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Scanning probe instruments have expanded beyond their tradi-
tional role as imaging or “reading” tools and are now routinely
used for “writing.” Although a variety of scanning probe lithogra-
phy techniques are available, each one imposes different require-
ments on the types of probes that must be used. Additionally,
throughput is a major concern for serial writing techniques, so
for a scanning probe lithography technique to become widely ap-
plied, there needs to be a reasonable path toward a scalable ar-
chitecture. Here, we use a multilayer graphene coating method to
create multifunctional massively parallel probe arrays that have
wear-resistant tips of uncompromised sharpness and high electri-
cal and thermal conductivities. The optical transparency and me-
chanical flexibility of graphene allow this procedure to be used for
coating exceptionally large, cantilever-free arrays that can pattern
with electrochemical desorption and thermal, in addition to con-
ventional, dip-pen nanolithography.

scanning probe microscopy | tip modification | energy delivery |
tip wear | friction

The ability to prepare nanoscale structures with the tip of
a scanning probe has stimulated intense research efforts to

use the scanning probe microscope as an instrument for nano-
fabrication on surfaces with high resolution, registration accu-
racy, and relatively low cost. These techniques rely on specific
probes to enable the transfer of materials or energy from the
probe to a surface: Dip-pen nanolithography (DPN) requires tips
with controlled hydrophobicitiy (1–3); anodic oxidation requires
electrically conductive tips (4, 5); mechanical scratching or
nanografting requires rigid, wear-resistant tips (6–8); and ther-
mal-scanning probe lithography (SPL) requires tips with in-
tegrated heaters (9). Therefore, understanding the tradeoffs
inherent in using specialized SPL probes is important, especially
when considering high throughput SPL techniques. A challenge
common to all SPL techniques is to pattern with high throughput
despite the serial nature of probe-based lithography. This has
been addressed by the development of specialized systems, for
example, one- (10) and two-dimensional cantilever arrays (11, 12).
The recent development of cantilever-free arrays provides a low-
cost alternative to cantilever arrays for parallel SPL (13, 14).
Recently, hard-tip, soft-spring lithography (HSL) has emerged

as a technique for patterning sub-50-nm features over centimeter
scales (15) by using an array of silicon tips resting on a compliant
polydimethylsiloxane (PDMS) layer. These arrays are well suited
for printing organic and inorganic structures in a high through-
put and combinatorial fashion, but the versatility of these arrays
is limited by the low electrical and thermal conductivities of
PDMS. The adaptation of the cantilever-free architecture to
additional SPL modalities would be powerful, but only low-
temperature processing steps that do not compromise the
transparency and compliance of the PDMS layer can be con-
sidered. Considerable research has focused on improving the
capabilities of conventional SPL tips through thin-film coating,
but these modifications can blunt the tips significantly (16).
Furthermore, metal coatings that are used to improve the elec-
trical conductivity (17) are opaque and susceptible to tip wear,

whereas wear-resistant coatings such as diamond are electrically
insulating (16). Graphene is a promising candidate material for
a multifunctional coating because of its high electrical and
thermal conductivities, optical transparency, low friction, and
mechanical strength (18). Recently, metal-coated probes have
been used for the catalytic growth of graphene for applications in
molecular electronics, but this technique requires a thick metal
coating, annealing at 950 °C, and does not result in uniform
probe coating (19).
Herein, we describe a simple strategy for coating HSL tip

arrays with multilayer graphene to generate tips that are highly
wear-resistant and electrically and thermally conducting, in
a way that preserves the optical transparency of the array and
the sharpness of the tips. To illustrate the versatility of gra-
phene-coated HSL tip arrays, we have performed patterning
with two techniques that would not be possible without gra-
phene-coated arrays: (i) electrochemical desorption and (ii)
thermal-DPN. Additionally, we show that graphene coating
results in a 40% reduction in tip-sample friction, compared with
silicon tips, which leads to substantially decreased wear. The
simplicity and versatility of this graphene-coating technique
make it valuable to the scanning probe lithography, nanofabrication,
and microscopy communities.

Results and Discussion
The key innovation that enables graphene-coated HSL tip arrays
is a simple protocol to conformally coat the surface of an HSL tip
array with multilayer graphene (Fig. 1A). In a typical experiment,
1 × 1 cm2 HSL tip arrays with 4,489 (67 × 67) tips and a tip-to-tip
pitch of 150 μm were fabricated according to literature methods
(15). Chemical-vapor–deposited, large-area, multilayer graphene
films on Ni (Graphene Laboratories Inc.) were spin-coated with
a ∼70-nm-thick poly(methylmethacrylate) (PMMA) layer for
support (SI Appendix, Fig. S1). Following etching of the Ni film,
the separated PMMA/graphene film was transferred onto an
HSL tip array (1 × 1 cm2) that had been pretreated with oxygen
plasma (Fig. 1B). The transfer took place while the PMMA/
graphene layer was floating on a mixture of water and ethanol
(1:2, vol/vol). The HSL tip array was submerged in the liquid and
held at an angle of ∼40° with respect to the surface. The solvent
was then allowed to evaporate, which caused the PMMA/gra-
phene to fall onto the tip array and coat it conformally (Fig. 1C).
Tilting the array during the solvent evaporation process signifi-
cantly improved the coverage of graphene onto the tip array (SI
Appendix, Fig. S2), and using a mixture of water and ethanol
reduced the surface tension and improved the conformal coating
(SI Appendix, Fig. S3). Subsequent washing with acetone was
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used to remove the PMMA. Due to the high adhesion energy of
graphene relative to its bending energy (20), the graphene
established conformal coverage of the tip surface (SI Appendix,
Fig. S4). The graphene-coated, glass/PDMS-supported tip arrays
remained transparent (Fig. 1D), which allowed for optical leveling
of the tips with respect to a surface.
To evaluate the uniform and conformal graphene coating of

HSL tip arrays, scanning electron microscopy (SEM) and Raman
spectroscopy were performed. Before graphene coating, the HSL
tip array exhibited a smooth and uniform elastomer surface (Fig.
2A). After coating with PMMA/graphene, folds and creases were
visible on the surface of the elastomer (Fig. 2B). When the
PMMA was removed, the surface appeared cleaner, but folds
remained visible, providing evidence for the presence of gra-
phene (Fig. 2C). There was no significant change in the tip height
throughout the coating process, but the tip diameter increased
from 23 ± 3 nm to 40 ± 5 nm after graphene coating, an increase
commensurate with the measured ∼9-nm thickness of the 10- to
20-layer graphene film (SI Appendix, Fig. S5). Optical micros-
copy confirmed the presence of PMMA/graphene on the surface
of the HSL tip array; one could easily see a network of folds that
formed a regular lattice with vertices defined by the tips (Fig.
2D). Note that “tenting” is not observed and the folding provides
additional flexibility when the PDMS supporting the tips is
compressed during writing. After the PMMA was removed in
acetone, the folds were still and were visualized by atomic force
microscopy (Fig. 2D). Raman spectroscopy (532-nm excitation)
was used to provide direct evidence for the presence of graphene
at the tips of the probes in the HSL tip array. Raman mapping of
the Si band (499–546 cm−1) clearly depicts the form of a single Si
tip resting on a flat SiO2 surface (Fig. 2E Upper). Mapping of the
graphene G band (1,569–1,614 cm−1) in the same region shows
the triangular shape of the tip as well as a flat supporting backing
layer (Fig. 2E Lower). The colocalization of the Si and graphene
bands provides evidence for the conformal coating of graphene
layers onto the HSL tip array. Furthermore, a spectrum taken on
the tip shows a broad 2D band, and more intense G band, I(G) >

I(2D), which is characteristic of multiple graphene layers (21, 22)
(Fig. 2F).
The graphene coating of the tip array transforms HSL from

a technique limited to DPN (1) and nanografting (7) to one
capable of lithographic methods that require probes with high
electrical conductivity. For example, electrical contact can be
readily made with regions of the graphene film extending beyond
the tip array (Fig. 3A). Electrical contact was verified by mea-
suring a current that flows through the tips and into the substrate
when the tip array is in contact with the surface (SI Appendix,
Fig. S6). The ability of a graphene-coated HSL tip array to
conduct electricity, in principle, allows one to use an electric field
and HSL to electrochemically desorb an alkanethiol self-as-
sembled monolayer (SAM) from an Au surface (23–27). To
evaluate the prospects for electrochemical desorption, SAMs
were prepared by soaking an Au-coated silicon wafer in an
ethanol solution of 16-mercaptohexadecanoic acid (MHA, 1
mM) for 1 h followed by copious rinsing with ethanol and drying
under N2. A negative bias voltage was applied to the graphene-
coated HSL tip arrays with respect to the SAM-modified Au
surface (Fig. 3B). To investigate the effect of tip voltage on
feature size, the tip array was used to pattern a square lattice of
points with a constant dwell time of 10 s while the tip bias voltage
was varied from −7 to −18 V (Fig. 3C). Following patterning, the
surface was chemically etched to remove the Au in patterned
regions where there was no longer a protective SAM. Recessed
areas, which correspond to patterned spots, are observed, and
the average feature diameter exhibits an exponential de-
pendence on reductive potential (SI Appendix, Fig. S7). These
observations are consistent with a kinetic model for the reductive
desorption of an alkanethiol SAM (28). To evaluate the ability of
this method to generate smaller features, the tip-surface contact
time was reduced to 5 s with a voltage of −5 V. Features made in
this process exhibit an average feature diameter of 98 ± 7 nm
(Fig. 3D). The ability to generate arbitrary patterns with gra-
phene-coated HSL tip arrays was demonstrated by reproducing
a dot array (SI Appendix, Fig. S8) depicting a portion of the
constellations in the northern hemisphere. In this proof-of-

Fig. 1. Fabrication of graphene-coated HSL tip arrays. (A) Illustration of a multilayer graphene-coated hard-tip, soft-spring lithography (HSL) tip array
supported by a transparent, soft backing layer that provides mechanical compliance to each tip. Schematic of the architecture of a graphene-coated HSL tip
array (Lower). (B) Experimental protocol used to fabricate graphene-coated HSL tip arrays. (C) PMMA/graphene layers floating on water before coating.
Transfer of PMMA/graphene onto an HSL tip array by tilting the array and evaporating the solvent in air, resulting in a conformally graphene-coated HSL tip
array. (D) The transparency of an uncoated HSL tip array (Left) is compared with a graphene-coated HSL tip array (Right).
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concept experiment, the resulting etched Au pattern generated
by each of the 4,489 tips in the 1 × 1 cm2 array is an accurate
miniaturized duplication (80 × 100 μm2) of the bitmap image
with an average dot diameter of 590 ± 60 nm (Fig. 3E).
The presence of a conducting graphene layer coating, not only

on the tips but also on the base of the HSL tip array, allows one
to apply a potential and drive an electrical current across the
array, which can be used to locally heat the tips through resistive
heating. This heating effect was initially evaluated in the context
of lithography by exploring the ability of graphene-coated HSL
tip arrays to deposit a polymer mask via thermal-DPN (2) (Fig.
4A). In a typical experiment, drop casting of a photoresist
(S1805; Shipley) was used to coat the tip array followed by sol-
vent evaporation for 30 min at room temperature. This resist was
chosen because of its relatively low glass transition temperature
(∼60 °C) (29) and widespread use in semiconductor processing.
Because the photoresist is a glass at room temperature, when the
tip array was pressed against a silicon surface, no material was
transferred to the surface. In contrast, when it was pressed
against the surface while 15 mW of electrical power was applied

to the tip array, the resist uniformly transferred to the substrate.
As proof-of-concept, using a graphene-coated HSL tip array
consisting of 4,489 tips, we created dot patterns on Si wafers
coated with 15 nm of SiO2. The pattern covers 1 cm2 and consists
of over 11 million dot features, with each tip responsible for
making a 51 × 51 array of dots (based upon a contact time of 1 s
and a relative humidity of 30%). Importantly, the polymer pat-
tern can be transferred into the SiO2 substrate by etching with
ammonium fluoride (20% NH4F; Time Etch; Transene) (Fig.
4A). The resulting average feature size was determined by SEM
to be 80 ± 9 nm, and the arbitrary patterning capability of this
technique was further demonstrated by generating 4,489 dupli-
cates of a pattern depicting constellations (Fig. 4C; for complete
bitmap image see SI Appendix, Fig. S9). The average feature
diameter was determined by atomic force microscopy (AFM) to
be 170 ± 20 nm.
Because a relatively low applied power was necessary to achieve

thermal transport, measurements of the temperature coefficient
of resistance were performed to estimate the average tempera-
ture of the graphene film. To examine how the electrical resistance

Fig. 2. Characterization of graphene-coated HSL tip arrays. Scanning electron microscopy (SEM) images of an HSL tip array (A) before graphene coating, (B)
after coating with PMMA/graphene, and (C) after removal of the PMMA. (D) Top-view optical images of graphene folds between tips before and after
removal of the PMMA. After the PMMA was removed, the existence of graphene folds was confirmed by a topographical image taken by atomic force
microscopy. (E) Raman mapping of the Si band (499–546 cm−1, Upper) and the graphene G band (1,569–1,614 cm−1, Lower). The overlap of these maps
confirms coverage of the silicon tip with graphene. (F) Raman spectra (excitation wavelength λ = 532 nm) for graphene layers on a Si tip shown in E.
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of the graphene film changes with temperature, the resistance of
the graphene was measured while the temperature of the gra-
phene-coated HSL tip array was adjusted on a hot plate. This
provides a measure of the temperature coefficient of resistance κ,
which was determined to be −3 × 10−3/K (SI Appendix, Fig. S10),
in good agreement with previous reports (30). The temperature in
the graphene film was then estimated by recording the change in
resistance ΔR of the graphene resistor as a function of applied
power (SI Appendix, Fig. S10). For example, when 24 mW of power
was applied to a 1-cm2 graphene-coated HSL tip array, ΔR/R =
−0.18, which corresponds to ΔT = 58 °C when converted using κ.
This large temperature change in response to modest applied
power is attributed to the graphene resistor being sandwiched
between thermally insulating SiO2/PDMS and photoresist layers,
localizing the heat generation to the graphene.
Graphene and graphite are widely studied as lubricating mate-

rials (31), so the graphene-coating technique presented here has
the potential to reduce tip-sample friction and therefore tip wear.
To test this hypothesis, the tip-sample friction was quantitatively

measured using friction force microscopy. Because a cantilever is
needed to quantitatively evaluate tip-sample friction, conventional
contact mode atomic force probes (PPP-CONT; NanoWorld AG)
were coated with graphene using the same protocol implemented
for preparing the graphene-coated HSL tip arrays (SI Appendix,
Fig. S11). The contact mode probes were chosen because of the
similarity between their tips and those in HSL tip arrays. Both are
composed of silicon and fabricated with a self-sharpening aniso-
tropic etch. The commercial probes are slightly sharper owing to an
additional sharpening process, having a radius of curvature <7 nm,
whereas HSL tip arrays have an ∼11-nm radius of curvature. The
coefficient of friction between the tip and the surface was estimated
using a wedge calibration technique (32). Graphene-coated and
uncoated probes were scanned across the flat surface of a Si(100)
wafer and angled Si(111) planes exposed by anisotropic etching
(topography, Fig. 5A). Measurement on surfaces with different,
but known, angles is necessary to remove the influence of im-
perfect alignment of the tip (32). Therefore, the lateral force on
both probes was measured in three distinct topographical regions

Fig. 3. Electrochemical patterning with graphene-coated HSL tip arrays. (A) Optical image of a graphene-coated HSL tip array that has been electrically
contacted on two sides of the array. (B) A schematic illustration of the electrochemical desorption of 16-mercaptohexadecanoic acid (MHA) features by
coming into contact with a surface while maintaining a voltage bias with respect to a surface followed by Au removal by wet etching. (C) SEM image of
a pattern of etched Au holes of different sizes created by varying the bias voltage from −7 to −18 V while patterning spots for 10 s. (D) SEM image of
a pattern of etched Au holes with a contact time of 5 s and at a reductive potential of −5 V. (E) SEM image of arbitrary Au hole patterns written over a large
scale consisting of arrays of constellations in the northern hemisphere including Draco, Hercules, and Ursa Major, written with a bias voltage of −10 V,
a contact time of 10 s, and a relative humidity of 30%. The right image shows a magnified image of the pattern written by a single probe with guide lines
depicting the constellations. The inset shows a magnified SEM image of a highlighted area.

Fig. 4. Thermal patterning with graphene-coated HSL tip arrays. (A) A schematic illustration of the selective patterning of a polymer resist by resistive
heating of a graphene-coated HSL tip array followed by SiO2 removal by wet etching. (B) A dark field optical image of square arrays of photoresist dots
patterned on an SiO2/Si surface created by heating the graphene-coated tip array with 15 mW. A magnified SEM image of a dot array depicting 80-nm-
diameter features (Lower). (C) A dark field optical image of a (100 × 100 μm2) patterned dot pattern consisting of 1,088 dots corresponding to a star field.
These patterns were generated with an applied power of 23 mW, a dwell time of 1s, and patterning at 30% relative humidity. A magnified dark field optical
image (Lower Right) is compared with a section of the source pattern (Upper Right).
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(Fig. 5A). A qualitative difference between the probes is imme-
diately apparent: many peaks corresponding to stick-slip events
are visible in the lateral force data for the uncoated probe,
whereas the lateral force measured with the graphene-coated
probe displays much smaller stick-slip events and is markedly
smoother (compare upper and lower scans in Fig. 5A). To esti-
mate this improvement in friction performance, we calculated
the standard deviation of each friction force curve fit to
a piecewise series of lines corresponding to the three topo-
graphical regions. Through this analysis, deviations in the friction
force curves from graphene-coated probes were found to be
∼20% the magnitude of those observed for uncoated probes. We
repeated this measurement for a series of normal forces ranging
from 100 to 300 nN (Fig. 5 B and C). By examining how the
offset and width of each friction loop changes with applied load,
the coefficient of friction was determined for an uncoated probe
on the Si(111) face to be 0.35, in agreement with previous
reports (32). In contrast, the two measured graphene-coated
probes exhibited coefficients of friction of 0.22 and 0.23, showing
a ∼35% reduction from the uncoated probe (SI Appendix, Fig.
S12). It is worth emphasizing that these measurements depend
highly on dynamic conditions such as relative humidity (33), tip
wear (34), and the condition of the surface. In addition, the
measured coefficients of friction required scanning a distance of
10 mm to stabilize for all probes measured (SI Appendix, Fig.
S12), which we attribute to the high tip-sample forces used in this
measurement, which changed conditions on the tip and surface.
To supplement the aforementioned measurements of tip-

sample friction, and also directly visualize tip wear, a less de-
structive systematic measurement of friction was performed in
conjunction with SEM analysis of tip wear. To create a baseline
for wear studies, SEM imaging of six uncoated and four gra-
phene-coated probes was performed (Fig. 5 D and E). The
probes were then calibrated by measuring force–distance curves
followed by thermal tuning to determine their spring constants
and deflection sensitivities. They were then scanned in contact
mode on a smooth Si(100) surface over a distance of 500 μm at 1
μm/s with 50 nN of applied force. The lateral deflection d of each
AFM probe per unit of normal force (the sum of adhesion force
and applied normal force) was used to estimate the friction

experienced by each probe. We find a 40% reduction in lateral
deflection for graphene-coated probes (d = 0.91 ± 0.05 mV/nN)
compared with uncoated ones (d = 1.5 ± 0.2 mV/nN). This result
is consistent with the wedge calibration results presented above.
Following scanning, the probes were imaged again in the SEM.
The graphene-coated tip exhibited barely any wear, whereas the
uncoated probe was blunted considerably (Fig. 5 D and E).
Therefore, these results suggest that the reduction in tip-sample
friction from graphene coating could improve the wear perfor-
mance of atomic force microscope probes.
We have outlined a simple procedure for coating scanning

probes with multilayer graphene films that offers significantly
improved versatility and performance. The nanometer thickness,
transparency, electrical conductivity, and lubricating properties
of graphene make it a powerful addition to a scanning probe.
Given the simplicity of this technique, especially compared with
conventional methods of metal coating, it is conceivable that
graphene-coated probes could be widely applied in both lithog-
raphy and imaging applications. In particular, HSL with gra-
phene-coated arrays is a powerful nanopatterning system that
can achieve both large-area patterning and high resolution, and
hence is a significant step toward the realization of true benchtop
nanofabrication.

Materials and Methods
Graphene Transfer onto an HSL Tip Array. Ten- to 20-layer graphene grown on
Ni/Si surfaces (Graphene Laboratories Inc.) was used for all experiments. The
as-grown graphene film on a 4-inch Ni/Si wafer was spin-coated with PMMA
polymer (495 A2; MicroChem Corp.) at 500 rpm for 10 s with a ramping speed
of 100 rpm/s followed by 5,000 rpm, 60 s with a ramping speed of 1,000 rpm/
s). The sample was allowed to harden at room temperature for 24 h. The
PMMA thickness measured by AFM was ∼70 nm. The wafer was then cut into
1 × 1 cm2 pieces and immersed into an aqueous iron chloride solution (re-
agent grade, 97%, 157740, CAS no. 0007705–08-0; Sigma-Aldrich) at a con-
centration of 1 M (50 g of FeCl3 and 308 mL of deionized water) for 24 h at
room temperature. The separated PMMA/graphene layer was rinsed with
deionized water and then transferred onto an HSL tip array that had been
oxygen-plasma–treated for 2 min at ∼100 mTorr with 30 W. The transfer
process took place by submerging the HSL tip array in an ethanol/water
mixture (2:1) and resting it at a tilt of ∼40° with respect to the liquid surface.
The fluid was then allowed to evaporate over the course of ∼48 h. Tilting the
array during this process helped to coat the array in a row-by-row fashion,

Fig. 5. Mechanical properties of graphene-coated Si tips. (A) Lateral force and topography (Middle) measured for a Si tip (Top) and a Si tip that has been
coated in graphene (Bottom) as they are scanned across a Si surface consisting of a flat (100) and two sloped (111) facets. The lateral force measured from the
(B) Si tip and (C) graphene-coated Si tip under an applied load increasing from ∼100 to ∼300 nN. SEM images of a (D) Si tip and (E) graphene-coated Si tip
after 500 μm of scanning in contact with a Si surface with an applied load of 50 nN. The insets show the tips as imaged before the wear experiments at the
same magnification. The red outline above the Si probe depicts the profile before the wear experiment.
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and thus significantly enhanced the coverage of graphene on the tip array.
Finally, the graphene-coated HSL tip array was soaked in acetone for 2 h and
then rinsed in ethanol to remove the PMMA.

Electrically Conductive HSL for Patterning. SAMs of MHA were prepared on
electron-beamevaporatedAuthinfilms (25nmAuon5nmTi)by immersingthe
substrate in a solutionof 1mMMHA inethanol for1 h, followedby rinsingwith
ethanol, rinsing with deionized water, and drying with nitrogen. A graphene-
coated HSL tip array was mounted in an XE-150 scanning probe platform (Park
Systems) and attached to a source meter (2400-C Source Meter; Keithley) to
provide a voltage bias. The graphene-coated HSL tip array was held at a bias
voltage between –5 V and –20 V while the surface was grounded. To perform
lithography, the tip array was brought into contact with the MHA SAM in
a series of points to selectively desorb portions of theMHA SAM surface under
ambient conditions (∼30% humidity, 23 °C). To make the patterned features
easier to visualize, wet etching was performed to remove the gold no longer
protected by the MHA SAM. The resulting recessed features were character-
ized with optical microscopy (Zeiss) and SEM (S4800; Hitachi).

Thermally Conductive HSL for Patterning. To generate patterns with thermal-
DPN, photoresist (S1805; Shipley) was drop-coated onto a graphene-coated
HSL tip array. The photoresist was allowed to dry at room temperature for 30
min. The graphene-coated HSL tip array was electrically contacted by silver
paste on opposing sides of the array and connected to a voltage supply (triple
output DC power supply; B&K Precision Corp.). The voltage (179 True RMS
Multimeter; Fluke) and current (34401A 6 1/2 Digit Multimeter; Agilent) were
monitored to calculate the resistance of the graphene during heating. By
applying a voltage across the graphene, the resistance was observed to de-
crease as local resistive heating occurred. Typically, an applied power of 23
mW was used for a 1 × 1 cm2 tip array. Photoresist was thermally transferred
to a PVD-grown SiO2 (15 nm)/Si surface (∼30% humidity, 23 °C). The pat-
terned sample was etched (Timetch; Transene) to transfer the photoresist
patterns onto SiO2. The resulting features were characterized with optical
microscopy (Zeiss), SEM (S4800; Hitachi), and AFM (Dimension Icon; Bruker).

Friction Force Microscopy. Quantitative friction force microscopy was per-
formed in a Bruker Dimension Icon atomic force microscope. Both uncoated
and graphene-coated probes (PPP-CONT; NanoWorld AG) were mounted in
the probe holder with special care to keep the cantilever parallel to the probe
holder. Next, the deflection sensitivity (200 nm/V typical) of the probes was
found by taking three force–distance curves and finding the average slope of
the approach line. These force–distance curves were also used to calculate
the average tip-sample adhesion force. Next, the spring constant (0.3 N/m
typical) was found through thermal calibration. The probes were then
scanned across the flat surface of a Si(100) wafer with square pyramidal
holes prepared by KOH etching to produce Si(111) faces at a known angle.
Scan regions are 20 × 1 μm2 at a resolution of 2,048 × 8 pixels and scanned at
4 μm/s. Proportional gain was set to 0 with integral gain of 5 to remove the
possibility of underdamped feedback reducing the tip-sample friction (32).
This region was rescanned while sweeping the applied force from ∼100 to
∼300 nN. The change of the width and offset of each friction loop with
respect to applied force was used to extract the coefficient of friction fol-
lowing Varenberg et al. (32). The process of varying the applied force was
repeated 10 times for each probe to examine change in the tip-sample
friction as the probe continued to scan the surface. Experiments were per-
formed at room temperature (22 °C) in low ambient humidity (RH ∼33%).
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