, we first checked the X-
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ray diffraction patterns of the coatings (Fig. 3). Without
water addition, at stand-off distances of 50 and 70 mm,
crystalline phases mostly consisted of cubic phase while,
at 100 mm, a mixture of cubic and monoclinic phases was
observed (Fig. 3(a)). In contrast, when water of 10 vol%
was added, the cubic phase appeared only at the stand-off
distance of 50 mm. For the suspension with water of 50
vol%, similar crystalline phases were observed with respect
to the stand-off distance. At ambient temperature and pres-
sure, cubic Y,0, is a stable crystalline structure, while
metastable monoclinic phase was usually observed after
physical vapor deposition or plasma synthesis of nano pow-
ders, which can be considered as extremely fast cooling.'®'”
In terms of crystalline structure, both specimens coated at
the standoff distance of 50 mm showed the same crystalline
phase, regardless of the water addition, but showed differ-
ent colors, implying that the color change may not be a
direct result of the crystalline phase.

As another possibility, we compared the morphology and
size distribution of splats, which were deposited by a single
rapid scan on the glass substrate, because the water addi-
tion can affect the fragmentation behavior of the suspension
liquid inside the plasma jet. Fig. 4 shows that, with an addi-
tion of water of over 50 vol%, debris from unmelted particles

B

Fig. 1. Y,0, coatings on alumina substrate deposited at

stand-off distances of (a) 50 mm and (b) 100 mm using
a liquid media without water addition.
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Fig. 2. Variation of brightness L* with respect to stand-off
distance for the samples fabricated without water
and with water of 10 vol% in the suspension.
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Fig. 3. XRD diffraction patterns with respect to stand-off

distance: (a) without water and (b) with water of 10
vol% in the suspension.
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Fig. 4. SEM images after single rapid scan using suspen-
sion with water content of: (a) 3 vol%, (b) 10 vol%, (c)
30 vol%, and (d) 50 vol%.

began to appear. However, if the water was kept low
enough, lower than 30 vol%, all particles melted well and
showed well-developed thin disk shapes with similar sizes.
Fig. 5 shows the splat size distributions obtained by image
analysis with respect to water content. Regardless of the
water content in the range up to 50 vol%, splat size at maxi-
mum frequency was around 1.5 mm, indicating that water
addition did not much affect the fragmentation behavior of
the suspension inside the plasma jet.

On the other hand, the water addition might reduce the
temperature of the plasma jet. Evaporation enthalpies of
ethanol and water are 1.06 kJ/ml and 2.26 kJ/ml, respec-
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Fig. 5. Splat size distribution with water content of: (a) 3 vol%, (b) 10 vol%, (c) 30 vol%, and (d) 50 vol% in suspension.
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Fig. 6. Surface temperature of alumina substrate with time
at stand-off distance of 50 mm.

tively.”” However, this idea of water addition reducing the
temperature was rejected based on the calculation of addi-
tional enthalpy consumption due to water evaporation. The
suspension flow rate in our study was fixed at 45 ml/min.
With this flow rate, the additional enthalpy necessary for
the evaporation of a mixture of 50 vol% water was calcu-
lated and found to be only about 0.45 kdJ/sec, which was
quite negligible for the typical plasma jet power used in this
experiment, 80 kd/sec. Thus, the temperature of the plasma
jet must be kept nearly constant regardless of water addi-
tion. To confirm this, the heat delivered to the substrate by
the plasma jet was qualitatively compared by measuring
the surface temperature of the substrate with or without
water addition. Fig. 6 shows the temperatures of the front
surface of the substrate with coating time. Irrespective of
water addition, the steady state temperature of the sub-
strates remained the same, indicating that water addition
to the suspension did not much affect the plasma jet tem-
perature.

Instead of the plasma jet temperature, water addition can
control the time for heat delivery to ceramic particles. When
the sizes of the liquid droplet after fragmentation in the
plasma jet were the same, as shown in Fig. 5, addition of
water increases the time for the liquid in the droplet to
evaporate completely. This retardation of complete liquid
evaporation by water addition will reduce the length of the
plasma jet zone available for melting of ceramic particles,
reducing the time for heat delivery to a particle until its
deposition on the substrate. By this retardation of complete
liquid evaporation, water addition may be used to adjust the
final temperature of molten Y,0, droplets. An excessive
temperature of a molten ceramic droplet may induce evapo-
ration of its components. During evaporation, cations and
anions may evaporate at different speeds,”” resulting in
nonstoichiometry of the coating. In order to confirm this
possibility, we measured the oxygen and carbon content of
coatings deposited at a stand-off distance of 50 mm (Fig. 7).
The coating fabricated with water addition had higher oxy-
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Fig. 7. Oxygen and carbon content of coatings deposited at
stand-off distance of 50 mm without water and with
water of 10 vol%.

gen content, supporting the idea that the water addition
lowered the temperature of the molten droplet. In addition,
water was also effective at removing carbon that might be
introduced by polymer addition as a dispersant. It is well
known that nonstoichiometry in oxides produces ionic
defects,?® which can act as optical absorption sources. Car-
bon is also known as a traditional coloring agent. Thus,
higher oxygen and lower carbon content in the coating pro-
duced with water addition seem to contribute to a brighter
color of the coating.

The temperature of the molten droplet and the resultant
O/Y ratio may affect the crystalline phase development. As
shown in the Y-O phase diagram,®® hexagonal(p) Y,0, is
solidified in a temperature range between 2600 and 2718 K,
while cubic(a) Y,0, is solidified below 2600 K. Because of
the liquidus line in the oxygen deficient side of the Y,0,, a
more oxygen deficient melt starts to solidify at lower tem-
perature and may experience slow cooling, preferring a
cubic crystalline phase. This might explain the crystalline
phase development of the coating with respect to the stand-
off distance and the water addition. As water is added, the
temperature of the molten droplet is lower and the oxygen
deficiency is also lower. On the other hand, with longer
stand-off distance, the molten droplet undergoes faster cool-
ing due to the lower average temperature of the substrate
surface, as shown in Fig. 8. If we assume that the flight
speed of a droplet in a plasma jet is 500 m/sec, the total
flight time is very short, in the range of 100 msec. Then, the
molten droplet might spend most of the time in concomitant
evaporation before its complete solidification on the sub-
strate. Thus, we can expect that, with water addition and
longer stand-distance, the ceramic liquid melt with composi-
tion closer to stoichiometric Y,0, will experience faster cool-
ing and will prefer the development of monoclinic phase
development. In an opposite case, if the composition is away
from stoichiometric Y,0, at shorter stand-off distance, the
cubic crystalline phase is preferred. Indeed, as shown in the
O/Y ratio of the coating without water addition (Fig. 9), the
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Fig. 8. Average surface temperature of alumina substrate at
steady state with respect to stand-off distance for
samples fabricated without water addition in suspen-
sion.
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Fig. 9. O/Y ratio measured using XPS with respect to stand-
off distance for samples fabricated without water
addition in suspension.

ratio at the stand-off distance of 100 mm was highest; here,
the monoclinic phase developed, as shown in Fig. 3, support-
ing our hypothesis. For this hypothesis to be more valid, we
need further experimental evidence such as a direct tem-
perature observation of a liquid droplet, optical absorption
behavior, and more accurate O/Y determination. Quantita-
tively accurate determination of O/Y is generally very diffi-
cult because it requires accuracy for both cation and anion.
This will require further study in the future.

Finally, it should be noted that, in addition to the usual
processing parameters in SPS, such as plasma power,
stand-off distance, and gas composition and gas flow rate,
this study shows another parameter that controls the depo-
sition process in SPS. By adjusting the water addition, we
were able to control the temperature of the molten droplet
independently from the other parameters. For instance,
higher plasma power, which contributes to higher speed of
the molten droplet and denser coating microstructure, can
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be utilized along with controlling the temperature of the
molten droplets by water addition. Color control could be
one potential application of this study.

4. Conclusions

Water addition in liquid media was found to be effective at
controlling the color of a Y,0, coating prepared by plasma
suspension spray. At the shortest standoff distance, the
color changed with water addition, though the coatings
have the same cubic crystalline phase. Water content over
50 vol% produced unmelted particles, indicating that water
suppressed heat transfer to the particles. However, the frag-
mentation behavior of the suspension inside the plasma jet
was not affected by the water addition and the plasma jet
temperature was not affected either. Instead, the coating
fabricated with water addition has higher oxygen and lower
carbon content compared to those characteristics of the
coating without water addition. This was attributed to the
retarded complete evaporation of the liquid from the sus-
pension droplet, which reduced the length of the plasma jet
zone available for heat delivery to a ceramic particle, result-
ing in inhibition of excessive heating and of evaporation of
the molten Y,0, liquid droplet. In this regard, water addi-
tion seems to be an effective tool to independently control
the temperature of molten liquid droplets while maintain-
ing other parameters in a plasma spray.
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