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The authors report tribochemical changes due to sliding of a silicon nitride 共Si3N4兲 ball against an
ultrananocrystalline diamond 共UNCD兲 thin film. Unidirectional sliding wear measurements were
conducted for 2000 cycles using a ball-on-disk apparatus with a 3 / 16 in. diameter Si3N4 ball at a
sliding speed of 3.3 mm/ s and a normal load of 98.0 mN 共nominal Hertzian stress of 0.6 GPa兲 in
a nitrogen environment at 50% relative humidity at room temperature. The wear track produced on
the UNCD film was analyzed by X-ray photoelectron emission spectromicroscopy 共X-PEEM兲
combined with X-ray absorption near-edge structure 共XANES兲 spectroscopy to identify and
spatially resolve chemical changes inside the wear track, particularly rehybridization of carbon.
XANES spectra show that SiOx complexes are deposited within the wear track. Very little
rehybridization of the UNCD from its primarily sp3 bonding configuration to sp2 bonding is
observed, and there is no observable oxidation of the UNCD, pointing to the impressive stability of
the film under significant tribological loading conditions. Raman spectroscopy of the worn portion
of the Si3N4 ball shows that disordered carbon is found on the worn surface. The authors attribute
the formation of SiOx complexes within the wear track to wear of the ball and subsequent deposition
into the track. The authors attribute the disordered carbon on the Si3N4 ball to removal of
sp2-bonded carbon from the UNCD surface and subsequent accumulation onto the ball’s surface.
This work demonstrates the potential of X-PEEM for the study of tribochemical modifications of
carbon-based thin film surfaces. © 2007 American Vacuum Society. 关DOI: 10.1116/1.2782428兴

I. INTRODUCTION
There is a scientific and technological need to develop a
fundamental understanding of material transfer and tribochemical reactions between rolling and/or sliding surfaces at
the microscale/nanoscale. Understanding tribochemical reactions at these scales is needed to engineer reliable moving
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mechanical assemblies, such as micromechanical systems
共MEMS兲/nanoelectromechanical systems 共NEMS兲 involving
components that contact and slide. The development of
physical models to represent tribological interactions requires insightful experimental data from advanced surface
characterization techniques. As well, the development of reliable MEMS/NEMS systems with contacting parts requires
advanced materials with superior mechanical and tribological properties.
The characterization of tribochemical phases induced by
sliding and third body tribology is the focus of a large body
of work in the literature.1–4 These studies involve both in situ
and ex situ techniques to analyze surfaces during and after
sliding. The goal of these investigations is to characterize
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tribological systems to understand how material properties,
sliding conditions, and modifications induced by sliding affect adhesion, friction, and wear. Identification of the compositions and phases of transfer films formed in various material systems has allowed several mechanisms by which
these films lower friction and wear to be proposed. For solid
lubricants, it has been repeatedly shown that third bodies and
tribochemical reactions are crucial in determining the tribological performance. However, a predictive model that fully
describes the behavior of tribological systems does not exist.
Therefore, there is still a need to develop such models of
friction and wear, particularly for novel materials with tribological properties that have potential for emerging applications such as MEMS/NEMS.
The exceptional mechanical and tribological properties of
diamond5 make it a promising structural material for MEMS/
NEMS and other applications. Ultrananocrystalline diamond
共UNCD兲, a nanostructured diamond material in thin film
form developed at Argonne National Laboratory, is comprised of phase-pure diamond grains and atomically abrupt
grain boundaries, with up to 98% sp3 bonding overall.6 The
residual sp2 bonding is entirely attributed to grain boundaries. UNCD films, synthesized using an argon-rich Ar
共99%兲/CH4 共1%兲 gas chemistry in a microwave plasma enhanced chemical vapor deposition system, have equiaxed
grains with diameters in the range of 2 – 5 nm, atomically
abrupt 共0.4 nm兲 grain boundaries, and smooth surfaces asdeposited 共RMS roughness ⬍10 nm over a 1 ⫻ 1 m2 area兲.7
Mechanical property measurements show that the modulus,
hardness, and fracture properties approach those of single
crystal diamond.8–10 Surface micromachined MEMS structures can be fabricated from UNCD.11
X-ray photoelectron emission spectromicroscopy 共XPEEM兲 combined with X-ray absorption near-edge structure
共XANES兲 spectroscopy are powerful tools for studying
chemical bonding structure at high spatial resolution 共down
to 10 nm兲.12 X-PEEM yields local information about the
chemical composition and bonding of the atoms at the surface 共top ⬃3 nm at the carbon K edge兲 of a sample13 and is
particularly sensitive to the hybridization state of carbon. For
tribological studies, X-PEEM can resolve micro/
nanotribochemistry of a sample, as XANES spectra can be
extracted from selected regions inside and outside of a wear
track, allowing direct comparison of tribologically modified
and unmodified regions.14–18 To demonstrate this potential,
we studied a wear track formed on the surface of an UNCD
film by a silicon nitride 共Si3N4兲 ball using X-PEEM. The
worn area of the Si3N4 ball was characterized by Raman
spectroscopy. The results demonstrate the power of X-PEEM
analysis to resolve subtle chemical changes on the surface of
UNCD inside the wear track.
II. EXPERIMENTAL METHODOLOGY
Friction measurements were made using a ball-on-disk
linear wear tester on the surface of a planar UNCD film
deposited onto a silicon substrate. The tests were performed
in a unidirectional sliding mode. The tester was housed in an
JVST B - Microelectronics and Nanometer Structures
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environmental chamber. Oxygen content in the chamber was
measured using a Delta F Platinum Series oxygen monitor,
and the dew point was monitored with a chilled mirror hygrometer. Tests were conducted at 50% RH in nitrogen, with
⬍20 ppm O2, using a 3 / 16 in. diameter Si3N4 ball with
arithmetic surface roughness Ra of 3 nm, at a normal load of
98.0 mN. This load corresponds to an initial maximum Hertzian contact stress of ⬃0.6 GPa. A 500 mN transducer 共Sensotec兲 in the load arm measured the tangential load over a
track distance of 1.6 mm, with a sliding speed of 3.3 mm/ s.
The ratio of tangential to normal load is the reported friction
coefficient. At least five friction tests were run for 2000 unidirectional cycles, and one of the wear tracks produced from
this series of tests is analyzed thoroughly in this article.
Shortly after sliding, micro-Raman spectra were obtained
on the Si3N4 ball surface using a 514 nm argon laser excitation at a low power of 20 mW. The laser beam was focused
to a ⬃1 m spot size. At this laser power density
共⬃25 mW/ m2兲, no changes in the spectra due to surface
heating were expected or observed. The acquisition times
were 60 s/spectrum with 5 total accumulations taken to average each spectrum. Raman shifts were measured over a
frequency range from 200 to 1800 cm−1, with 1 cm−1 resolution.
All X-PEEM work was performed several months after
the wear tracks had been produced. The sample was stored in
dry nitrogen in the interim. X-PEEM was performed ex situ
using the spectromicroscope for the photoelectron imaging
of nanostructures with X-rays 共SPHINX兲 instrument12 at the
Synchrotron Radiation Center 共SRC兲, University of
Wisconsin-Madison. Immediately before SPHINX analysis,
the sample was sputter coated with 1 nm of Pt in the area of
analysis and 50 nm of Pt around it to improve conductivity.13
The 1 nm Pt coating is well below the photoelectron escape
depth of ⬃3 nm at the C, Si, and O K edges that we
selected13 and thus does not inhibit our measurements. The
samples were then inserted into the PEEM vacuum system
within 30 min and analyzed in ultrahigh vacuum 共10−9 Torr兲.
All XANES spectra were first normalized by ratio to a beam
line background curve simultaneously acquired on the region
covered with 50 nm of Pt, which essentially provides a C-,
Si-, and O-free reference. Subsequently, all C 1s spectra
were normalized again to set the pre- and post-edge regions
共at 280.0 and 310.0 eV, respectively兲 of the spectrum to intensities zero and one, respectively. Normalization to the
beamline background acquired on Pt eliminates the effects of
carbon contamination within the beamline optics, and setting
the post-edge intensity to one allows for quantitative comparison of the relative peak intensities from different spectra.
III. RESULTS AND DISCUSSION
Figure 1 shows the variation in friction coefficient between a Si3N4 ball and UNCD over the course of 2000 unidirectional sliding cycles. After a run-in period of
⬃500 cycles, the friction coefficient reached a steady-state
average value of ⬃0.2. This value of 0.2 is significantly
higher than coefficients of friction reported elsewhere for
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FIG. 1. Friction coefficient of Si3N4 on UNCD as a function of number of
cycles.

UNCD films. Previous tribological studies of UNCD films
run against Si3N4 counterfaces gave friction coefficient values ranging from 0.04 to 0.1 depending upon the testing
environment 共i.e., humid air versus dry N2兲.19,20 The sliding
velocity used in the present case 共3.3 mm/ s兲 is ⬃15 times
lower than that used previously 共50 mm/ s兲, and the nominal
Hertzian stress is ⬃0.6 times lower, both of which may account for the higher friction coefficient observed in our
experiment.19,20
To analyze the chemical changes induced by wear, C 1s,
O 1s, and Si 2p XANES spectra were extracted from specific
regions of the worn and unworn UNCD sample imaged in
the PEEM instrument. A PEEM image taken at 310.0 eV
关Fig. 2共a兲兴 and a Si–O, O 1s → * division map 关Fig. 2共b兲兴
are displayed along with a series of C 1s XANES spectra
关Fig. 2共c兲兴. The 310.0 eV image simply provides contrast
within the energy region of carbon absorption, which allows
us to identify the wear track. The vertical striations observed
through the center of the X-PEEM image are the wear marks
induced from the wear test and can arise from both topographic and chemical differences. The Si–O, O 1s → * division map was obtained by dividing the intensity of each pixel
in a PEEM image taken at 538.0 eV 共which is within the O
1s → * transition region for Si–O bonds, as identified by
correlating the O 1s spectra with the Si L-edge spectra discussed later兲 by the intensity from corresponding pixels in a
PEEM image taken at 530.0 eV 共which is below the O 1s
absorption edge兲. This division map thus provides contrast
associated with variations in the concentration of Si–O
bonds, with darker regions corresponding to regions of
higher Si–O bond concentration. The division map was then
used to select ten regions inside the wear track, with regions
1–5 corresponding to areas with a higher concentration of
oxygen, and regions 6–10 corresponding to regions with a
lower concentration of oxygen.
Overall, the chemical differences between regions 1–5
and regions 6–10 are attributed to the nonuniform way in
which the contact pressure was distributed within the contact
zone, leading to different tribochemistry and/or material
transfer, discussed further below. The plotted spectra in Fig.
2共c兲 are extracted from areas 1–10 and from one additional
area outside of the wear track 共five regions outside the track
J. Vac. Sci. Technol. B, Vol. 25, No. 5, Sep/Oct 2007

FIG. 2. 共a兲 PEEM image of the wear track taken with 310.0 eV X-rays
illuminating the sample. 共b兲 Si–O, 1s → * division map. Darker regions in
the division map correspond to a higher concentration of Si–O bonds. 共c兲 C
1s XANES spectra obtained from the regions outlined in 共a兲 and 共b兲. The
transition to the * orbitals of unsaturated carbon-carbon bonds 共1s → *兲,
and the onset of transitions to * orbitals in carbon-carbon bonds 共1s
→ *兲, are indicated. The inset to 共c兲 shows three average spectra of the C
1s → * peak region obtained by averaging the C 1s spectra obtained from
regions 1–5, 6–10, and five regions outside the wear track, respectively.
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were sampled in total and averaged to create the “outside”
spectrum兲. The inset of Fig. 2共c兲 is a magnification of the C
1s → * peaks for three spectra obtained by averaging the
spectra from regions 1–5 共black line兲, 6–10 共gray line兲, and
the regions outside the wear track 共dotted line兲, respectively.
All spectra in Fig. 2共c兲 exhibit well-established and distinct spectral features associated with crystalline, sp3-bonded
carbon 共diamond兲, including the sharp rise at the C 1s → *
transition starting at 289 eV, the diamond exciton peak at
289.3 eV, and the second band gap dip at ⬃302 eV.21 The
peak at 285 eV is associated with sp2-hybridized carbon and
is due to the C 1s → * transition in unsaturated carbon
bonds. The sp2-hybridized carbon in the grain boundaries of
UNCD are the primary contributors to the peak at 285 eV.6
Some additional contribution may come from adventitious
carbon adsorbed from the atmosphere, and surfacereconstructed carbon bonds. The inset of Fig. 2共c兲 highlights
the subtle differences in the carbon hybridization states between regions 1–5, 6–10, and outside the wear track. From
these averaged data, the amount of sp2 bonding as a fraction
of all carbon bonds was determined to be slightly higher in
regions 1–5 and regions 6–10 compared to outside the track,
but the difference is small 共⬍2% increase in each case兲. The
slight increase in sp2 bonding in the wear track compared to
outside is attributed to a small number of tribochemical reactions that converted sp3-bonded carbon to sp2-bonded
carbon.
A peak for the C 1s → * transition of the C v O bond for
nanocrystalline diamond is typically located within
286– 287 eV,22–24 and a peak for the C 1s → * transition of
the O v C – OH bond in carboxyl groups is typically located
at ⬃288.7 eV.22,25 The intensities of these peaks in the
UNCD C 1s spectra are small and not significantly different
between regions inside and outside the wear track. Thus, the
UNCD film exhibits a small degree of oxidation that is independent of whether or not it has been exposed to wear. This
oxidation is often seen on otherwise pristine films due to
exposure to water and air. In addition, a subtle peak at
287.5 eV is present and is attributed to the C 1s → * transition of the C–H bond.22 There is no observable change in the
intensity of this peak between regions inside and outside the
wear track. The small increase 共⬍2 % 兲 in the amount of sp2
bonding and the lack of oxidation and dehydrogenation in
the wear track demonstrate the robustness of the UNCD film
when subjected to wearing by a Si3N4 counterface in these
experimental conditions.
The broad peaks observed in the O 1s XANES spectra
共Fig. 3兲 at ⬃538 eV are due to the O 1s → * transition of
the Si–O bond.26 The peak for the O 1s → * transition for
the C–O bond, if it were present, would be nearby at
⬃540 eV. The O 1s spectrum extracted from outside the
wear track shows that the unworn UNCD film has very little
oxygen, in agreement with the small C v O peak intensities
in the C 1s spectra. The inset to Fig. 3 highlights the significant differences in average oxygen content between regions
1–5, 6–10, and outside the track. The averaged spectra from
regions 1–5 show that overall these regions contain the highJVST B - Microelectronics and Nanometer Structures
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FIG. 3. O 1s XANES spectra obtained from the regions outlined in 共b兲 and
共c兲 of Fig. 2. The inset shows three average spectra obtained by averaging
the O 1s spectra obtained from regions 1–5, 6–10, and five regions outside
the wear track, respectively.

est amount of oxygen, which is in agreement with the contrast observed in the Si–O * division map 关Fig. 2共b兲兴.
Figure 4 is a series of Si L-edge spectra. Spectra from
regions 1–8 show similar spectroscopic features, namely,
doublets with peaks at ⬃105.5 and ⬃106 eV, as well as
broad peaks at ⬃108.5 eV. These are characteristic spectral
features of silica tetrahedra 共SiO2兲.26 The inset of Fig. 4 demonstrates that the average amount of silicon oxide is directly
correlated with the average amount of oxygen 共Fig. 3兲 in the
wear track. This indicates that the increased amount of oxygen 共above the “background” amount intrinsic to the UNCD
film兲 present within the wear track is oxygen from the silica
and not from C–O bonding. These results provide evidence
that the Si3N4 ball is worn by the UNCD surface, and this
results in the deposition of silica into the wear track. N 1s
spectra were also extracted from inside and outside the wear
track, but no evidence of nitrogen was found. These results
are consistent with the findings of Tomizawa and Fischer27
from their study of self-mated Si3N4 interfaces in a humid
environment, whereby they discovered silicon oxide tribochemical reaction products on the wear tracks.
The Raman spectra 关Fig. 5共a兲兴 and corresponding optical
micrograph 关Fig. 5共b兲兴 taken on the Si3N4 ball show that the
worn region of the ball is spectroscopically and morphologically distinct from its unworn areas. Specifically, two peaks
in the Raman spectrum taken on the worn region of the ball
are not observed elsewhere. The two broad Raman features
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sp3-hybridized carbon bonds are converted into
sp2-hybridized carbon bonds. Raman spectroscopy showed
that disordered carbon was present on the surface of the
Si3N4 ball. This demonstrates that the remaining UNCD film
remained predominantly in its original form, with some silica
deposited on top of it. As well, some amount of carbon was
removed from the UNCD surface and accumulated onto the
ball in a disordered sp2 bonding configuration.
The advanced methods employed for this study can be
used to analyze a wide range of materials, including candidate materials for MEMS/NEMS systems involving contacting and/or sliding components. Because of the important but
complex role that tribochemistry, transfer films, and third
bodies play in dictating the behavior of materials in tribological contact, this type of experimental approach can help
reveal in detail the mechanisms at play in a tribological
interface.
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