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Abstract

A new plasma-resistant composite with electrical conductance has been developed for use in the plasma processing equipments of the
semiconductor industry. Currently, electrical conductive silicon is widely used as parts for the wafer processing equipments, but its
erosion rate is too fast, causing short life time of the parts. In this study, yttrium oxide, which has a high erosion resistance under
fluorocarbon plasmas, was used as a matrix material and carbon was added for a conducting phase. The threshold fraction of carbon for
the conductance depended on the carbon sources as well as the sintering temperature. The current flow through the carbon phases inside
the composite was demonstrated through a scanning probe microscopy technique. The developed composite has an electrical
conductivity around 0.01 S/cm with a threshold carbon of 0.6 wt%, at a density of more than 99%; its plasma resistance was about 15
times greater than that of silicon. The developed composite can be used as a substitute for the electrically conductive silicon parts in
wafer processing equipments.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The semiconductor industry uses many materials for the
plasma-facing parts of wafer processing equipments [1-8].
Such materials include silicon, silicon dioxide, sintered
Al,O3 or Y,03, and Y,0Oj3 coatings. The choice of material
depends on the application position inside the processing
chamber, and the selection criteria include plasma resis-
tance, electrical properties, and the possibility of producing
contamination particles.

By plasma discharge, the fluorocarbon gases decompose
to reactive radicals and ions, which react with the surface
of parts to form etch products, which are successively
removed by sputtering or evaporation [4,5,9-11]. For
instance, silicon fluoride, which is formed by the interac-
tion between fluorocarbon plasma and silicon, has a high
vapor pressure, so it evaporates easily causing a fast
erosion of the silicon [9-12]. Even though silicon has low
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plasma erosion resistance, it has been widely used as
plasma-facing parts in the industry because it has electrical
conductivity, similar to that of silicon wafers. It has been
applied to the cathode so that it can deliver electrical
power to sustain the plasma inside the chamber. Also, if
silicon is used as focus rings, it can provide better plasma
uniformity over silicon wafer due to its similar electrical
conductivity with the wafer. As stated above, silicon is a
very useful material in the parts applications, but its high
erosion rate under the fluorocarbon plasma severely short-
ens life time and significantly increases the cost of wafer
processing.

In this study, we tried to develop a new material with a
high plasma resistance thus longer life time as well as
electrical conductance. Kim et al. [4] showed that oxide
ceramics such as aluminum/yttrium oxide have a superior
erosion resistance under fluorocarbon plasma. Yttrium
oxide, in particular, has the lowest etch rate and, conse-
quently, the highest level of plasma resistance. We fabricated
a composite of yttrium oxide and an electrically conducting
phase. We selected carbon for the conducting phase because
it is one of the elements of usual fluorocarbon plasma and
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can be used safely in wafer processing. If the carbon acts as a
current path, then, according to the literatures on percola-
tion thresholds [13-15], the threshold volume fraction of
carbon for the conductance may depend on the size ratio of
the matrix to the conducting phase. In this study, different
sources of carbon were tested: micrometer-sized carbon,
nano-sized carbon, and carbons from phenol resin. We
measured the electrical conductivity in relation to the carbon
sources, amount of carbon and sintering temperature. The
microstructure was analyzed by means of scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). To confirm the current flow through the dispersed
carbons, we used a scanning probe microscopy technique.

2. Experimental procedures

We selected Y,03; powder (0.3 um, C-grade, H.C.
Starck, 15 m?/g, Germany) as a matrix material. For the
conducting phase, we used fine micrometer-sized carbon
(8.5m?/g, Seunglim Carbon Co, Korea) or nano-sized
carbon (35.4 m?/g, N774, Orion Evonic Co., USA); we
also tested phenol resin (CB-8060 K, Kangnam Chemical
Co., Korea) as a carbon source. When the phenol resin was
heat-treated at 800 °C, its initial weight was reduced by
around 70%; that was considered to make a mixed powder
with the specified nominal carbon content. The Y,0;
powder was mixed with the carbon sources by using ball
milling in ethanol media with Al,O3 balls for 20 h. The
prepared powders were dried on a hot plate and in an oven
at 80 °C for 12 h and then softly pulverized. The mixed
powder was sintered using a hot-press technique at two
different temperatures of 1400 °C or 1600 °C for 1 h, under
a pressure of 20 MPa and a nitrogen atmosphere. We used
a graphite mold and punches for hot-pressing of the
powders. When the phenol resin was added, the powder
was heat-treated at 800 °C for 1 h during the sintering
process to convert the phenol resin to a carbon phase.

The electrical conductivity of the sintered body was
measured by means of a two-probe method after platinum
electrodes were deposited on both sides of the specimen.
The crystalline structure of the sintered composite was
analyzed with an X-ray diffractometer (D/max-2500,
Rigaku, Japan) on the crushed powder of the sintered
body. For the microstructure analysis, the specimens
were polished with diamond pastes to 1 pum surface finish.
The polished surface was then observed with a scanning
electron microscope (JSM-6071F, Jeol, Japan) to obtain
back-scattered electron images, which show a clear con-
trast between the carbon phase and the yttrium oxide
matrix phase. The specimen was thinned with a focused
ion beam (Helios 600, FEI Co., USA) and observed with
a transmission electron microscope (Tecnai F30, FEI,
Netherlands).

To confirm the conducting mechanism, we used a
scanning probe microscope (XE-150, Park System, Korea).
While a bias voltage of 5V was applied to the specimen,
the polished surface was probed with a conductive

Table 1

Details of plasma etch conditions.

Parameters Condition
RF power (W) 600
RF bias voltage (V) 450
Pressure (mTorr) 10
CF40,:Ar (SCCM) 30:5:10
Etch time (min) 120

cantilever coated with platinum. A surface area of
100 x 100 pm? was probed, and the current flow through
the conductive cantilever was monitored. The plasma
resistance of the composite was measured with an induc-
tively coupled plasma etcher (NIE 150, NTM Co, Korea)
which used CF,4, O, and Ar as processing gases. Table |
shows the details of the etch conditions.

3. Results and discussion

Fig. 1 shows the densification behavior of the yttrium
oxide—carbon composite in relation to the various sources
of carbon. The densification was retarded when a higher
amount of nano-sized carbon was used at a sintering
temperature of 1400 °C. As the sintering temperature
increased to 1600 °C, the densification of the composites
exceeded 98% and there was less dependence on the
carbon content. The densification behavior was similar
when the phenol resin was used as a carbon source, though
the density was slightly lower at a sintering temperature of
1400 °C than when the nano-carbon was added. In con-
trast with other carbon sources such as nano-sized carbon
or phenol resin, the micrometer-sized carbon has no great
effect on densification. Even the addition of 5wt% of
carbon leads to a minor inhibition of the densification
process.

The yttrium oxide remained intact during sintering,
producing no oxycarbide or carbide phases (Fig. 2). A
few literatures [16,17] suggest that yttrium oxycarbide may
form from the reaction between carbon and yttrium oxide
with a weight loss due to the emission of CO gas. However,
in our experiment, we could not see any trace of the
oxycarbide phase, which seems to be due to the suppres-
sion of gas evolution from a relatively fast densification by
hot-pressing. Therefore, the yttrium oxide and the added
carbon were well densified to a composite.

Fig. 3 shows the microstructure of an Y,Os;—carbon
composite and its electrical conductivity when micrometer-
sized carbon was used. The microstructure consisted of an
Y,03 matrix and aligned plate-like carbons. The carbon
plates, which have a length of around 10pum with a
thickness of around 1 pm, were aligned in a direction
perpendicular to the hot-pressing. Thus, the structure
seems to be a result of the composite’s one-dimensional
shrinkage, which was induced by the hot-pressing techni-
que. Fig. 3(b) shows that the composites were insulating
upto 5Swt% of the added micrometer-sized carbon,
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Fig. 1. Electrical conductivities of Y,Os—carbon composites sintered at
1400 °C or 1600 °C for 1 h using different sources of carbon: (a) nano-
carbon, (b) phenol resin and (c) micrometer-sized carbon.

regardless of the sintering temperature. When the added
carbon exceeded 3 wt%, the conductivity was slightly
increased, but the increase was marginal and insufficient
to provide an adequate electrical conductivity to the
sintered composites.

The use of nano-sized carbon or phenol resin as
a carbon source was a very effective in making the
conductive composites (Fig. 4). When nano-carbon was
added, the composite sintered at 1400 °C was electrically
conductive even at 0.2 wt% addition. As the sintering
temperature increased to 1600 °C, the percolation thresh-
old for the electrical conductivity increased to 0.6 wt%.
The sintered body with more than 0.6 wt% of carbon has a
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Fig. 2. X-ray diffraction patterns of Y,Os—carbon composites sintered at
1600 °C using different sources of carbon.
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Fig. 3. (a) Microstructure of a composite with micrometer-sized carbon
of 5 wt% sintered at 1600 °C and (b) electrical conductivities with various
amounts of the carbon.

conductivity level around 1072 S/cm, which is similar to
that of silicon used in the semiconductor industry. When
the phenol resin was used, the specimens sintered at
1400 °C showed electrical conductivity similar to those of
the nano-carbon composites (Fig. 4(b)). However, at
higher sintering temperatures, they transformed to insulat-
ing materials in the studied range of carbon.

Fig. 5 shows the microstructures of sintered bodies that
use nano-sized carbon or phenol resin as a carbon source
with a nominal amount of 1 wt% carbon. The microstruc-
ture contained very thin plate-like carbons, which were
dispersed uniformly throughout the specimen. Though the
carbon phases in both specimens look isolated, the specimen
with nano-carbon is conductive, whereas the specimen with
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Fig. 4. Electrical conductivities of Y,Os—carbon composites sintered at
1400 °C or 1600 °C using two different sources of carbon: (a) nano-sized
carbon and (b) phenol resin.

carbon from phenol resin is insulating as shown in Fig. 4. This
difference in the effect of nano-carbon or phenol resin on the
electrical conductivity for the same nominal amount of carbon
phases may be explained in terms of difference in the actual
carbon content. As shown in Fig. 5, the amount of carbon in
the specimen from the phenol resin seems to be less than the
amount of carbon in the specimen that uses nano-carbon.
Actually, the measured carbon contents were 1.3% for the
composite with nano-sized carbon and 0.6% for the composite
from phenol resin for the same nominal 1 wt% of carbon. We
have added an extra amount of phenol resin to get the same
nominal amount of carbon, based on the conversion ratio of
the phenol resin measured at 800 °C. However, the phenol
resin may possibly undergo more weight loss at a higher
sintering temperature, resulting in reduced carbon content.
From the transmission electron microscopy, we could
easily identify the carbon phase by comparing high angle
annular dark field (HAADF) and bright field images,
because carbon phase was dark in the HAADF image. The
microstructure of the specimen sintered at 1600 °C with
1 wt% of nano-sized carbon has two kinds of carbon
morphology: a thin plate-like morphology or an agglomer-
ated morphology. The thin plate-like carbon phases were as
thin as 20 nm; they have a crystalline structure (Fig. 6(a)). In
contrast, the carbons, which are slightly agglomerated in the
Y,0; grain junction, were mostly amorphous. Besides the
carbon phases, we could not see any impurity-related phases.
The percolation threshold, about 0.6 wt%, for electri-
cal conductance corresponds to approximately 1.5 vol%

1 um

Fig. 5. Microstructures of Y,Os—carbon composites with nominal 1 wt%
of carbon sintered at 1600 °C using two different sources of carbon:
(a) nano-sized carbon and (b) phenol resin.

considering the density difference between carbon and
yttrium oxide. If 1.5vol% was the case for spherical
conducting phase as in a model based on the segregated
network [18], the size ratio of the matrix and conducting
phases must be far larger than 35. However, actual
apparent carbon size was not so small, considering its
specific surface area 35.4 m?/g, compared to 15.0 m?/g for
Y,03. So, this low threshold cannot be attributed to the
size ratio, but to the shape of conducting phase. As shown
in Figs. 5 and 6, carbons were mostly very thin and plate-
like. This thin plate shape must have significant effects on
constructing a network for electrical conductance. In these
regards, the effect of sintering time might be considered. At
higher sintering temperature, grain growth of the matrix
phase may result in the coalescence of carbon phase with
loss of electrical conductance of the composite.

A current flow map was obtained from the application of
scanning probe microscopy to the specimen with 1 wt%
nano-sized carbon sintered at 1600 °C. Fig. 7 shows the
current map of a 100 x 100 um? area of the polished surface.
The black indicates a high current flow area and the white
part indicates the insulating area. The map showed that the
current flowed discretely at points on the surface, not
uniformly through the matrix, confirming the electrical
conductance through the dispersed carbon phases. It is also
noted that the average distance between the current flowing
spots was around a few micrometers, several times longer
than the inter-carbon distance observed in Fig. 5(a), implying
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Fig. 6. TEM microscopies of two different carbon morphologies observed
in the composite with 1wt% of nano-carbon sintered at 1600 °C:
(a) crystalline plate-like and (b) amorphous agglomerated carbon.

that only some portion of the carbon contributed to the
conductance.

The plasma resistance of the composite with 1 wt%
nano-carbon sintered at 1600 °C was superior to that of
the silicon reference material, though it has similar elec-
trical conductivity with that of silicon. Fig. 8 shows the
cross-sections of the etched composite and silicon reference
material. On account of the high plasma resistance of the
Y,05 matrix, the etch rate of the conductive composite was
15 times lower than that of silicon. So the developed
composite has high plasma resistance as well as an electrical
conductance. As a result, it may be a new candidate
material for the various silicon parts, such as electrodes
and focus rings in plasma processing equipments, providing
much longer life time of the parts made of the composite.

4. Conclusion

An electrically conductive composite with a high level of
plasma resistance was developed. The composite consisted
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Fig. 7. Current flow map of the specimen with 1wt% nano-carbon
sintered at 1600 °C from scanning probe microscopy using a conductive
cantilever.

Fig. 8. Cross-sectional images of plasma etched specimen using Ar,
CF, and O, as reaction gases: (a) silicon and (b) composite with 1 wt%
nano-carbon sintered at 1600 °C.
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of a plasma resistant Y,O; matrix and electrically con-
ductive carbon. The threshold fraction of carbon for
electrical conductance depends on the source of the carbon
and the sintering temperature. Nano-sized carbon, which is
more effective than micrometer-sized carbon, has a thresh-
old fraction of 0.6 wt% for the electrical conductance of
the dense composite when the composite was sintered at
1600 °C. Through the scanning probe microscopy techni-
que, we confirmed that the current flowed discretely at
points on the surface rather than through the matrix. This
low percolation threshold for the conductance may be
explained in terms of the shape of the conducting phase.
The fact that etch rate of the developed composite under
typical plasma is 15 times lower than that of silicon
indicates that the composite may be used as a substitute
for silicon parts in plasma processing equipments.
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