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ABSTRACT

Etch rates of Si and high purity SiC have been compared for various fluorocarbon plasmas. The relative plasma resistance of
SiC, which is defined as the etch rate ratio of Si to SiC, varied between 1.4 and 4.1, showing generally higher plasma resistance
of SiC. High resolution X-ray photoelectron analysis revealed that etched SiC has a surface carbon content higher than that of
etched Si, resulting in a thicker fluorocarbon polymer layer on the SiC surface. The plasma resistance of SiC was correlated with
this thick fluorocarbon polymer layer, which reduced the reaction probability of fluorine-containing species in the plasma with sil-
icon from the SiC substrate. The remnant carbon after the removal of Si as volatile etch products augments the surface carbon,

and seems to be the origin of the higher plasma resistance of SiC.
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1. Introduction

iC has been widely used as a substrate material for
S light emitting diodes (LED) and power electronics for
electrical vehicles or trains."® In addition, since SiC main-
tains mechanical strength at high temperature, it has been
extensively used to chamber parts for high temperature
chemical vapor deposition (CVD).*® The developed process-
ing route to produce SiC parts as large as over 1 meter with
exceptionally high purity has also supported its widespread
use in the semiconductor industry.*” Recently, besides the
structural aspects of SiC, its electrical conductivity and possi-
bly its enhanced life time under fluorocarbon plasma with
less generation of contamination particles are drawing atten-
tion for use in applications such as cathodes or focus rings,
which have been made of Si for a long time. Compared to Si,
SiC was believed to have a better plasma resistance; however,
the experimental evidences and the conditions necessary for
longer life time have rarely been studied.”™ Especially for
high purity SiC, which has usually been made by the CVD
method, there has been no comparative study with Si.

The etch rate of ceramics strongly depends on the plasma
conditions such as the chemistry of the etch gas and bias
power.''Y Generally, an increased bias power enhances the
etch rate, and the chemistry of the etch gas determines the
threshold bias voltage to start the erosion of the ceramics.'*'?
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The etch products are usually of the formula SiF , and are
produced by the interaction between radicals or ions of fluo-
rine-containing species and silicon atoms of the materials
being etched.' The interaction of fluorocarbon plasma with
ceramics has been studied using X-ray photoelectron spec-
troscopy.'>'*” The analyses showed that there was a fluoro-
carbon polymer layer as thin as a few nm on the etched
surface, and that this layer affected the etch rate of the
ceramics. In terms of this surface polymer layer, SiC has a
fundamental difference in comparison to Si because SiC has
inherent carbon in its chemistry, which may possibly supply
more carbon to the polymer layer. The carbon may retard the
interaction between the plasma and the SiC, but a detailed
analysis of the various plasma conditions has not yet been
conducted.

In this study, we first compared the etch rates of Si and
high purity SiC for various plasma conditions. The high
purity SiC was made by a conventional CVD method. After
the plasma exposure, the etched surface was carefully ana-
lyzed using high resolution X-ray photoelectron spectroscopy
(XPS) to reveal the interrelationship between the surface
polymer layer and the etch rate. In particular, we focused on
the C,, spectrum in order to analyze the surface polymer
layer. Finally, based on the measured surface carbon content
and the polymer thickness, the higher plasma resistance of
SiC has been understood and its relative benefits, depending
on the plasma conditions, are discussed.

2. Experimental Procedures

High purity SiC (>99.999%, 4.3 kQ-cm) was prepared
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Table 1. Details of Plasma Etch Conditions

Parameters Condition
RF power (W) 600
DC bias power (W) 50-200
Pressure (mTorr) 10
CF,, CHF, (sccm) 20-40
O, (sccm) 0-15
Ar (sccm) 10
Table 2. Details of XPS Conditions
Parameter Condition
Pass energy (eV) 23.5
Step (eV) 0.05
Time per step (ms) 60
Repeat #) 10

through a conventional chemical vapor deposition method
using methyltrichlorosilane (MTS) as a precursor gas. The
etch rate of SiC was compared with that of a reference, a Si
wafer. The SiC was polished to a 1 pum surface finish using a
diamond paste and, the surface was treated using a colloidal
silica suspension. Then, the substrate was cleaned with iso-
propyl alcohol in an ultrasonic container for 10 min. The pre-
pared Si and SiC were exposed to fluorocarbon plasmas using
an inductively coupled plasma etcher (Versaline, Unaxis Co.,
USA) with CF, or CHF, as the main etch gas, with or without
O, at various bias powers. Details of the etch conditions
appear in Table 1. Before the plasma exposure, the surfaces
of the specimens were masked using a Kapton tape with an
opening width of around 1 mm. The plasma exposure time
was 10 min for the measurement of etch depth. The etch
depths were measured using a surface profiler (Surfcorder
ET3000, Kosaka Lab., Japan).

XPS analysis of the etched Si and SiC after the plasma
exposure was performed using a monochromated Al K X-ray
source (PHI 5000 VersaProbe, ULVAC-PHI, Japan) at a pass
energy of 23.5 eV. Using fitting software (Avantage, Thermo
Fisher Scientific, UK) the photoelectron spectrum resulting
from the core energy levels of C,, was deconvoluted to esti-
mate the contributions from the bonds with other elements.
Each of the deconvoluted peaks was assigned following the
binding energies in the literature for various chemical bonds
of carbon on the etched Si or SiO,."*'>'® In order to calculate
the thickness of the surface polymer layer, the surface of
etched SiC was sputtered for 80 seconds using focused Ar*
ions (2 kV) and the intensities of Si,, peaks were compared
before and after the removal of the surface polymer layer.

3. Results and Discussion

Fig. 1(a) shows the etch rates of Si and SiC as a function of
bias power. Bias voltage accelerates positive ions on to the
substrates and promotes the reaction probability of fluorine
atoms with the silicon of the substrates.'® With an increasing
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Fig. 1. Etch rates of Si and SiC as functions of (a) bias
power without oxygen flow and (b) oxygen flow rate
at a bias power of 100 W.

bias power, the etch rates of both specimens increased but
there was a more pronounced effect on the SiC etch rate.
Therefore, if the plasma resistance of SiC relative to Si is
defined as the etch rate ratio of Si to SiC, the plasma resis-
tance of SiC was the highest at the lowest bias power, gradu-
ally decreasing from 4.1 to 1.5 with a bias power increase
from 50 to 200 W. The relative plasma resistance of SiC was
also a function of the oxygen flow rate (Fig. 1 (b)). When oxy-
gen was additionally introduced to CF, etch gas at a bias
power of 100 W, the etch rate of Si was practically unchanged,
while there was a monotonic increase in the SiC etch rate.
Thus, the plasma resistance of SiC decreased from 2 to 1.4
with the increase of the oxygen flow rate from 0 to 15 sccm.

The dependency of the etch rate of Si and SiC on the vari-
ous plasma conditions indicates that SiC has, in general, a
plasma resistance higher than that of Si. The relative resis-
tance varied between 4.1 and 1.4, depending on the bias
power and oxygen flow rate. The benefit of SiC over Si, how-
ever, was almost lost at certain specific conditions such as a
high oxygen flow rate and high bias power.

The etch gas itself also affects the etch rates of Si and SiC.
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Fig. 2. Etch rates of Si and SiC in CF, or CHF, plasma as a
function of oxygen flow rate at a bias power of 100 W.

Fig. 2 shows the etch rate variations when CHF, was used as
the main etch gas; these etch rates were compared to the
etch rates when CF, was used as the main etch gas. CHF, gas
lowered the etch rates of both Si and SiC. Since CHF; has a
hydrogen atom, the hydrogen radicals from plasma discharge
can scavenge fluorine radicals to produce hydrofluoric acid,
effectively lowering the fluorine to carbon ratio in the
plasma.'®'® The reduced amount of fluorine may result in a
lower etch rate for Si and SiC. On the other hand, the rela-
tively higher carbon content in plasma may also affect the
etch rate. The relative plasma resistance of SiC, however, was
less affected by the chemistry change of the etch gas. In CHF,,
the plasma resistance of SiC was similar to that of the CF,
cases for a given oxygen flow rate at a bias power of 100 W.

The dependency of the etch rate on the plasma conditions
must be understood based on the surface interaction
between the plasma and the substrate. Tatsumi et al.’® sug-
gested that the etch rate of SiO, is controlled by the thick-
ness of the surface carbon polymer layer. The kinetic energy
of ions impinging on the substrate is attenuated by the car-
bon polymer, resulting in reduced reaction probability.
Schaepkens et al.'? also reported the dependency of the etch
rate of SiO, and Si;N, on the surface polymer thickness.

In this regard, the surfaces of etched Si or SiC were ana-
lyzed using high resolution XPS. Fig. 3 shows the C,, spectra
obtained from Si and SiC etched at 50 W bias power in
plasma discharge fed with CF,, with or without O, flow. The
spectra consisted of many peaks from Si-C, C-C or C-F,
bonds, whose positions were previously obtained from the lit-
erature.”>'*® Among these peaks, the peak at a binding
energy of around 284.5 eV may come from adventitious car-
bon, because the analysis was conducted ex-situ after the
etch test.’” A peak due to Si-C bonds also strongly appeared
in the etched SiC because the photoelectrons can come from
the carbon in the substrate SiC. Thus, the peaks, except for
the ones due to adventitious carbons and carbons from Si-C
bonds, may be more responsible for the surface carbon dur-
ing the etching of Si and SiC. If Si and SiC are compared, the
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Fig. 3. C,, photoelectron spectra of the Si and SiC surface
etched in CF, plasma (a) without O, flow and (b) with
O, flow rate of 15 sccm at a bias power of 50 W.

surface carbon is clearly higher in the etched SiC than in the
Si (Fig. 3(a)). The fact that the etch rate of SiC was lower
than that of Si, as shown in Fig 1(a), indicates that higher
surface carbon content must be related to a lower etch rate,
and thus to a higher relative plasma resistance of SiC. This
relationship has also been supported when the effects of oxy-
gen flow on the carbon 1s spectra from etched Si and SiC
have been investigated. Fig. 3 (b) shows that the oxygen flow
resulted in less surface carbon for both Si and SiC, but the
reduction due to oxygen introduction was more significant in
SiC. Accordingly, the etch rate increase due to oxygen flow, as
shown in Fig. 1(b), must be due to the enhancement of the C-
F dissociation and the removal of surface carbon atoms in the
form of CO and CO,,.

In contrast to the effects of oxygen introduction on the
reduction of surface carbon, the etch gas change from CF, to
CHF, produced a strong enrichment of surface carbon on the
etched Si or SiC (Fig. 4). As mentioned, CHF, has an effec-
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Fig. 4. C,, photoelectron spectra of the Si and SiC surface
etched in CHF, plasma at a bias power of 50 W.

300 ®  sioow)
TN\
£ °
e |
c 200 Si (50W) -
G SiC (200W)
[ °—o
©
X 100 ¢
£ °r SiC (50W)
i o
0 N 1 " 1 " 1
0 4000 8000 12000

Surface Carbon Content, CPS

Fig. 5. Etch rates as a function of surface carbon content of
Si and SiC for various plasma conditions.

tively lower F/C ratio due to the scavenging effect of hydro-
gen. Thus, at the same flow rate of CF, or CHF,, the total
amount of fluorine-containing radicals or ions may be less in
CHF,, possibly resulting in a lower etch rate. This possibility,
however, was rejected because the flow rate of CHF, did not
affect the etch rate at the investigated flow range between 20
and 40 sccm. Instead, the reduction of the etch rate may be a
result of the higher surface carbon content, which is pro-
duced from the plasma with a lower F/C ratio. The lower F/C
ratio of CHF, resulted in a thick carbon polymer layer on the
etched Si and SiC surfaces as shown in Fig. 4, and thus led to
the lower etch rate. In terms of the relative plasma resis-
tance of SiC, however, the surface carbon increments on both
Si and SiC seem to have little effect.

The surface carbon contents on the etched specimens were
quantitatively measured and compared with the etch rates.
For the carbon intensity calculation, we excluded the peak at
around 284.5 eV due to the formation of adventitious carbon,
and the peak due to carbon from Si-C bonds on the etched
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Fig. 6. Etch rates as a function of surface polymer thick-
ness at a bias power of 200 W.

SiC. Fig. 5 shows that the higher surface carbon contents
always resulted in lower etch rates for the given materials
and bias powers. In addition, SiC has a generally higher sur-
face carbon and lower etch rate than Si, thus providing bet-
ter plasma resistance.

Surface carbon seems actually to be a part of a complex flu-
orocarbon polymer layer, because the carbon has diverse
bond characteristics with fluorine and other elements, as
shown in Figs. 3 and 4. The peak intensity due to C-F, bonds
was the greatest, indicating that the carbon is in the chain
structure of a fluorocarbon polymer. The fluorine and carbon
in the polymer layer on the etched Si may mostly come from
plasma, but additional carbon can be supplied from the sub-
strate SiC in the etched SiC. When Si is removed from the
SiC with a volatile etch product, SiF , the remnant carbon
from SiC must contribute to the surface carbon. Closer
examination of the deconvoluted peaks of carbon 1s spectra
reveals the relatively higher intensity of the C-CF, peak for
the etched SiC compared to that for Si. However, since our
analysis was conducted ex-situ, the contamination effect
impeded a further analysis.

The thickness of the polymer layer was semi-quantitatively
calculated by comparing Si,, peak intensities before and after
the sputtering removal of the surface polymer layer. The pho-
toelectrons from the Si or SiC substrates are attenuated by
inelastic scattering through the polymer layer. Assuming a
mean free path A, 3 nm,"® of photoelectrons, the polymer
thickness, d, was calculated using the following equation:

Ilo N eXp(_kcgse)

where I and I, are the intensities before and after polymer
layer removal and 6 is an emission angle of the photoelec-
tron, 45°. Then, the calculated polymer thickness varied
between 0.5 and 1.7 nm and these values were plotted with
respect to the etch rates at a bias power of 200 W. Fig. 6
shows that the etch rate varied inversely with the polymer
thickness at a bias power of 200 W, which is similar to the
relationship reported for SiO, and Si;N, etching.'” In terms
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of these surface polymer layers, the effects of the plasma con-
dition on the plasma resistance of SiC can be understood.
With an increasing bias power, the kinetic energy of ions
impinging on the surface being etched increases and pro-
motes the physical etching of the surface polymer layer. The
physical etching results in thinner polymer layers on both Si
and SiC, which decrease the plasma resistance of SiC. The
effects of oxygen flow rate can also be understood with
respect to the reduced polymer thickness due to the oxida-
tion of carbon, weakening the protection effects of the poly-
mer layer on the etched SiC, as shown in Fig. 3 (b).

4. Conclusion

The etch rates of Si and SiC, which are widely used as parts
for semiconductor processing chambers, were compared after
exposure to typical fluorocarbon plasmas. If the relative
plasma resistance of SiC is defined as the etch rate ratio of Si
to SiC, SiC has a plasma resistance generally higher than Si.
The plasma resistance decreased with an increasing bias
power and oxygen flow rate. The etch rates were also a func-
tion of the chemistry of the etch gas. High resolution X-ray
photoelectron analysis showed that there was a thin fluoro-
carbon polymer layer on the etched surface and that the sur-
face carbon content from the polymer layer was highly
correlated to the etch rate of Si and SiC. SiC always had
higher carbon content on the etched surface, with a lower
etch rate than that of Si. The increased carbon content on
the etched SiC was inferred to come from the remnant car-
bon after evaporation of the etch product, SiF,. Hence, the
enriched surface carbon, which is from a thicker fluorocar-
bon polymer layer on the etched surface of SiC, may, reduce
the kinetic energy of the incident ions, reducing the probabil-
ity of the etch reaction and finally resulting in a higher
plasma resistance for SiC. In terms of this etch mechanism,
the effects of plasma conditions on the plasma resistance of
SiC were qualitatively understood.
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