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Materials

Silicon carbide (SiC) spheres (DitHolland, 3 mm diameter) were coated with a 1 um thick
micro-crystalline diamond (MCD) layer (Fraunhofer Institute for Surface engineering and Thin
films). The MCD layer was deposited by Hot Filament Chemical Vapor Deposition (HFCVD)
technique with a 400 ppm boron doping due to residual boron in the deposition chamber. Prior
to the MCD deposition, the SiC spheres were grinded into hemispheres and cleaned in an ultra-
sonicating bath while immersed subsequently into acetone, isopropanol, ethanol and deionized
water. In each solvent, the SiC hemispheres were sonicated for 20 minutes. Si wafers (University
wafer) coated with a 100 nm thick Si;N, layer (amorphous, grown with LPCVD method) were
used as the counter-surface, as-received. These materials were chosen for their relevance in the
semi-conductor industry.

Mounting the hemisphere on a MEMS sensor

Micro-Electromechanical sensors (MEMS, FT-S200°000-2-axis-Custom) were used for the
measurement of normal and friction force with high accuracy. The MEMS sensors have a tai-
lored 2 mm T-shaped end (brown frame in Fig. 1, main text). In order to fix the hemisphere to
the MEMS sensor, the hemisphere was placed with its apex down on a 2 mm diameter spring with
stiffness of 0.05 N/mm, while the sensor was fixed in the nanoindenter, above the hemisphere-
spring system. The end of the sensor was then dipped in glue (Loctite 431, cyanoacrylate, dropped
on a flat surface fixed on a spring of 0.05 N/mm stiffness) before being brought into contact with
the flat part of the hemi-sphere. A waiting time of a day is required for the glue to dry before the
start of the wear experiment.
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Wear experiment

A nanoindenter (FT-I04, Femtotools) converted into a tribometer was used to perform the
wear experiment. The machine was chosen for its high force (~ 1 uN with 3 mm diameter hemi-
sphere mounted on it) and position (sub-nm) accuracy. The wear experiment was performed in
a non-repeated fashion, as shown by the schematic in the grey frame in Fig. 1 in the main text.
The hemisphere was brought into contact with the Si3N4 wafer before sliding. After sliding, the
hemisphere is lifted and taken to a new location on the Si3N4 surface before performing the next
friction/wear cycle (grey frame in Fig. 1 in the main text). The friction/wear experiment consisted
of 800 cycles of 20 um sliding distance, with a 70 mN load applied and an imposed sliding velocity
of 2 um/s.

The surface topography measurement feature of the nanoindenter is used to perform the wear
experiment. The optical camera of the setup allows to have a view of the area on the SizNy4 surface
within which the wear experiment will be conducted. A calibration procedure is performed prior
to the experiment in order to align the center of the microscope field of view with the apex of the
MCD hemisphere. To start a wear experiment, a batch of lines (up to thousands) can be drawn
within the optical camera view at the preferred location on the wafer sample. In the topography
measurement feature of the nanoindenter software, lines are drawn with an adjustable length (the
sliding distance) and an adjustable spacing between the lines. We choose to impose 50 um spacing
between the lines (strokes), because this is significantly larger than the diameter of the Hertzian
contact area. A load, sliding distance and speed are also set. The wear experiment consisted of
800 strokes. We ran the experiment in batches of 25 strokes for reasons that will be explained
hereafter.

Before the launch of each batch of 25 strokes, a find contact procedure is performed by the
nanoindenter: the hemisphere is lowered to find the z-position at which contact with the SizNy
surface is made. In this procedure, an approach velocity is imposed, and the hemisphere is re-
tracted and moved sideways after contact is formed. We kept the approach velocity as small as
possible, 5 um/s, to avoid impact forces significant compared to the desired normal load. Before
the find contact routine is launched, the hemisphere is manually lowered as much as possible with-
out making contact, typically to a separation smaller than 500 um. In the nanoindenter software,
we choose to impose sideways displacement after contact detection of O um, such that the first
stroke in the batch starts at the location at which contact is first found. After each stroke in the
batch, the hemisphere is lifted by 1.5 um. Subsequent to lifting the hemisphere, the hemisphere is
displaced laterally to the starting point of the next stroke. To start the next stroke, the hemisphere
is lowered with an approach speed of 2 um/s. During the strokes the sliding velocity is also 2
um/s. Due to a small tilt of the Si;N,4 coated wafer with respect to the direction in which the sam-
ple is displaced in between strokes, the z-position at which the sensor detects contact between the
hemisphere and the wafer becomes lower for each subsequent cycle in the batch. Consequently,
the approach of the hemisphere requires more time with each subsequent cycle. For this reason,
we decided to run batches of 25 cycles such that the approach time could remain limited.

For each cycle, the friction force was measured. To investigate the influence of passivation
species on the friction and wear behavior, the wear experiment was performed under ambient
(50% RH) and dry nitrogen (<5% RH) conditions.

In order to confirm that the observed friction behavior is repeatable, we reproduced the friction
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experiments in a Bruker universal mechanical tester, which yielded identical friction behavior as a
function of total sliding distance (Fig. S1).
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Figure S1: MCD on Si3Ny friction as a function of sliding distance. Each color represents an independent experiment
with a new MCD sphere. In all experiments we observe a reduction in friction with sliding distance which we attribute
to the reduction in plowing friction caused by wear of the diamond crystallites.

Topographical imaging of the MCD coatings and SizNy4 scratches

An AFM (Dimension ICON, Bruker) was used to image the topography of the MCD surface
before and after the wear experiment (green frame in Fig. 1 in the main text) and to image the
scratches on the Si;N, flat after the wear experiment. Tapping mode[1] was used, with RTESPA-
300 (Antimony (n) doped Si, Bruker) tips, in an ambient environment. The sphere was brought
into the AFM and fixed to the stage before and after the experiment, while mounted on the MEMS
force sensor. Gwyddion software[2] was used to analyze the topographs. For the MCD surface,
AFM scanning parameters were as follows: 90 x 90 um? with 4096 x 4096 pixels (about 22 nm
per pixel) and a scan rate of 0.1 Hz. The scan rate is kept low to avoid tip damage and allow the tip
to follow the MCD topography. For the topography measurement of Si3N, scratches the scanning
parameters were as follows: 60 x 60 um? with 1024 x 1024 pixels (about 59 nm per pixel) and
a scan rate of 0.3-0.4 Hz. To relate the orientation of the hemisphere before and after the wear
experiment to its orientation in the wear experiment, the front feature of the sensor was kept facing
the experimenter. Similarly, the wafer was marked with the mark facing the experimenter in all
setups. Across the contact zone on the hemisphere, we observe removal of debris and diamond
as well as a small amount of material transfer, likely from the Si;N, wafer to the MCD surface
(Fig. S2). More specifically, the largest amount of transferred material was found in the deepest
valleys on the MCD surface (Fig. S2.b)). However, at high features of the topography that likely
made contact with the Si3N4, we observe a small decrease in height and sharpness of the MCD
crystallites.
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Figure S2: pre-post test MCD comparison (ambient experiment). a) Full-AFM measurement of the MCD surface be-
fore the wear experiment. b) Close-up view of a selection of asperities recorded, before and after the wear experiment.
We see on the after image that the biggest height gain is located in the deepest valley of the surface, on the top right
corner. We extract 2 cross sections to show the material removed from individual MCD crystallites and transferred
to the MCD coating. c) The cross sections 1. (left side) and II. (right side) are displayed; we see both MCD removed
emphasized by height lost on sharp asperity tops and material transferred (Si3N4) emphasized by height gained at the
low height points (valleys).



To further demonstrate that the decrease in scratch depth translates into a reduction in height
of the indenting MCD crystallite, we run a simulation based on the half-space contact model
using the software Tribology Simulator (www.tribology.org). In the contact calculations, the MCD
surface topography (measured by AFM, Fig. S3.a)) is brought into contact with the Si3N, wafer
with the contact conditions used in the experiment. From the contact calculations, we extract
the local magnitude of the plastic deformation of the Si;N, wafer and observe that indeed the
Si;Ny plastic deformation predicted in the contact calculations matches the depth of the scratches
measured on the Si;N4 wafer. Furthermore, we subtracted the calculated SizNy plastic deformation
from the original MCD topography and repeated the contact calculation with this artificially worn
MCD surface. The result (Fig. S3.d)) indicates that the artificially worn MCD surface does not
plastically deform the Si3Ny surface significantly. These results confirm that in our MCD-on-Si3N4
system, plastic deformation of the SizsN4 and wear of the MCD can be directly linked.
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Figure S3: Plastic deformation of the Si3N4 wafer. a) Topography of the MCD sphere from Fig. 2.a). b) Zoom-in
view of the topography in a), with plastic contact regions indicated in dark red. We can see the locations on the surface
topography where the calculated contact pressure equals the 23 GPa hardness of the Si3Ny, resulting in an indentation
and scratching. c) Calculated plastic deformation of the Si3N4 wafer caused by the asperities highlighted in b). Plastic
deformation up to about 60 nm is observed, which corresponds to the deepest scratches on Si3N4 observed in the
experiment. d) SizNy plastic deformation calculated when the plastic deformations in c) are subtracted from the
topography in b) prior to the contact calculation.






