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a b s t r a c t
We investigate magnetron-sputtered “N3FC” diamond-like carbon ﬁlms at the nanoscale using an in situ
transmission electron microscopy sliding experiment. We measure the sliding-induced changes in sp3- and
sp2-hybridized carbon using electron energy loss spectroscopy, taking into account the effect of the electron
beam. The rate of the phase transformation from sp3 to sp2 bonding is quantiﬁed as being between 0.009% and
0.018% volume transformed per sliding pass.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The ﬁeld of tribology has seen signiﬁcant advances in recent years.
With new theoretical models and experimental techniques, the
friction and wear behavior of materials has become easier to predict
and manipulate, to the beneﬁt of many applications. However, many
obstacles still remain. One well-known problem with many tribology
experiments is the inability to dynamically observe and measure the
processes occurring at the sliding interface. Post facto analysis is
useful, but rarely does it tell the whole story. A better understanding
and characterization of the fundamental mechanical and chemical
processes at work can only increase our ability to design and operate
better devices.
Another obstacle facing tribologists today is the issue of scale. As the
desirable device size shrinks, the surface-to-volume ratio increases, and
not only do friction and wear effects become more noticeable, the
material behavior can be signiﬁcantly altered. Surface lubrication is one
example: typical liquid lubricants become more and more unfeasible
with smaller device dimension, leading to an increased interest in solid
coatings for low-friction performance. In this study we will investigate
the sliding behavior of diamond-like carbon (DLC) thin ﬁlms, which can
show desirable tribological characteristics depending on the deposition
method and testing environment.
DLC is an amorphous form of carbon that consists of a variable
composition of sp 3 bonded (tetrahedral) carbon, sp2 bonded (trigonal)
carbon, and hydrogen, ranging up to “pure” tetrahedral amorphous
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carbon (ta-c) with 100% sp3 bonding [1]. The signiﬁcant fraction of
diamond-like bonding – as well as the presence of hydrogen as a
passivating agent – results in a hard and chemically nonreactive surface,
which contributes to a high resistance to adhesive and abrasive wear. In
addition, the ability to form a transfer ﬁlm during sliding can reduce
wear and increase lifetimes in sliding experiments [2,3]. The combination of good mechanical and tribological properties makes DLC an
attractive coating option for a variety of applications.
Extensive research has been carried out on the tribological
behavior of DLC coatings [4–6]. The results of these studies highlight
an important point — that the chemistry (both environment and
internal) plays a signiﬁcant role in the coating performance. By
varying the environment and the hydrogen content of the ﬁlm, the
coefﬁcient of friction and wear rate can change by several orders of
magnitude [2,7–14]. Molecular dynamics simulations show that the
tribochemistry of these ﬁlms has a large effect on the frictional forces
at small scales [15,16]. Increases in the sp 2/sp 3 bonding ratio after
tribotesting have been observed in several macroscale experiments
[17–21] and called graphitization due to the observation of graphitic
wear particles post facto. This suggests that performance depends not
only on initial composition, but also on sliding-induced changes.
Therefore, we need to take a closer, more fundamental look at the
structural and chemical changes of DLC ﬁlms during sliding in order to
predict the long-term behavior.
There are several proposed mechanisms for the low friction of
hydrogenated DLC ﬁlms. One possibility is hydrogen termination
minimizing adhesive contact, another is the formation of graphitic
material either at the surface or within the transfer layer. Less clear is
to what extent the sp 2 bonding is amorphous, disordered, or true
ordered graphite. In this note we use in situ transmission electron
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microscopy (TEM) to carefully investigate the dynamic changes in
carbon bonding during a sliding experiment. We demonstrate that for
the conditions of our experiment only disordered sp 2 forms, not
crystalline graphite, and that the sp 2 content is proportional to the
number of sliding passes.
2. Experimental method
2.1. Sample preparation
We used a Nanofactory Scanning Tunneling Microscopy (STM)
TEM sample holder, as shown in detail in Fig. 1, to perform the
experiment in situ inside a Tecnai F20ST TEM at 200 kV and
approximately 10 −7 Torr; many details are similar to earlier work
with the same system [21–25]. Post-specimen electrons were
collected using a Gatan Imaging Filter (GIF). This allowed us to
visually observe the sliding in real time, simultaneously record
diffraction patterns for structural analysis, and use the GIF to separate
electrons by energy, enabling real-time chemical analysis by electron
energy-loss spectroscopy (EELS) [26,27].
As shown in Fig. 2, the samples were mounted on standard-sized
TEM grids at a 45° angle to horizontal, and the STM probe tip
approached horizontally, controlled by stick–slip motion of the
sapphire ball as well as a piezoelectric tube. The probe tips, e.g.
Fig. 3, were electrochemically etched to a sharp point from 0.25 mm
tungsten wire using a solution of 0.5–5 N NaOH. N3FC “nearly
frictionless carbon” thin ﬁlms were prepared at Argonne National
Laboratory using a magnetron sputtering process. The ﬁlms were
deposited onto an NaCl crystal random cutting [28], which was then
dissolved in water and the ﬁlm transferred to a copper TEM grid with
a lacey carbon ﬁlm support. The ﬁlm thicknesses were measured by
EELS to be 30–35 nm by the standard log/log relative method [29].
Typical micrographs and EELS spectra of ﬁlm pre-sliding can be seen
in Figs. 4 and 5.
2.2. In situ sliding procedure
The sliding experiment was performed by manually approaching
the sample until contact was made, and then rastering the tip back
and forth using the piezo tube. Given the approximate 800–900 nm
range of the motion, and a cycle speed of one per second, the sliding
speed was estimated to be 2 μm/s. Before and after the experiment,
nanodiffraction patterns were recorded to look for signiﬁcant
structural changes during the experiment. These diffraction patterns

sampled a circular area approximately 800 nm in diameter around the
sliding region. For completeness, we note that due to well-known
projection issues with amorphous or highly disordered materials it is
unwise to overinterpret minor changes in image or diffraction pattern
details, only major ones (e.g. the formation of crystals N2 nm) are
detectable.
For all sliding experiments, the maximum contact pressure was
estimated using a Hertzian contact model. Because no actual forces
are measured in the experiment, we consider this an upper bound
estimation based on the literature values for Young's modulus and
Poisson's ratio for similar DLC ﬁlms as well as tungsten [30–33].
According to Hertzian theory for a spherical tip impacting a ﬂat
surface,
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Eq. (1) is a determination of the equivalent modulus of the contact,
and Eq. (2) is a calculation of the normal load FN as a function of
contact radius a and tip radius of curvature R. We can calculate the
maximum contact pressure from Eq. (3). This analysis (which
involves measuring a and R directly) leads to a contact pressure
estimate of 5 GPa for typical tip sizes. However in order to measure
the necessary contact areas and tip deformation, much stronger
contact than normal had to be made. Therefore we estimate that the
actual contact pressures during the experiment are likely less than
1 GPa. For completeness, note that while adhesion will add to the
normal load, the effect is small, on the order of tens of nN [34], and for
hydrogen-passivated surfaces much less [35]. We can therefore
neglect this effect when estimating the forces at the contact.
2.3. Electron energy loss spectroscopy
Periodically between sliding passes, the screen was lifted to
capture an EELS spectrum. EELS is sensitive to the energy difference
between the carbon ionization K-edge σ* (290 eV, corresponding to
sp 3 bonding), and the π* edge at 286 eV from sp 2 bonded carbon. By
measuring the background-subtracted integrated counts from these
two edges, the ratio of sp 2 to sp 3 bonds can be determined [36].
In practice, however, the EELS measurement is often dependent on
the electron dose [37] and can also depend upon other instrumental
parameters such as collection angle, variations in the beam intensity
during a long experiment and spectrometer resolution. Therefore
some care is needed to be quantitative. We measured the dose rate for
each GIF entrance aperture and magniﬁcation: the dose rate R (e −/
Å 2s) is given by:
R=

Fig. 1. A closeup of the Nanofactory STM–TEM holder. The piezoelectric tube is used for
ﬁne movement control, and the sapphire ball provides coarse stick–slip control.
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where K is the electronic charge, B the beam current in amperes, A the
collection area on the screen, and M the magniﬁcation. The beam
current (C/s) itself was measured using the microscope's displayed
screen current [38]. The electron counts are then normalized to the
lowest dose (i.e. 3 mm GIF entrance aperture) to reﬂect the fact that
high-dose measurements result in sp 2/sp 3 ratios that are higher than
they should be.
In addition, we measured a “baseline” of EELS spectra as a function
of time on an adjacent region of the sample, without any sliding taking
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Fig. 2. A schematic of the STM–TEM holder inside the microscope column. The TEM micrograph shown represents a typical view of the tip inside the microscope column. X, Y, and Z
refer to the motion directions available to the tip, and are not absolute coordinates. The sample itself is mounted in a full-size TEM grid rotated 45° about the x-axis as shown, and the
sliding is done in the ± x direction.

place. We can subtract this from our sliding results to compensate for
the effect of electron irradiation on the sample bonding. In our case we
see a decrease in the ratio of sp 2 to sp 3 bonding with increasing
exposure time, which could be explained by hydrogen migration
(probably caused by broken C\H bonds) or carbon polymerization
[39].
The true sp2/sp 3 bonding ratio can not be directly measured.
However, we can safely measure the proportional changes of the sp 2
and sp3 signal, because of the proportionality of EELS counts to bonding

Fig. 3. TEM micrograph of a typical tungsten tip before sliding, prepared by
electrochemical etching. This is representative of the kind of tips used in the actual
sliding experiments.

electrons in the sample [37]. This lets us identify a rate of transformation
from sp3 to sp2 bonding as a function of the total number of bonds in the
ﬁlm: knowing the sample area dimensions from the corresponding
micrographs and the ﬁlm thickness, we can then calculate the total
number of bonding electrons using the density of the ﬁlm [29]. For our
samples, this number is approximately 25,600,000. Then, using the
percentage change per minute of sp2 and sp3 bonds, and subtracting the
baseline rate, we can look at the change in adjusted sp 2/sp3 counts ratio
as a function of time. Finally we can express the results as a number of
monolayers representing the total volume transformed should all of the
transformation happen at the surface.

Fig. 4. DLC ﬁlm electron micrograph from a pristine region of the sample.
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Fig. 6. The data points show the ratio of normalized, integrated pi to sigma counts as
measured from EELS spectra. Pi counts are representative of sp2 carbon bonding, and
sigma counts are representative of sp3 bonding. Compared are a typical sliding
experiment with a baseline test done without sliding (29.5 nm thickness) under the
electron beam.
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Fig. 5. EELS zero-loss and carbon K-edge spectra from the same region of sample shown
in Fig. 4. Small amounts of energy shift tend to occur over time, and are taken into
account during the analysis of sequential spectra.

By looking at rates of change of the 1 s → π* edge we avoid issues
with dose and aperture effects, as well as those arising from
convolution with C\C bonding, C\H bonding, etc. We take the
normalized, background-subtracted signal and use a Gaussian ﬁtting
method to integrate the counts and quantiﬁably report the relative
differences in these values over the course of an experiment. This also
removes the need for us to perform the complex task of calibration
and absolute quantiﬁcation of the EELS data.
EELS spectra, being essentially an electron counting process,
should generally exhibit noise following Poisson statistics, although
the use of a charge-coupled device camera to record the data slightly
complicates this [40]. After calculating the statistical and integration
error for the measurements, it was found to be negligible in light of
the high numbers of counts collected, and the goodness of ﬁts.
However, it is safe to assume larger systematic errors on the order of
5–10%. Signiﬁcant sources of error include the relatively high
background levels which must be subtracted (using a power-law
ﬁt), the convolution of the signal with the low-loss spectrum, and the
count integration. Each of these three processes must be done by the
user and lacking clear standards are subject to human variability.

counts were seen to increase or decrease over the course of the
experiment, which we attribute to sample drift, the accumulation of
contaminants on the surface, or in general a changing sample volume.
While the exact sp 3 to sp 2 conversion rates varied from sample to
sample and even among entrance aperture sizes, our measurements
in Fig. 7 show a consistent increasing trend in the sp 2 to sp 3 bonding
ratio, with the adjusted pi counts increasing approximately 1% more
per minute than the adjusted sigma counts over the course of the
experiment. This held for each sample tested, regardless of the
increase or decrease in the overall number of counts.
Similar behavior was seen at all the tested areas. Averaging the
equivalent monolayers transformed data to a linear trend, we observe a
rate of sp3 to sp2 transformation between 0.009% and 0.018% of the total
sampled volume per pass. Extrapolating these rates under constant
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3. Results
Although the variable dose prevented a good absolute measurement of the pi/sigma bonding ratio in the ﬁlm, the change over time
was consistently positive during sliding and consistently negative for
the electron beam baseline condition as shown in Fig. 6. The total

Fig. 7. EELS spectra taken during sliding, sample thickness ~ 35.2 nm. The entrance
aperture was 3 mm for the ﬁrst series and 2 mm for the second and third. The data
points show the equivalent number of monolayers transformed from sp3 to sp2
bonding. Negative values represent a transformation in the opposite direction,
something which we attribute to drift and other factors near the beginning of the
sliding experiment. A linear regression trendline is shown for the data points measured
relative to the initial condition.
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Fig. 8. Nanodiffraction patterns of the same region of ﬁlm before (left) and after (right) a sliding experiment. The approximate sample area is 800 nm in diameter.

conditions would correspond to transformations of 13.5% to 27% after
approximately 30 min of sliding at a given sample volume.
4. Discussion
We can see from the nanodiffraction patterns shown in Fig. 8, as
well as the full width at half maximum of the EELS spectra, that from
the beginning to the end of the experiment, there was no signiﬁcant
long-range ordering in the sampled volume — which would have been
evident in a diffraction spot, sharper rings in the diffraction pattern,
and possibly a narrowing of the carbon 1 s → π* edge. This indicates
that localized amorphous regions of sp 2 bonding are forming, as
opposed to large regions of crystalline graphite. Since graphite is
thermodynamically more stable than amorphous carbon or diamond,
any stimulus (mechanical, thermal, etc.) will move the system to the
lower free-energy state, hence increased sp 2 content is to be expected.
The linear rate of transformation through the end of the experiment
suggests that we have not created sp 2 bonds solely on the surface; we
can calculate the thickness of a hypothetical sp 2 surface layer, which
for the second series was over 12 Å. If the changes in the bonding were
limited to the immediate surface, we would expect a decreasing of the
transformation rate with sliding which we do not. With more
extensive formation of sp 2 bonding due to more deformation,
crystalline graphite would be expected to form, consistent with
other reports [17–21].
The immediate linear trend of the transformation rate also has
implications for the possibility of hydrogen migration contributing to
the sp 3–sp 2 transformation. Preliminary results on NFC6 ﬁlms [21],
which contain a much thicker hydrogen-free “dead zone on the top
surface” [41], show a nonlinear rate of transformation, initially slow
but sharply increasing after a certain time. The N3FC ﬁlms tested in
this study have a much smaller dead zone, perhaps providing a
constant migration of hydrogen atoms at the surface from the very
beginning of the experiment.
In summary, under the conditions of the experiment herein
disordered sp 2 bonding is formed in response to the mechanical
stimulus of a sliding tip, the rate being linear with the number of
sliding passes.
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