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Abstract: The effect of irradiation by a hyperthermal-atomic-oxygen beam on
hydrogenated titanium-doped diamond-like carbon (hydrogenated Ti-DLC) films, applied
as a solid lubricant for equipment used in low-earth orbit was investigated. Unlike the film
thickness of hydrogenated non-doped DLC films, that of hydrogenated Ti-DLC films was
found to be constant after the films were exposed to atomic oxygen. In addition, bulk
composition of the hydrogenated Ti-DLC film stayed constant, and in particular, hydrogen
content in the film did not decrease. These results indicate that a hydrogenated Ti-DLC
film can keep its low friction properties under vacuum. Surface chemical analysis showed
that a titanium-oxide layer is form on the film by exposure to atomic oxygen. The
thickness of the titanium oxide layer was estimated to be about 5 nm from the element
distribution in the depth direction of the hydrogenated Ti-DLC films. The titanium-oxide
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layer was interpreted to protect the bulk film from erosion by hyperthermal atomic oxygen.

Keywords: titanium-doped diamond-like carbon film; solid lubricant; hyperthermal
atomic-oxygen beam; Rutherford backscattering spectrometry; elastic-recoil detection
analysis; X-ray photoelectron spectroscopy; near-edge X-ray-absorption fine structure;
glow-discharge optical-emission spectroscopy

1. Introduction

In space, solid lubricants are required to replace oil, because oil evaporates and freezes in such an
environment. To use lubricant in space, their resistances to the extreme environment of space, namely,
ultra-high vacuum, high temperature, ultraviolet light and X-rays, atomic oxygen, and their synergistic
effects, must be improved. Most artificial satellites are positioned in the region called the
“low-earth orbit” (LEO), which is less than 2000 km above the ground. In the LEO, hyperthermal
atomic oxygen is the dominant species and the main cause of deterioration in the properties of
astronautical materials [1-4]. Solid lubricant used in artificial satellites must therefore have sufficient
resistance against irradiation by atomic oxygen.

Diamond-like carbon (DLC) films are amorphous carbon films and have been used in the
tribological field as a coating material on edged-tools, computer hard disks, and automobile
components because they have a wide range of excellent properties including low friction coefficient,
high hardness, and good corrosion resistance [5-10]. Hydrogenated DLC films were expected to be
used as lubricants in LEO, because it was known that DLC films with a hydrogen content greater than
40 at.% provide ultra-low friction (friction coefficient less than 0.001) even under air and vacuum
conditions [11]. However, we previously reported that hydrogenated DLC films are etched by the
collision with hyperthermal atomic oxygen [12]. As a result, hydrogenated DLC films cannot be used
as a solid lubricant in space as is.

In the last decade, many working groups reported that several properties of DLC films are improved
by doping with a “hetero element” [13-27]. Especially, titanium (Ti)-doped DLC films have been
widely investigated because they are expected to improve sliding properties, burning resistance, and
oxidation resistance [22-27]. In a previous study, we investigated the effect of irradiation by a
hyperthermal atomic-oxygen beam on hydrogenated a Ti-doped diamond-like carbon (Ti-DLC)
film [28]. Under the irradiation of atomic oxygen, carbon atoms were desorbed from the hydrogenated
Ti-DLC films and formed gas species (CO and/or CO2), and oxygen atoms and titanium atoms were
found to generate titanium oxide on the surface of the films. However, the surface-modification
mechanism cannot be observed, because the fluence of atomic oxygen was too high. As for a more
important point regarding use as a solid lubricant, the variation of bulk properties of a hydrogenated
Ti-DLC film has not be confirmed. In this study, the purpose to clarify the hydrogenated Ti-DLC film
used as a solid lubricant in space, dependence of surface and bulk properties of a hydrogenated
Ti-DLC film irradiated by a hyperthernal atomic-oxygen beam on fluence was investigated.
In particular, hydrogenated Ti-DLC films were exposed to atomic oxygen with a collisional energy of
5 eV by using a laser-detonation beam apparatus. Film thickness and bulk composition of the
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hydrogenated Ti-DLC film were estimated by a combination of Rutherford backscattering
spectrometry (RBS) and elastic-recoil detection analysis (ERDA). The chemical analysis on the DLC
film surface was performed by X-ray photoelectron spectroscopy (XPS) and near-edge
X-ray-absorption fine structure (NEXAFS). Element distribution in depth direction was determined by
the glow-discharge optical-emission spectroscopy (GD-OES).

2. Experimental Section

The hydrogenated Ti-DLC films used in this study, commercially available form Nippon ITF, were
deposited to a thickness of 400 nm on silicon wafers using amplitude modulated RF plasma-enhanced
chemical-vapor deposition (PECVD) [29], which hydrogen content was greater than 40 at.%. The
hydrogenated Ti-DLC films were exposed to hyperthermal atomic oxygen by a laser-detonation beam
apparatus [12,30,31]. Pure oxygen gas was introduced into the nozzle throat through a pulsed
supersonic valve. A pulse from a CO: laser (wavelength: 10.6 pum, laser power: >5 J/pulse) was
focused onto the oxygen gas at the nozzle throat. By absorbing the laser energy, high-density and
high-temperature oxygen plasma was formed at the nozzle throat. Once the plasma was formed, it
propagated and absorbed the energy in the tail of the laser pulse. The plasma propagated along the
incident laser axis, and oxygen molecules were decomposed and accelerated at the shock front of the
propagating plasma. The atomic-oxygen beam was irradiated perpendicularly onto the sample surface
at room temperature. The dependence of the surface reaction of the hyperthermal atomic oxygen beam
sample on the sample temperature is little known, because the irradiated oxygen atoms have translation
energy of approximately 50,000 degrees [31]. The typical atomic oxygen flux at the sample position
(46 cm from the nozzle) was estimated to be 3.51 x 10 atoms €m™s™* by using a silver-coated
quartz-crystal microbalance (QCM). The average translational energy of hyperthermal atomic oxygen
was estimated to be 5.46 eV by using a time-of-flight (TOF) measurement system consisting of a
quadrupole mass spectrometer with a scintillation detector and a multichannel scalar. This energy is
the same as the atomic oxygen energy in the LEO [1-4]. In the present study, six sheets of
hydrogenated Ti-DLC film were exposed to a hyperthermal-atomic-oxygen beam corresponding to
fluences of 0, 1.2 <107, 1.2 <108, 3.5 %108, 1.2 x10%, and 1.2 x10% atoms ¢m 2. The fluence step
of the atomic oxygen beam was made smaller than that of a previous work [28] so that the reaction
mechanism on the surface of hydrogenated Ti-DLC films could be investigated.

Film thickness and bulk composition of the hydrogenated Ti-DLC film were estimated by a
combination of ERDA and RBS. These measurements were performed using a tandem electrostatic
accelerator (5SDH, National Electrostatic Corporation, Middleton, WI, USA) located in the Faculty of
Maritime Sciences, Kobe University [12,32]. The sample was irradiated by a 4.2 MeV He?" beam to
accelerate the negative ions of helium (*He) generated by the RF-discharge negative-charge-exchange
ion source. The incident angle of the beam was 15°with respect to the surface of the sample. As for
the RBS, high-energy He?" ions, scattered elastically by the sample, were captured with a solid-state
detector (SSD) positioned at 160°with respect to the beam direction. As for the ERDA, He?* ions
collided elastically with hydrogen atoms in the sample. The hydrogen atoms ejected from the sample
were detected with an SSD positioned at 30 “with respect to the beam direction.
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Elementary composition of the hydrogenated Ti-DLC film surface was estimated by a conventional
X-ray photoelectron spectroscopy (XPS) apparatus (Shimadzu, ESCA-1000, Kyoto, Japan) mounted with a
hemispherical electron energy analyzer. The Mg Ka line (1253.6 eV), used as the X-ray source, was
incident at 45°with respect to the surface normal. The emission angle was 45°with respect to the
incident angle.

NEXAFS measurements were carried out on beamline 09A (BLO09A) at the NewSUBARU
synchrotron-radiation facility in University of Hyogo, which has a 1.5-GeV electron-storage
ring [33-36]. Synchrotron radiation emitted by an 11-m undulator was extracted using a
varied-line-spacing plane grating and irradiated onto the sample film at the “magic angle” of 54.7°
with respect to the surface. The energy resolution was estimated to be less than 0.5 eV (FWHM). The
electrons coming from the sample were detected in total-electron-yield mode. The intensity of the
incident X-rays was measured by detecting the photocurrent from a gold mesh. The signal strength was
derived from the ratio of the photocurrent from the sample to that from the gold mesh. The NEXAFS
spectra of the C K edge absorption, Ti L absorption, and O K absorption were measured in the range
275-300 eV, 450480 eV, and 520-560 eV, respectively.

Element distribution in depth direction of the hydrogenated Ti-DLC films was estimated by
glow-discharge optical-emission spectroscopy (GD-OES) performed using a GD-Profiler2 (HORIBA,
Kyoto, Japan). The sample was sputtered by argon plasma. Quantitative-chemical-depth profiles were
estimated by detecting atomic emission from sputtering atoms.

3. Results and Discussion

Film thickness and bulk composition containing hydrogen of the hydrogenated Ti-DLC films were
analyzed by a combination of RBS and ERDA. Dependence of film thickness (determined by
measuring the hydrogenated Ti-DLC films by RBS) on atomic-oxygen beam fluence is shown in
Figure 1. The red circles represent thickness of the hydrogenated Ti-DLC film. Film thicknesses of a
hydrogenated non-doped DLC film, which were estimated in our previous study [12], are shown for
reference. According to the figure, thickness of the hydrogenated non-doped DLC film decreased from
800 to 350 nm by irradiation of atomic oxygen with fluence of 5.0 x 10%° atoms cm™2. On the other
hand, thickness of the hydrogenated Ti-DLC film was found to be constant, =400 nm, after exposure
to atomic oxygen with fluence of more than 5.0 % 10 atoms cm™. These results demonstrate that the
doping with titanium atoms gives the hydrogenated DLC films high etching tolerance against exposure
to atomic oxygen. The dependence of relative hydrogen content in the film on atomic oxygen beam
fluence was estimated by comparing the signal intensity of hydrogen in the ERDA spectra with that of
carbon in the RBS spectra. Dependence of intensity ratio of hydrogen in the hydrogenated Ti-DLC
films on atomic-oxygen beam fluence is shown in Figure 2. It is clear from the figure that the hydrogen
ratio did not decrease after the film was exposed to atomic oxygen. That is to say, hydrogen is not
desorbed from the hydrogenated Ti-DLC films by the irradiation with atomic oxygen. This result
indicates that the hydrogen content in the hydrogenated Ti-DLC film exceeded 40% after the
irradiation with atomic oxygen. A hydrogenated Ti-DLC film is therefore expected to exhibit low-friction
properties in a vacuum.
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Figure 1. Dependence of film thickness determined from Rutherford backscattering
spectrometry (RBS) of titanium-doped diamond-like carbon (Ti-DLC) films (red circles)
and non-doped DLC films (blue circles) on atomic-oxygen fluence.
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Figure 2. Dependence of relative hydrogen content determined from combination of RBS
and elastic-recoil detection analysis (ERDA) in Ti-DLC films on atomic-oxygen fluence.

Surface chemical analysis on hydrogenated Ti-DLC films was performed by XPS and NEXAFS
study. In our previous work, change of surface chemical states could not be traced, because the step in
atomic-oxygen fluence was too large. Only XPS spectra over a wide range were reported; the detailed
structure of each peak in the XPS spectra was not discussed [28]. In the present study, the fluence of an
atomic-oxygen beam irradiated onto a hydrogenated Ti-DLC film was varied in smaller steps. In
Figures 3-8, atomic-oxygen-beam fluences are (a) 0, (b) 1.2 < 10%, (c) 1.2 %< 10%, (d) 3.5 x 108,
(e) 1.2 x10%°, and (f) 1.2 x10%° atoms €m 2.

Change in elementary composition of the surface of hydrogenated Ti-DLC films due to the
exposure to an atomic oxygen beam was investigated by XPS. Dependence of the Cls spectra of
hydrogenated Ti-DLC films on fluence is shown in Figure 3. It is clear from figure that intensity of the
peak at 285 eV decreased with increasing fluence of atomic oxygen. This result means that the amount
of carbon atoms on the surface of hydrogenated Ti-DLC film is decreased by irradiation with atomic
oxygen. Dependence of the O1ls spectra of the hydrogenated Ti-DLC films on fluence is shown in
Figure 4. The O1s peak at 532 eV is still observable in spectrum (a) [0 atoms €m™]. It is ascribed to
natural oxidation at the surface of the hydrogenated Ti-DLC film. The peak at 530 eV increases with
increasing atomic-oxygen fluence, and it is assigned to the Ti—O bond [37]. This result indicates that
the amount of oxygen atoms at the surface of the hydrogenated Ti-DLC film is increased by the
irradiation by atomic oxygen. Dependence of the Ti 2p spectra of the hydrogenated Ti-DLC films on
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fluence is shown in Figure 5. The Ti 2p peak is not observed in spectra (a) [0 atoms ¢m2] and
(b) [1.2 =< 10" atoms €m2]. However, the peaks at 460 eV and 465 eV, which were derived from
TiO2 [37], increase with increasing atomic-oxygen fluence. The results of estimations by elementary
analysis, which took into account a relative-sensibility coefficient, are listed in Table 1. From the
above-described XPS results, the amount of titanium and oxygen atoms in the hydrogenated Ti-DLC
films increases with increasing atomic oxygen fluence. However, the amount of carbon atoms
decreases monotonically. These changes in peak intensity and peak profile are observed for the peaks
of spectra (a) [0 atoms €m™2] to (e) [1.2 <10 atoms €m2]. On the other hand, the difference is hardly
observed for every peak of spectra (e) [1.2 x 10 atoms ¢m?] and (f) [1.2 x 10% atoms ¢m2].
Accordingly, change in surface composition due to the irradiation by atomic oxygen is regarded to be
completed by the irradiation with fluence of 1.2 x<10'° atoms ¢m™2.
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Figure 3. C 1s XPS spectra of Ti-DLC films before and after exposure to atomic oxygen.
Fluences of atomic oxygen beam are (a) 0 atoms cm™?, (b) 1.2 x 107 atoms cm™?,
(c) 1.2 %< 10'® atoms cm™, (d) 3.5 x 10'® atoms cm™?, (e) 1.2 < 10'° atoms cm?, and
(f) 1.9 x10% atoms cm2.
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Figure 4. O 1s XPS spectra of Ti-DLC films before and after exposure to atomic oxygen.
Fluences of atomic oxygen beam are (a) 0 atoms cm™?, (b) 1.2 x 10 atoms cm™
(c) 1.2 x 10% atoms cm™, (d) 3.5 x 10®® atoms cm?, (e) 1.2 x 10'° atoms cm™?, and
(f) 1.9 x10%° atoms cm 2,
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Figure 5. Ti 2p XPS spectra of Ti-DLC films before and after exposure to atomic oxygen.
Fluences of atomic oxygen beam are (a) 0 atoms cm™?, (b) 1.2 x 10 atoms cm™
(c) 1.2 x 10 atoms cm™, (d) 3.5 x 10®® atoms cm?, (e) 1.2 x 10'°® atoms cm™?, and
(f) 1.9 x10% atoms cm 2,

Table 1. Elementary composition of Ti-DLC films before and after exposure to atomic oxygen.

Fluence C O Ti
atoms €m? at.%
0 79 18 3
1.16 < 10% 77 19 4
1.16 <10 68 25 7
3.52 x10'® 59 29 13
1.16 x10% 44 38 18
2.74 x10"° 37 36 27
5.47 x10% 35 35 30
8.3 x10"° 22 40 38
1.85 x10% 24 41 35

Change of the local structure of a hydrogenated Ti-DLC film due to exposure to atomic oxygen was
previously discussed on the basis of the NEXAFS measurements [38]. NEXAFS spectroscopy using
synchrotron radiation is known to be sensitive to the local structure around the absorber atoms.
Dependence of the C K-edge NEXAFS spectra of hydrogenated Ti-DLC films on fluence is shown in
Figure 6. The spectrum of a TiC powder is also shown for reference. The pre-edge resonance at
285.4 eV originates from sp? (C=C) sites [12,36]. The transitions from C 1s level to unoccupied ¢
states are observed in the photon-energy region of 290 to 320 eV. Intensity of the sharp peak at
285.4 eV decreases with increasing atomic-oxygen fluence. On the other hand, intensity of the peak at
289 eV, which was assigned to C—-O bonds [39], increases. In other words, the C—C bonds are changed
to C-O bonds by irradiation with atomic oxygen. Dependence of the O K-edge NEXAFS spectra of
hydrogenated Ti-DLC films on fluence is shown in Figure 7. The spectrum of a TiO2 amorphous film
is also shown for reference [40]. A peak is observable in spectrum (a) [0 atoms €m2]. It is due to
natural oxidation at the surface of the hydrogenated Ti-DLC film as described in XPS results. With
increasing atomic-oxygen fluence, intensity of the peak derived from TiO2 increases. Ti L-edge
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NEXAFS spectra of the hydrogenated Ti-DLC films, before and after exposure to atomic oxygen, are
shown in Figure 8. The spectra of TiC powder and amorphous TiO: are also shown for reference [40].
The spectrum of the non-irradiated hydrogenated Ti-DLC film almost accords with that of TiC
powder. Intensity of the peak derived from TiO2 increases with increasing fluence of atomic oxygen.
In other words, the Ti—C bonds are changed to Ti—O bonds by atomic oxygen irradiation. These results
indicate that the C—C bonds in the surface neighborhood are changed to C-O bonds and that the Ti—C
bonds in the surface neighborhood are changed to Ti—O bonds by atomic-oxygen irradiation. In other
words, a titanium-oxide layer is formed on the surface of the hydrogenated Ti-DLC films by
atomic-oxygen irradiation. This oxide layer is considered to protect the bulk film from erosion by
hyperthermal atomic oxygen. In accord with the XPS results, various changes in NEXAFS spectra
(@) [0 atoms€m™?] to (e) [1.2 x 10%° atomsem™] are observed, but little difference in spectra
(e) [1.2 x<10'° atoms €m 2] and (f) [1.2 x10% atoms €m].
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Figure 6. NEXAFS spectra of the C K-edge, before and after exposure to atomic oxygen.
Fluences of atomic oxygen beam are (a) 0 atoms cm? (b) 1.2 x 10% atoms cm™
(c) 1.2 x 10 atoms cm™, (d) 3.5 x 10 atoms cm™?, (¢) 1.2 x 10® atoms cm?, and
(f) 1.9 x10% atoms cm2. The spectrum of TiC powder is also shown for reference.
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Figure 7. NEXAFS spectra of the O K-edge, before and after exposure to atomic oxygen.
Fluences of atomic oxygen beam are (a) 0 atoms cm?, (b) 1.2 x 107 atoms cm?
(c) 1.2 x 108 atoms cm2, (d) 3.5 x 10 atoms cm2, (e) 1.2 x 10%° atoms cm?, and
(f) 1.9 <10%° atoms cm 2. The spectrum of a TiO2 amorphous is also shown for reference.
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Figure 8. NEXAFS spectra of the Ti L-edge, before and after exposure to atomic oxygen.
Fluences of atomic oxygen beam are (a) 0 atoms cm™?, (b) 1.2 x 107 atoms cm,
(c) 1.2 < 10'® atoms cm™, (d) 3.5 x 10'® atoms cm™, (e) 1.2 < 10'° atoms cm™2, and
(f) 1.9 x10% atoms cm2. The spectra of TiC powder and TiO2 amorphous are also shown
for reference.

To estimate the thickness of titanium-oxide layer formed by the irradiation of atomic oxygen,
element distribution in the depth direction of the hydrogenated Ti-DLC films was measured by
GD-OES. Element analysis results (in the depth direction) for titanium and oxygen in the hydrogenated
Ti-DLC films are shown in Figures 9 and 10 respectively. In both figures, the black line and red line
show the analysis results for elements in the depth direction of the hydrogenated Ti-DLC films
exposed to atomic oxygen with fluences of (a) 0 atoms cm™ and (f) 1.2 x 10%° atoms cm™,
respectively. As for Figure 9, the amount of titanium in the surface neighborhood of the hydrogenated
Ti-DLC film (i.e., depth of less than 5 nm) before irradiation is small. However, it was increased in
this region by irradiation of atomic oxygen. As shown in Figure 10, the amount of oxygen in the
5-nm-deep region was increased by irradiation of atomic oxygen. It is concluded from these results
that the thickness of the titanium-oxide layer formed on the film surface by irradiation of atomic
oxygen is about 5 nm.

Intensity [a.u.]

|'_'_J
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2 3 4 5 6 7
Sputtering duration [s]

Figure 9. Element analysis (in depth direction) of titanium in Ti-DLC films. Fluence of
atomic oxygen is (a) 0 atoms cm~2 and (f) 1.9 x10?° atoms cm 2.
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Figure 10. Element analysis (in depth direction) of oxygen in Ti-DLC films.

According to the above-described experimental results, the resistance of hydrogenated Ti-DLC
films to atomic oxygen can be explained as follows. Film thickness and hydrogen content of the
hydrogenated Ti-DLC films become constant after sufficient irradiation with atomic oxygen. This
result differs from that reported in the case of non-doped hydrogenated DLC films [12]. Hydrogenated
Ti-DLC films have resistance to etching by hyperthermal-atomic-oxygen irradiation, so they are
expected to keep low-friction properties in a vacuum, because the hydrogen content in the film
exceeded 40% after the irradiation. This result demonstrates that hydrogenated Ti-doped DLC films
are useful as a lubricant for use in the LEO. The XPS study showed that the amounts of titanium and
oxygen atoms in the surface of the hydrogenated Ti-DLC films increases, while the amount of carbon
atoms decreases, with increasing fluence of atomic oxygen. The NEXAFS study showed that C-C
bonds and Ti—C bonds in the surface neighborhood are changed to C-O bonds and Ti—O bonds,
respectively, by atomic-oxygen irradiation. These XPS and NEXAFS results indicate that
titanium-oxide layer forms on the surface of hydrogenated Ti-DLC films by irradiation with atomic
oxygen. Namely, carbon atoms on the hydrogenated Ti-DLC film surface desorb from the films to
form gas species (CO and/or COz), and the titanium atoms remain on the surface of the film and
generate nonvolatile titanium oxide. The resistance of hydrogenated Ti-DLC films to atomic oxygen
can be ascribed to this titanium-oxide layer formed on the surface by irradiation with atomic
oxygen. This titanium-oxide layer is formed by irradiation of atomic oxygen with fluence of
1.2 x 10'° atoms ¢m 2. The fluence of atomic oxygen in the LEO region was estimated to be
2.3 x10%° atoms €m 2 to 6.6 %< 10?! atoms €m™2 peryear [41]. In the LEO region, it therefore takes 16 h
tol19 days to form titanium-oxide layer as a protective coating against irradiation by atomic oxygen.
The thickness of the titanium-oxide layer, formed on the surface by irradiation with atomic oxygen,
was found to be about 5 nm by GD-OES. Generally, solid lubricants function by surface exfoliating. It
is therefore concluded that a titanium-oxide layer with thickness of 5 nm will not degrade the friction
properties of solid lubricants.

4. Conclusions

Application of hydrogenated Ti-DLC films as a usable solid lubricant of components in artificial
satellites positioned in the LEO region was investigated, and the resistance of hydrogenated Ti-DLC
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films to irradiation by hyperthermal atomic oxygen was evaluated. This investigation demonstrated
that hydrogenated Ti-DLC films have etching tolerance to irradiation by hyperthermal-atomic-oxygen.
Accordingly, hydrogenated Ti-DLC films can be expected to exhibit low-friction properties under
vacuum, because the hydrogen content in the film does not decrease after the film is exposed to atomic
oxygen. These resistances were ascribable to a titanium-oxide layer formed on the surface of the
hydrogenated Ti-DLC films by irradiation with atomic oxygen. Forming the titanium-oxide layer in
the LEO region was estimated to take 16 h to 19 days. The thickness of the titanium-oxide layer
formed was found to 5 nm, which can be regarded as not having any influence on the lubricity of the
lubricant. It is concluded from these results, that a hydrogenated Ti-DLC film can function as a solid
lubricant in the LEO region. In future work, it is planned to examine the friction coefficient of the
hydrogenated Ti-DLC film after it is exposed to atomic oxygen.
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