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Stoichiometric and silicon-rich (Si-rich) SiC films were deposited by microwave electron cyclotron resonance (MW-
ECR) plasma enhanced RF magnetron sputtering method. As-deposited films were oxidized at 800 °C, 900 °C, and 1000 °C
in air for 60 min. The chemical composition and structure of the films were analyzed by x-ray photoelectron spectroscopy
(XPS), Raman spectroscopy and Fourier transform infrared spectroscopy (FT-IR). The surface morphology of the films
before and after the high temperature oxidation was measured by atomic force microscopy. The mechanical property
of the films was measured by a nano-indenter. The anti-oxidation temperature of the Si-rich SiC film is 100 °C higher
than that of the stoichiometric SiC film. The oxidation layer thickness of the Si-rich SiC film is thinner than that of the
stoichiometric SiC film in depth direction. The large amount of extra silicon in the Si-rich SiC film plays an important role
in the improvement of its high temperature anti-oxidation property.

Keywords: SiC, anti-oxidation, silicon-rich, sputtering

PACS: 81.15.Cd, 68.60.Dv

1. Introduction

Due to the excellent properties, such as low density, high
melting point, good mechanical and thermal properties, ex-
cellent oxidation and chemical stability, and unique semi-
conductive nature, SiC and related materials have been ap-
plied in many different fields, such as aerospace, aviation, mil-
itary, nuclear, chemical and semiconductor industries.!'~71 On
the other hand, carbon fiber and carbon/carbon (C/C) com-
posites have also become attractive materials with many ex-
cellent properties applicable in the aerospace and automotive
manufacturing fields.[®! However, carbon fiber and C/C com-
posites start to oxidize at 500 °C in an oxygen-containing
atmosphere environment, which limits their applications in
high-temperature oxidizing environments.®°!' A solution to
this problem is to coat the carbon fiber and C/C composites
with an anti-oxidation layer. An ideal candidate for this anti-
oxidation layer can be SiC, due to its excellent anti-oxidation
property as well as good physical-chemical compatibility with
carbon materials. Thus, it is necessary to investigate the high-
temperature anti-oxidation property of SiC films in an oxygen-
containing atmosphere environment.

Some works had been done on the oxidation of hydro-
genated amorphous Sij_,C, (a-Si;_,Cy:H) films.[10-12]1 Ay-
thors demonstrated that the incorporation of the CHj3 radi-
cals introduced void defects and increased the porosity of a-
Si;_,Cy:H films, which provided the necessary porous struc-
ture for oxide growth.['%!!] The a-Si;_,C,:H films reported
by Refs. [10,11] with a large number of CH3 radicals started
to oxidize at lower temperature 200 °C and 400 °C in
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oxygen-containing environments, respectively. The oxida-
tion of a-SiC:H and a-SiC in wet argon and dry oxygen
atmospheres was also studied and the researchers demon-
strated that the low-density a-SiC:H films with hydrogen re-
lated void defects have lower oxidation temperature than that
of the high-density a-SiC films.'?! Furthermore, the high-
temperature anti-oxidation property of Si—SiC coatings fab-
ricated by impregnation-pyrolysis combined with gaseous sil-
icon infiltration (GSI) had been reported.!!'3] Authors demon-
strated that the structural defects in the Si—SiC coatings were
filled with residual silicon after GSI process, thus resulting in
the formation of dense coating, and the anti-oxidation property
of SiC coating was improved. 3!

It is shown above that the hydrogen related void de-
fects can reduce the high-temperature anti-oxidation prop-
erty of SiC films. In order to improve the high-temperature
anti-oxidation property and investigate the high-temperature
anti-oxidation mechanism of SiC film, the unhydrogenated
stoichiometric SiC and Si-rich SiC films were deposited by
MW-ECR plasma enhanced RF magnetron sputtering system.
The as-deposited films were oxidized at 800 °C, 900 °C and
1000 °C in air for 60 min and the anti-oxidation property of
the oxidation films was characterized by FT-IR spectra and
hardness-indentation depth distribution curves. Through the
comparative study of the anti-oxidation property and mecha-
nism of the stoichiometric and Si-rich SiC films, the mecha-
nism of extra silicon in the oxidation process was briefly ex-

plained.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Experimental details

The stoichiometric and Si-rich SiC films were deposited
on Si substrates by MW-ECR plasma enhanced RF magnetron
sputtering system, the deposition system schematic is shown
in Fig. 1 and the detailed description of the deposition system

5114161 In this sys-

could be found in our previous publication:
tem, the dense and highly ionized ECR plasmas are confined
in the low magnetic field region between the magnetron targets
and the sample table by the cusped magnetic field. The high
density ECR plasmas on the SiC film surface is beneficial to
the formation of Si—C bonds in SiC films.

SiC

(a) Silicon Graphite (b)

Substrate r Substrate 9

=
=
-

Teeel

Fig. 1. The schematic diagram of the silicon and graphite co-sputtering
system (a) and the ceramic SiC sputtering system (b).

The Si-rich SiC films were deposited by co-sputtering the
silicon (diameter: 68 mm, purity: 99.99%) and the graphite
(68 mm, 99.99%) targets. The stoichiometric SiC films were
deposited by using a ceramic SiC target (68 mm, 99.9%). Be-
fore introducing the sputtering gas, the system was pumped
to a pressure of 3.5x 1073 Pa. The flow rate of the sputter-
ing argon gas (99.999%) was kept constant at 24 sccm and the
working pressure was controlled by rotating the gate valve of
molecular pump. Two microwave ECR plasma sources were
both set as 500 W to get high density plasmas near the sub-
strates and maintain discharge during sputtering process. The
deposition time for all films was 120 min. For the deposition of
the Si-rich SiC films, the RF power on the silicon and graphite
targets was set to be 200 W and 300 W, respectively. And
the working pressure was 0.22 Pa. Both distances between the
silicon and graphite targets to the substrate were 150 mm. For
the deposition of the stoichiometric SiC films, the RF power of
the ceramic SiC target was set to be 450 W, the working pres-
sure was 0.5 Pa and the target-substrate distance was 150 mm.
The as-deposited films were oxidized at 800 °C, 900 °C and
1000 °C in air for 60 min.

The chemical composition and structure of the stoichio-
metric and Si-rich SiC films were analyzed by an ESCAL-
ABTM 250Xi x-ray photoelectron spectrometer. All the XPS
spectra of the films were fitted with Gaussian functions and the
background was removed by the Shirley subtraction method.

The composition of the films can be calculated from!!”!

(@AW o

where i is the element of the film, Cy is the relative content of
the X element, A is the peak area of corresponding element in
the spectrum and § is the sensitivity factor of corresponding
element.

The Raman spectra of the films were measured by a Ren-
ishaw inVia instrument with a 532 nm line laser as the exciting
source. The infrared absorption spectra of the films were mea-
sured by a Nicolet 6700 FT-IR spectrometer in the wavenum-
ber range of 400 cm ™! to 4000 cm™~! with a spectral resolution
of 4 cm~!. The mechanical property of the films was measured
by an MTS Nano-indenter XP. The surface morphology of the
films was measured by a CSPM 5500 atomic force microscope
(AFM) with tapping mode.

3. Results and discussion
3.1. XPS characterization

The composition and Si/C ratio of the as-deposited stoi-
chiometric and Si-rich SiC films obtained from XPS charac-
terization are shown in Table 1. The SiC film deposited by
co-sputtering is silicon rich and the Si/C ratio is 4.1, the SiC
film deposited by ceramic target sputtering is stoichiometric
and the Si/C ratio is 1. It is also shown that the stoichiometric
SiC film has a slightly higher concentration of N and O atoms
than that of the Si-rich SiC film.

Table 1. The composition and the Si/C ratio of as-deposited films.

Sample label Si(at%) C (at%) N (at%) O (at%) Si/C
Si-rich SiC 76.3 18.6 2.9 2,2 4.1
Stoichiometric SiC 44.0 44.1 5.6 6.3 1.0

Figures 2(a)-2(d) are the high resolution Si 2p and C 1s
XPS spectra, which are shown with their deconvolution re-
sults, for the as-deposited stoichiometric and Si-rich SiC
films. For the spectra of the Si-rich SiC film as shown in
Figs. 2(a) and 2(b), two Gaussian peaks centered at 99.2 eV
and 100.1 eV, decomposed from the Si 2p peak, could be at-

18.19] The area

tributed to Si-Si and Si—C bond, respectively. !
percent of Si-Si bonds with binding energy 99.2 eV in this
Si 2p peak is 78.6%, which indicates that the content of the
extra silicon in this film is very high. On the other hand, the
C 1s peak is best fitted only by a Gaussian peak centered at
282.7 eV, which can be assigned to the C-Si bond.?%-2!]

For the spectra of the stoichiometric SiC film as shown
in Figs. 2(c) and 2(d), three Gaussian peaks centered at
99.8 eV, 100.6 eV and 102.6 eV, decomposed from the Si
2p peak, could be attributed to Si—Si, Si—C and Si—O bonds,
respectively.[>>-24 The area percent of Si—Si bonds with bind-
ing energy 99.8 eV is 12.1%, which indicates the existence of
silicon clusters. Three Gaussian peaks centered at 283.4 eV,
284.6 eV and 285.6 eV, decomposed from C 1s peak, could be
attributed to C-Si, C-C and C-O bonds, respectively./?>-2°!
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And the area percent of C—C bonds with binding energy
284.6 eV is 14.8%, which indicates the existence of sp2 C-
C bonds of the graphite-like clusters.

(b) Si-rich SiC
C 1s
C—Si
2
‘B L ] 1
=]
< (d) siC
Si—C sigp|| O3 Cls
c-0
Si—0
Si—Si c<C
1 1 I 1 1 I 1 I 1 I

98 100 102
Binding energy (eV)

104 281 283 285 287
Binding energy (eV)

Fig. 2. The Si 2p and C 1s XPS spectra of the as-deposited stoichiomet-
ric and Si-rich SiC films, deconvolution of each spectrum with Gaussian
peak is also shown in the figure.

3.2. Raman characterization

The Raman spectra of the as-deposited stoichiometric and
Si-rich SiC films are shown in Fig. 3. The spectra of the
as-deposited stoichiometric and Si-rich SiC film exhibit three
and two main bands, respectively. Both bands centered on
475 cm~! and 518 cm™! are due to the Si-Si bonds and both
bands centered on 810 cm ™! and 830 cm™! are due to the Si—
C bonds. The last band centered around 1440 cm~! is due to
the C—C bonds.!'*2?"1 Comparing the Raman spectra shown in
Figs. 3(a) and 3(b), besides Si—C bonds, the Si-rich SiC film
contains Si—Si bonds, while the stoichiometric SiC film con-
tains Si—Si and C—C bonds.

2000

1600 Si—Si

Si—C

1200
800
400

Raman signal
0
=)
S
I

|
200 500

I 1 1 I 1 1 I
800 1100 1400 1700 2000
Raman shift (cm~1)

Fig. 3. The Raman spectra of the as-deposited Si-rich SiC (a) and stoi-
chiometric SiC (b) films.

3.3. FT-IR characterization

Figure 4 shows the FT-IR spectra of the stoichiometric
and Si-rich SiC films before and after oxidizing at different
temperatures in air for 60 min. The spectra show two main
overlapping peaks centered around 800 cm~! and 1080 cm ™!,
which are assigned to the stretching vibration mode of Si—
C and Si-O bonds, respectively.[>>?’ A little peak centered

! is assigned to the rocking mode of Si-O

around 456 cm™
bonds. [2327]

It is known that a SiC film is oxidized when the absorption
peak of Si—O bonds appears in its FT-IR absorption spectrum.
Comparing Fig. 4(a) with 4(b), it is found that the stoichiomet-
ric SiC film begins to oxidize at 800 ° in air, while the Si-rich
SiC film begins to oxidize at 900 °C in air. It is also known that
the oxidation level of SiC film correlates positively with the in-
tegrated absorbance of the Si—O peak. In order to obtain the
integrated absorbance of the Si—O peak, the absorption bands
located at 400-1200 cm ™~ are fitted by three Gaussian peaks:
(1) the Si—C stretching vibration peak, (2) the Si—O stretching
vibration peak, and (3) the Si—O rocking peak. And the typ-
ical fitting results of the stoichiometric and Si-rich SiC films
oxidized at 1000 °C are given in Fig. 4.

1.0 1.0

(a) Si-rich SiC (b) SiC
0.8F 0.8F
25 °C
8 8
g 0.6 % 0.6 25 °C
0 Qo
P P
8 0.4 % 0.4
o 0. 2 0.4F 800 °C
< <
0o 0.2k 900 °C
41000 °C
0 OF, 3 N

T T
400 650 900 1150 1400
Wavenumber (cm~1)

HE Y R
400 650 900 1150 1400
Wavenumber (cm~1)

Fig. 4. The FT-IR spectra of the Si-rich SiC (a) and stoichiometric SiC
(b) films, together with deconvolution results.

The integrated absorbance of Si—O peak is shown as a
function of oxidation temperature in Fig. 5. For the Si-rich SiC
oxidation films, the integrated absorbance of the Si—O peak
increases from 5.6 to 9.3 with the oxidation temperature in-
creasing from 900 °C to 1000 °C; for the stoichiometric SiC
oxidation films, the integrated absorbance of the Si—O peak
increases from 10.3 to 19.8 with the oxidation temperature in-
creasing from 800 °C to 1000 °C. The integrated absorbance
of the Si—O peak of the stoichiometric and Si-rich SiC films
increases with increasing oxidation temperature, which means
that the oxidation level of those films increases.

It can be obtained from Fig. 4 that the initial oxidation
temperature of the Si-rich SiC film is 100 °C higher than that
of the stoichiometric SiC film. Comparing the integrated ab-
sorbance of the Si—O peak of the stoichiometric films with that
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of the Si-rich SiC films, we can find that the value of the inte-
grated absorbance of the stoichiometric SiC film, which is 10.3
at oxidation temperature 800 °C, higher than 9.3 of the Si-rich
SiC film at oxidation temperature 1000 °C and the value of
the integrated absorbance of the stoichiometric SiC film (19.8
at oxidation temperature 1000 °C) is 2.1 times as high as 9.3
of the Si-rich SiC film at same oxidation temperature. Thus,
the high-temperature anti-oxidation property of the Si-rich SiC
film is better than that of the stoichiometric SiC film.

22
20
18
16
14

-@- Si-rich SiC 'S
- SiC

12
10
8
6

] 1 ]
900 1000

Oxidation temperature (°C)

Integrated absorbance of Si—O peak

]
800

Fig. 5. The integrated absorbance of Si—O peak appeared in FT-IR spec-
tra shown in Fig. 4 as a function of oxidation temperature.

Now we try to explain the anti-oxidation property differ-
ence between the stoichiometric and Si-rich SiC films. At the
initial stage of oxidation, SiO, layer is formed on the film sur-
face by oxidizing SiC film. As time goes by, more SiC is
oxidized into SiO,, and a continuous silica protective layer
with low oxygen diffusion coefficient and good self-sealing
property is gradually produced, thereby blocking the contact
between oxygen and the SiC film and slowing down the oxi-
dation rate of SiC film.

From above characterizations we can know that: (1) the
Si-rich SiC film contains a large amount of extra silicon;
(2) the stoichiometric SiC film contains graphite-like clusters.
Due to the lower activation energy of Si than that of SiC, the
oxidation rate of Si is 1.5-2 times higher than that of SiC.[?8]
For the Si-rich SiC films, when the oxidation temperature is
higher than 800 °C, the large amount of extra silicon in the
surface of the film can firstly be oxidized into SiO;, and then
a continuous silica protective layer is formed quickly, thus the
oxidation rate of the Si-rich SiC film is limited by limiting
the diffusion rate of oxygen. On the other hand, oxidation of
the graphitic carbon by oxygen is thermodynamically favor-
able at temperatures above 500—-600 °C. For the stoichiomet-
ric SiC films, when the oxidation temperature is higher than
800 °C, the graphite-like carbon clusters in the stoichiometric
SiC films can easily be oxidized and removed from the films
in the form of volatile carbon oxides. Such a process increases
the porosity of the stoichiometric SiC films, and the diffusion

rate of oxygen can be enhanced by increasing the porosity of
the film, thus the oxidation rate of the stoichiometric SiC film
is enhanced by enhancing the diffusion rate of oxygen.!'!1?]
In short, the high-temperature anti-oxidation property of the
Si-rich SiC films is improved by the large amount of extra sil-
icon, and the high-temperature anti-oxidation property of the
stoichiometric SiC film is reduced by the graphite-like carbon

clusters.

3.4. AFM characterization

Figures 6(a)-6(d) are the AFM surface morphology im-
ages of the stoichiometric and Si-rich SiC films before and
after high temperature oxidation measured by tapping mode,
and the scanned area is approximately 2 x 2 um. From Fig. 6
we can see that both root mean square (RMS) roughness
of the films decrease after high temperature oxidation: the
RMS roughness of the stoichiometric SiC film decreases from
2.13 nm to 1.27 nm and that of the Si-rich SiC film decreases
from 1.38 nm to 0.65 nm. The roughness decreases after high
temperature oxidation for both films is reasonable consider-
ing the taper would be easier to be eroded in high temperature
oxidation atmosphere. What is worth to note is that the rough-
ness of the stoichiometric SiC film (1.27 nm) is about one time
larger as compared with that of the Si-rich SiC film (0.65 nm)
after high temperature oxidation, this larger difference might
come from the fact that the C atoms in the stoichiometric SiC
films were oxidized to carbon oxide and diffused out, leaving
more voids than that of the Si-rich SiC films, in which the extra
Si atoms were easily to be oxidized into a thin silica passiva-
tion layer as discussed in the next section.

(a) Si-rich SiC (c) SiC
RMS =1.38 nm RMS =2.13 nm

13.5 nm 13.1 nm
0
Si-rich SiC SiC
(b) Oxidation (d) Oxidation

RMS =0.65 nm RMS =1.27 nm

8.8 nm
0

Fig. 6. The surface morphology images of the stoichiometric and Si-rich
SiC films before (a), (c) and after (b), (d) high temperature oxidation.

3.5. Nano-indentation characterization

Figure 7 shows the hardness-indentation depth distribu-
tion curves of the stoichiometric and Si-rich SiC films before
and after oxidizing at different temperature. It is shown in
Figs. 7(a) and 7(e) that the hardness of the as-deposited sto-
ichiometric and Si-rich SiC film increase with increasing in-
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dentation depth in the range from 0 to 82 nm and keep almost
constant in the flat range from 82 nm to 250 nm.

It is worth to note the different trends of hardness-
indentation depth distribution curves of the stoichiometric and
Si-rich SiC oxidation films. For the stoichiometric SiC oxida-
tion films, a new step plateau appears in the range from 9 nm to
16 nm on the hardness-indentation depth curve of the 800 °C
oxidation film, and this step plateau becomes obvious in the
range from 13 nm to 23 nm on the curve of the 900 °C ox-
idation film and becomes wider in the range from 17 nm to
42 nm on the curve of the 1000 °C oxidation film. The hard-
ness value of the step plateaus found in the stoichiometric SiC
oxidation films is about 10 GPa, which is close to the hard-
ness of silica.[?939 Thus, we could conclude that the stoichio-
metric SiC films have been completely oxidized to silica in
this step plateau regions, and the plateau is broadened with in-
creasing oxidation temperature, meaning that the stoichiomet-
ric SiC films could be oxidized gradually in the depth direction
at higher temperature in air. The thickness of silica layer on
the surface of the stoichiometric SiC films oxidized at 900 °C
and 1000 °C, estimated from the hardness-indentation depth

distribution curves, are 23 nm and 42 nm, respectively.3!!

201
Si-rich SiC
10F (a) 25 °C
. 0 1 1 1 1 1 1
£ 20f <
O 1ok Si-rich SiC sl
= 10 mysooc | O
;ﬁ 0 1 1 1 1 1 1 @
Q 7]
2 20F <
° Si-rich SiC | 5 SiC
g 1or (c) 900 °C = 10 (g) 900 °C
0 1 1 1 1 1 1 jas 0 1 1 1 1
20F 201
[ Si-rich SiC i siC
10 (d) 1000 °C 10 (h) 1000 °C
0 1 1 1 1 1 O 1 1 1 1
0 80 160 240 0 80 160 240

Indentation depth (nm) Indentation depth (nm)

Fig. 7. The hardness-indentation depth distribution curves of the stoi-
chiometric and Si-rich SiC films before and after oxidizing at different
temperature.

Due to the relatively thick silica layer on the top of the
stoichiometric SiC oxidation films, new changes could be ob-
served on its hardness-indentation depth distribution curves;
on the contrary, no such step plateau could be observed on the
hardness-indentation depth distribution curves of the Si-rich
SiC oxidation films. This phenomenon means that the silica
layer on the top of the Si-rich SiC oxidation films is too thin
to make any difference in nano-indentation characterization.
Thus, the oxidation layer thickness of the Si-rich SiC film is
thinner than that of the stoichiometric SiC film in the depth
direction. The reason of increase of Si-rich SiC film’s anti-
oxidation performance might be the extra Si and lack of C in
such film, extra Si is easier to be oxidized into silica and the

lack of C reduces the voids, which would act as oxygen tun-
nel if there were too many voids forming in high temperature
oxidation atmosphere after the C is oxidized into carbon oxide
and diffuse out of the films, as discussed in stoichiometric SiC
film.

4. Conclusion

The stoichiometric and Si-rich SiC films had been de-
posited on Si substrates by MW-ECR plasma enhanced RF
magnetron sputtering method. The Si/C ratio of the stoichio-
metric and Si-rich SiC films is 1 and 4.1, respectively. The as-
deposited Si-rich SiC film contains a large amount of extra sil-
icon, while the as-deposited stoichiometric SiC film contains
a small quantity of silicon and graphite-like clusters. Due to
the thin protective silica layer with low oxygen diffusion con-
stant formed by oxidizing the large amount of extra silicon,
the high-temperature anti-oxidation property of the Si-rich SiC
film is better than that of the stoichiometric SiC film. The anti-
oxidation temperature of the Si-rich SiC film is 900 °C, which
is 100 °C higher than that of the stoichiometric SiC film. After
high temperature oxidation, both RMS roughness of the films
decreases, and the RMS roughness of the stoichiometric SiC
film (1.27 nm) is about two times higher than that of the Si-
rich SiC film (0.65 nm). And the oxidation layer thickness
of the Si-rich SiC film is thinner than that of the stoichiomet-
ric SiC film in the depth direction. Thus, the large amount of
extra silicon can improve the anti-oxidation property of the Si-
rich SiC film, which is beneficial to further improve the high-
temperature anti-oxidation property of SiC film.
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