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The erosion behaviour during bombardment with a 5 keV argon beam at room
temperature was studied for silicon carbide (SiC) films of thickness of about 10 pym
coated on molybdenum by physical vapour deposition (PVD) and chemical vapour
deposition (CVD). The PVD SiC (plasma-assisted ion plating) exhibited a greater
thinning rate than the CVD SiC film. Electron probe X-ray microanalysis revealed
that the chemical composition of PVD SiC was changed to a composition enriched
in silicon by the bombardment, and there was a notable change in its surface
morphology. The CVD SiC retained its initial chemical composition with only a
small change in its surface morphology. Auger electron spectroscopy indicated that
silicon oxide was formed on the surface of PVD SiC by the bombardment. The
greater thinning rate and easier change in chemical composition in PVD SiC could
be attributed to its readier chemical reaction with oxygen due to its more non-
uniform structure and weaker chemical bonding. Oxygen was present as one of the
impurities in the argon beam.

1. INTRODUCTION

The first wall in a tokamak-type nuclear fusion reactor is expected to be coated
with some materials with low Z (Z is the atomic number) to minimize the
contamination of a confined fusion plasma with high Z impurities!. The coating
materials are required to have a high resistivity to surface irradiation, stability under
thermal cycling, a high heat shock resistance and a low evaporation rate as well as
good adherence between the coating films and the substrate metals.

The system consisting of silicon carbide (SiC) as a coating material and
molybdenum as a substrate satisfies many of the above-mentioned conditions?3.
Some characteristics of deposited SiC are expected to depend on its microstructure,
which in turn would depend on the coating methods and conditions used. There are
several coating methods for SiC on molybdenum, including chemical vapour
deposition (CVD) techniques and physical vapour deposition (PVD) techniques;
each method has its advantages and disadvantages for application to a nuclear
fusion reactor. In general, PVD techniques have lower substrate temperatures than
CVD techniques, which helps to prevent deterioration of the mechanical properties
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of the substrate. In addition, PVD techniques can be used for an in situ coating
process of first-wall components. In turn, CVD techniques can yield more thermally
stable films2.

Extensive studies®” of the surface erosion of metals and composites by
energetic particle bombardments have been carried out. Some papers concerning
the erosion behaviour of SiC by low energy ions have been published’~'6. The
dependence of the erosion behaviour on the coating conditions or methods was
described in only a few papers!3~!%, We selected two representative coating
methods; one is activated ion plating (one of the PVD techniques) and the otheris a
conventional CVD technique. We studied the erosion behaviour under argon beam
bombardment of SiC deposited by various methods.

7

2. EXPERIMENTAL PROCEDURES

Details of the activated ion plating (one of the PVD techniques) used in the
present study can be found elsewhere3. The sintered molybdenum substrates were
polished on emery paper and ultrasonically cleaned in acetone. The silicon vapour,
which was obtained from an electron-beam-melted silicon pool, and the introduced
acetylene (C,H,) were glow discharged by an r.f. coil. The total pressure of the
reactant gases was varied between 0.5 and 1.0 Pa. The substrate was heated to
500-1300 K. The chemical composition of activated ion-plated SiC depends
strongly on the substrate temperature during deposition. By controlling the
substrate temperature, three different chemical compositions, i.e. Sig ,5Cq 75 (at
1300 K), Sig 45Co 55 (at 1070 K) and Sig 55Co 45 (at 879 K), could be obtained. Most
of the experiments were conducted on the Sig ,5Cg s5. The thickness of the PVD SiC
coatings was about 10 pm.

The CVD coating used in the present study was described elsewhere? in detail.
SiC was deposited by the hydrogen reduction and/or thermal decomposition of
ethyltrichlorosilane (C,HsSiCl;). The substrate temperature during deposition was
between 1320 and 1570 K. The chemical composition of the deposits was nearly
stoichiometric, i.e. Siy_ sC,. 5. The thickness of deposited SiC was about 20-30 pm.

Results of detailed characterization of the PVD and CVD SiC were reported
elsewhere?3. The PVD and CVD SiC was found to consist of a- and B-SiC. The
CVD SiC was found by X-ray diffractometry, IR spectroscopy and ion mass
microanalysis (IMMA) to be contaminated with a small amount of oxygen and to
contain an SiO, phase. The contamination of deposits with hydrogen and the
formation of Si—H bonds were not detected by IR spectroscopy and IMMA on
either the CVD SiC or the PVD SiC. Gravimetry indicated that both the CVD
SiC and the PVD SiC had nearly the theoretical density of 3.12 to an accuracy
of 10%.

The chemical composition and surface morphology of the deposited SiC films
were determined by Auger electron spectroscopy (AES), electron probe X-ray
microanalysis (EPMA) and scanning electron microscopy before and after irradia-
tion. Here we obtained the averaged chemical composition from the surface down to
a depth of about 5 um by EPMA using 15 keV electrons as a probe.

The deposited films were bombarded with a beam of 5 keV argon at room
temperature using a saddle-field type of gun. The pressure was about 3x 10”2 Pa
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during irradiation with a base pressure of about 5 x 10~* Pa pumped by an oil
diffusion pump with a liquid nitrogen cold trap. The ion beam current was about
0.1 mA and approximately equal amounts of the neutral argon beam irradiated the
specimen surface. The beam spot diameter was 2 mm. The beam intensity was about
1x10'5 atoms mm~2s7 !,

The amount of erosion caused by the argon bombardment was estimated by
measuring the step height at the boundary between the irradiated and unirradiated
area with a surface roughness monitor. A step height of about 0.5 um was detectable,
being distinguishable from the surface roughness.

3. RESULTS

The surface morphology change caused by the irradiation is shown in Figs. 1
and 2 for PVD SiC and CVD SiC respectively. Here the PVD SiC has the chemical
composition Sig 45C, ss. Before irradiation, the PVD SiC had a rather flat surface
morphology with many small bumps (Fig. 1, region ¢). The morphology was
smoothed by the irradiation to give many small and shallow hollows. Some local
attacks were observed and pits, which penetrated to the molybdenum substrate,
were noticed at the centre of shallow hollows on the films irradiated for more than
100 min.

The surface morphology of CVD SiC was also smoothed by the irradiation.
Before irradiation, large nodules with small bumps on them were observed (Figs.
2(a)-2(c)). The small bumps on the large nodules were removed by the irradiation
and the undulations of the large nodules were smoothed (Figs. 2(d)-2(f)). There was
far less modulation of the surface morphology in the CVD SiC than in the PVD SiC.
No local attack was observed on the CVD SiC irradiated for up to 200 min.

The thinning rate caused by the irradiation of the deposited films is depicted in
Fig. 3. It was found that the thinning rate of PVD SiC was about twice as large as
that of CVD SiC. The erosion rate or sputtering rate could be estimated roughly to
beabout(1-2.5) x 10~ ! atoms (incident Ar atom) ™ ! and (6-8) x 10~ 2 atoms (incident
Ar atom) ™ for the PVD SiC and CVD SiC respectively, assuming that both have a
theoretical density of 3.12. The thinning rate of PVD Si,C, _,(0.25 < x < 0.55) was
found not to depend on their chemical composition.

Figure 4 shows the chemical composition change of the irradiated films. The
argon irradiation did change the chemical composition of PVD Si C, _, but did not
change that of CVD SiC. EPMA revealed that the irradiation yielded the same
chemical composition of about Sij 5,Cq 43 for PVD 8i,C, _, (0.25 < x < 0.55),
regardless of its initial composition (Fig. 5).

AES revealed an SiO, film about 100-200 A thick on the irradiated PVD SiC
(Fig. 6), although no oxygen contamination was detected by EPMA (Fig. 5). Silicon
in SiC gave different Auger electron spectra from those of silicon in SiO,. After the
oxidized layer of thickness 100-200 A was sputtered off, the spectra of silicon in SiO,
disappeared and we obtained clear SiC spectra (Fig. 6(e)). AES also revealed the
change in chemical composition of PVD SiC to the side enriched in silicon. The
estimated chemical composition from AES was about Si; 4C, 4 after the bombard-
ment of the Sig 45Cy 5.
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Fig. 1. Scanning electron micrographs of bombarded and unbombarded PVD Si, 45Cq ss: (a)
bombarded for 60 min (low magnification); (b) bombarded for 100 min (region e, unbombarded
(masked)) (low magnification); (c) bombarded for 60 min (high magnification); (d) bombarded for 100 min
(high magnification).

4. DISCUSSION

The Auger electron spectra (Fig. 6) revealed that the thin SiO, film was formed
on the PVD SiC by the argon bombardment. This indicated that the oxygen was
present as an impurity during bombardment. The presence of oxygen during surface
irradiation is known to have profound effects on the irradiation behaviour of
carbide ceramics, which was well reviewed by Rye'® for SiC. As the physical
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Fig. 2. Scanning electron micrographs of bombarded and unbombarded CVD SiC surfaces: (a)-(c)
unbombarded; (d)-(f) bombarded.
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Fig. 3. Thinning rate of PVD SiC and CVD SiC caused by 5 keV argon beam bombardment as a
function of bombarding time: O, PYD Si; 45Cy.55; ® CVD SiC.
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Fig. 4. Chemical composition'éhange determined by EPMA of PVD SiC and CVD SiC caused by 5 keV
beam bombardment as a function of bombarding time: @, PVD SiC; O, CVD SiC.
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Fig. 5. Chemical composition change determined by EPMA of PVD SiC and CVD SiC after
bombardment for 60 min: (a) PVD Si; ;5Co.75; (b) PVD 8ij 45Cg 555 () PVD Sig 55Co.45; (d) CVD
SiO.SCO.S'
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Fig. 6. Auger electron spectra of unbombarded and bombarded PVD Si, ,5Co .55 (A-A’, position of the
AES signal from silicon in SiC; B-B’, position of the AES signal from silicon in SiO,): spectrum a,
unbombarded; spectrum b, as bombarded; spectrum c, bombarded and etched by 3 keV argon for
20 min; spectrum d, bombarded and etched by 3 keV argon for 60 min; spectrum e, bombarded and
etched by 3 keV argon for 110 min.

sputtering with argon ions removes both silicon and carbon from SiC at an equal
rate® 19, the observed change in the chemical composition of PVD SiC must be due
to the oxygen impurity.

The oxygen will interact with SiC to form SiO, and CO,, resulting in
preferential removal of carbon. Sproul and Richman!’ reported preferential
removal of carbon and the formation of titanium oxycarbide when titanium carbide
(TiC) was sputtered by argon ions in the presence of oxygen.

The interaction of PVD SiC with oxygen in the argon beam was quite different
from that of CVD SiC. The results indicated that the PVD SiC was far more severely
chemically eroded by the oxygen than the CVD SiC. The thin SiO, film was formed
on the bombarded PVD SiC and the chemical composition of the PVD SiC was
altered to the side enriched in silicon by the argon beam bombardment. In contrast,
the presence of oxygen in the argon beam did not seem to affect the erosion
behaviour of CVD SiC, where the physical sputtering seemed to be dominant. The
estimated sputtering rate of CVD SiC was (6-8) x 10~ 2 atoms (incident Ar atom) ™!,
which agreed well with that reported by Mobhri et al.®

The difference in reactivity with the oxygen is due to the difference in
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characteristics between the PVD SiC and the CVD SiC. The PVD SiC, being
deposited at a relatively low temperature and with a high deposition rate, probably
has some chemically unbound silicon and carbon. The chemically unbound silicon
and carbon will react easily with oxygen, resulting in a much higher erosion rate
than that for the CVD SiC with the oxygenated argon beam.

The unbound silicon easily forms an SiO, film as observed by AES. The SiO,
film was reported to passivate silicon in SiC to chemical attack but not to passivate
carbon in SiC %1%:16, On this partially passivated surface the oxygen will react with
carbon and remove it from SiC preferentially, shifting the chemical composition to
the side enriched in silicon. The observed local attack may be due to the non-
uniform structure of PVD SiC.

The as-deposited CVD SiC was found to contain more oxygen and less
chemically unbound silicon and carbon than the PVD SiC by the previous
analyses®'315, The chemically well-bound silicon and carbon resist reaction with
oxygen. Also, the oxygen contained in the CVD SiC makes the SiC passive to
chemical erosion'?,

5. CONCLUSION

The PVD and CVD SiC films deposited onto molybdenum were compared in
terms of their resistivity to surface bombardment with a 5 keV argon beam at room
temperature. The PVD SiC changed its surface morphology remarkably and its
chemical composition was shifted to the side enriched in silicon by the bombard-
ment. The chemical composition of CVD SiC was changed little by the irradiation
and the degree of change in its surface morphology was far less than that of PVD
SiC. The erosion rate of PVD SiC was estimated to be (1-2.5) x 10~ ! atoms (incident
Ar atom) ™!, which was about twice as large as that of CVD SiC ((6—8) x 102 atoms
(incident Ar atom) ™ %).

Oxygen was one of the impurities in the argon bombardment environment and
it played an important role in eroding the PVD SiC.

REFERENCES

1 Y. Gomay, S. Nomura, K. Fukuda, S. Muraoka and N. Nakamura, Rep. JAERI-M-6432, 1976
(Japan Atomic Energy Research Institute, Tokyo).

2 M. Fukutomi, M. Kitajima, M. Okada and R. Watanabe, J. Nucl. Mater., 87 (1979) 107.

3 M. Fukutomi, M. Kitajima, M. Okada and R. Watanabe, J. Electrochem. Soc., 124 (1977) 1420.

4 M.Kaminsky (ed.), Radiation Effects on Solid Surfaces, Advances in Chemistry Series 158, American
Chemical Society, Washington, DC, 1976, pp. 1, 30, 65, 112.

5 S.K.Dasand M. Kaminsky, Thin Solid Films, 63 (1979) 269.

6 The Plasma—Materials Interaction Task Group, Office of Fusion Energy, ER, U.S. Department of

Energy, Proc. Workshop on Sputtering Caused by Plasma ( Neutral Beam) Surface Interaction,

National Technical Information Service, Springfield, VA, 1980, p. 1.

L. H. Rovner and G. R. Hopkins, Nucl. Technol., 29 (1976) 274.

M. Mohri, K. Watanabe and T. Yamashina, J. Nucl. Mater., 75 (1978) 7.

M. Mohri, K. Watanabe, T. Yamashina, H. Doi and K. Hayakawa, J. Nucl. Mater., 75 (1978) 309.

R. Behrisch, J. Bohdansky, G. H. Oetjen, J. Roth, G. Schiling and H. Verbeck, J. Nucl. Mater., 60

(1976) 321.

1 J. Roth, J. Bohdansky, W. Poschenrieder and M. R. Sinha, J. Nucl. Mater., 63 (1976) 222.

—
S O 00

-

GF Exhibit 1073 - 8/9



EROSION OF PVD AND cvD SiC FILMS ON Mo 199

12
13
14

15
16

17

S. Veprek and M. R. Haque, J. Appl. Phys., 8 (1975) 303.

S. Veprek, A. Webb, H. R. Ostwald and H. Stuessi, J. Nucl. Mater., 68 (1977) 32.

K. Sone, M. Saidoh, K. Nakamura, R. Yamada, Y. Murakami, T. Shikama, M. Fukutomi, M.
Kitajima and M. Okada, J. Nucl. Mater., 98 (1981) 270.

M. Kitajima, M. Fukutomi and M. Okada, Thin Solid Films, 87 (1982) 297.

R. R. Rye, Proc. Workshop on Sputtering Caused by Plasma (Neutral Beam) Surface Interaction,
National Technical Information Service, Springfield, VA, 1980, p. 11-1.

W. D. Sproul and M. H. Richman, Thin Solid Films, 28 (1975) L39.

GF Exhibit 1073 - 9/9





