Internal and External Atomic Steps
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ABSTRACT We report on the physical and chemical properties of
atomic steps on the surface of highly oriented pyrolytic graphite
(HOPG) investigated using atomic force microscopy. Two types of
step edges are identified: internal (formed during crystal growth)  layer
and external (formed by mechanical cleavage of bulk HOPG). The
external steps exhibit higher friction than the internal steps due to
the broken bonds of the exposed edge C atoms, while carbon atoms
in the internal steps are not exposed. The reactivity of the atomic
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steps is manifested in a variety of ways, including the preferential attachment of Pt nanoparticles deposited on HOPG when using atomic layer deposition

and KOH clusters formed during drop casting from aqueous solutions. These phenomena imply that only external atomic steps can be used for selective

electrodeposition for nanoscale electronic devices.
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raphite is composed of stacked
Gplanar graphene layers aligned in

the Bernal AB sequence with weak
van der Waals forces binding neighboring
layers. The basal plane is a hexagonal hon-
eycomb lattice of covalent sp® carbon
bonds." Most crystals exhibit many atomic
steps that contain functional groups bound
to edge carbon atoms with dangling and
broken bonds,>* which are responsible for
the high chemical reactivity of step sites in
comparison with the basal plane.

The frictional properties of the step edges
on pristine graphene and graphite surfaces
have been studied both experimentally and
theoretically. Holscher et al. reported the
dependence of atomic-scale friction on the
applied load at graphite step edges, de-
pending on scan direction, using friction
force microscopy (FFM).* The effect of
the geometry of the FFM probe on atomic
friction of the graphite step edges was
studied also using molecular dynamics
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(MD) simulations.>® Hunley et al. studied
the frictional phenomena on two types of
graphene step edges deposited on a silicon
oxide layer. Two types of step edges were
produced, covered and uncovered, due to
overlapping graphene sheets deposited
after the mechanical exfoliation process.”
In UHV studies, T. Miller et al. reported that
a step dislocation covered by a homoge-
neous graphite layer exhibits smaller fric-
tion than on a normal surface step with
unsaturated sp? carbon bonds.® In addi-
tion, in air, adsorbed water molecules at
the steps can influence energy dissipation
processes, as shown by Egberts et al. on
highly oriented pyrolytic graphite (HOPG)
and consistent with MD simulations.” R. H.
Savage et al. reported that the presence of
water vapor is associated with increased
wear on the graphite step edges and
face,'® and C. Sommerhalter et al. reported
that the contact potential of HOPG is af-
fected by the environmental conditions
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Figure 1. (a) 1.5 um x 1.5 um topography and (b) friction images of the HOPG (0001) surface measured in air after mechanical
exfoliation with an applied load of 15 nN. (c) Schematic diagram showing two types of step edges on HOPG: internal (indicated
by the red line) and external (indicated by the dashed blue lines). (d) Line profiles of the height and friction along the red
dashed linein (a) and (b). The labels A and C represent external step edges, and label B denotes an internal step edge. All of the
steps have a single-atom step height (0.34 nm). A Si tip was used for these measurements.

during sample cleavage and measurements.'’ These
earlier studies focused on friction, wear, and chemical
reactivity of external steps with exposed edges of the
HOPG.

There are several studies associated with step edge
decoration on HOPG.">~"#|n these studies, electroche-
mical methods were used to grow nanoscale particles
and wires.">~% Xuan et al. reported different bonding
energies between edge orientations (e.g., armchair and
zigzag) that induce the selective formation of Al,Os
nanowires using atomic layer deposition.?®

In this paper, we report the observation of two types
of atomic steps with different physical and chemical
properties: external steps (generated by mechanical
cleavage) and internal step edges (originating from
graphite crystal growth). Friction imaging reveals a
clear contrast in friction where a higher friction is found
on the external steps, compared with internal steps.
Contact potential difference (CPD) mapping also
shows a different surface potential between external
and internal steps. We show that the exposed external
edges are highly reactive sites, as shown by the
selective growth of Pt particles deposited using atomic
layer deposition (ALD) and the precipitation of potas-
sium hydroxide (KOH) clusters following drop casting.
We also show that the higher reactivity of the external
steps leads to higher atomic-scale wear.
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RESULTS AND DISCUSSION

After mechanical cleavage of the pristine HOPG
(0001) surface in air, we acquired topographical and
friction images of the surface, as shown in Figure 1. The
topographic image in Figure 1a, comprising step edges
and terraces, was simultaneously acquired with the
friction image shown in Figure 1b. The bright contrast
in the friction image (Figure 1b) represents high friction.
From the line profiles of height and friction, shown in
Figure 1d, three steps (A, B, C) are visible. The height of
all three steps is 0.34 nm, consistent with that of a single
atomic step. Interestingly, only steps A and C show
bright contrastin the friction images, while step B shows
low friction, as shown in Figure 1d. On the basis of these
measurements, we refer to atomic steps A and C as
external steps and B as an internal step. In Figure 1¢, the
red line indicates an internal step edge and the blue
lines indicate external step edges (Figure 1c). Similar
FFM measurements on the HOPG surface, together
with the feedback error signal (deflection), were per-
formed on different areas of ZYB-grade HOPG (shown in
Figures S1 and S2 in the Supporting Information, res-
pectively) and also reveal two types of atomic steps. It
should be noted that the ZYA-grade HOPG used in this
study is of high quality (Grade SPI-1, SPI Supplies) with a
low mosaic angle of 0.4 £ 0.1°, as shown in Figure S3 in
the Supporting Information.
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Figure 2. (a) Topography (4 um x 4 um) of the HOPG (0001)
surface taken using noncontact-mode AFM. (b) Topography
and (c) surface potential images (1 um x 1 um) of the yellow
square in (a). The nearly straight line from the bottom right
to top left is the external step, and the curved line is the
internal step. The external step is easily distinguished from
the internal step in the surface potential image. Line profiles
showing the height (d) and surface potential (e), along the
white solid line in (b) and (c), respectively. These two steps
are monolayer-thick graphene. A Ptlr-coated AFM tip was
used for these measurements.

The dangling bonds on the steps, with the likely
presence of adsorbates in air, should produce a change
in CPD,"" which is closely related to the local work
function of the material. To obtain additional evidence
about the internal and external steps, we carried out
work function measurements of both types of step
edges on the HOPG surface using Kelvin probe force
microscopy (KPFM) in air. Figure 2 shows the results of
KPFM in air (relative humidity of 46.8% and 23.9 °C)
on the two types of step edges after mechanical
cleavage for the fresh HOPG surface. Figure 2a shows
the topography measured in noncontact-mode AFM.
Figure 2b and c show the magnified topography and
surface potential images of the yellow box in Figure 2a.
The results in Figure 2b show a nearly straight line due
to the external step running from the bottom-right
corner to the top-left corner. This line is clearly distin-
guished from the other curved crosslines due to inter-
nal steps by its higher work function in Figure 2c. Both
the internal and external steps followed the same
friction behavior as that shown in Figure 1. Both steps
are a single layer high in the cross line profile of
Figure 2d. While the work function of the internal
step is not distinguishable from that of the terrace,
the work function of the external step was higher than
that of the internal step or terraces by 50 mV, as shown
in Figure 2e. We attribute this to unsaturated dangling
bonds and oxygen terminations along the external
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Figure 3. Plot of friction force versus applied normal force
for three different types of steps: triple and single external
step edges and single internal step edges. The friction on
the step-free terrace is also shown as reference. A Si tip was
used for these measurements.

step edge, which lead to enhancement of the dipole
moment.?” Contact potential mapping provides evi-
dence that the external step edges are chemically and
physically different from the internal steps of HOPG.

We investigated the load dependence of friction at
both the external and internal step edges, as shown in
Figure 3. The friction force is determined from the
average values of the cantilever torsional deflection,
after subtracting the trace (left to right) from the
retrace (right to left) of the scan direction. Figure 3
shows the load dependence of the friction measured
on external steps with single and triple atomic step
heights, the internal step with a single atomic step
height, and the terrace of the HOPG. The two external
step edges (triple and single steps) show a mostly
linear increase in friction with increasing load, while
the friction only slightly increases at both the internal
single step edge and the terrace. The Schwoebel—
Ehrlich barrier, which is an energy barrier arising from
reduced coordination of the edge atoms compared
with that of the substrate atoms, is present only in the
external step edge and is responsible for the observed
increased friction.?2>° We note that the adsorption of
water at the external step edge has been proposed to
also play a role in the enhancement of friction and wear
at external steps.”'°

The different chemical reactivities of the two types of
steps were further evidenced by depositing metal and
KOH clusters on the HOPG surface. ALD was used to
deposit Pt nanoparticles on the HOPG surface, where
the exposed atoms of the external step edges provide
nucleation sites for the Pt atoms. Lee et al. showed that
Pt nanowires can be formed along the atomic steps of
HOPG.?" This is in line with the selective ALD of Pt metal
at structural defect sites on CVD graphene, observed
using transmission electron microscopy (TEM).32

Figure 4a,b show the topographical and friction
images of the HOPG surface after 400 cycles of ALD
for Pt deposition. As can be seen in Figure 4, both
the topography and friction images show that one-
dimensional Pt nanowires are formed only on the
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Figure 4. After 400 cycles of Pt ALD, (a) topography and (b)
friction images (0.6 um x 1.0 um) were taken on the HOPG
(0001) surface in air at an applied load of 12.5 nN. The linear
bright regions in both images correspond to Pt nanowires
formed by ALD at the external step edges. (c and d) Line
profiles along (I) and (ll), over single-layer steps with
external and internal edges, respectively. It is clear that
the Pt nanoparticles are selectively deposited on the ex-
ternal steps. A Si tip was used for these measurements. (e)
X-ray photoelectron spectroscopy profiles of the HOPG
sample showing peaks from the deposited Pt.

external step edges. Figure 4c,d show the line profiles
of height and friction over single-layer steps with
external () and internal (Il) edges, respectively. The
height and friction profiles show that the Pt nano-
wires formed at external step edges exhibit different
growth rates (i.e., the width and thickness of the Pt
nanowire are about 40 and 14 nm, respectively) and
have higher friction than that of the basal plane of the
HOPG. In a previous paper, a difference between the
lateral and vertical growth rates of Pt nanowires was
also observed and explained by a change in the HOPG
surface properties in the region where the ALD Pt
forms.3' However, as can be seen in Figure 4d, for
monatomic internal steps the friction is undistin-
guishable from that of the basal plane. The un-
changed step height (~0.34 nm) of the internal
steps indicates no Pt deposition there, which is ex-
plained by the lack of reactive sites at these steps.?'
Figure 4e shows the results of X-ray photoelectron
spectroscopy (XPS) showing Pt peaks due to the
deposited nanoparticles, in addition to carbon and
oxygen. The details of the XPS spectra for C 1s are
described in Figure S4 in the Supporting Information.
We also investigated the formation of KOH nano-
droplets that selectively formed on the external step
edges, as shown in Figure S5 in the Supporting In-
formation. Similar trends were reported by Hu et al.,,
who used atomic force microscopy (AFM) in non-
contact electrostatic mode and observed that KOH
nanodroplets formed on the HOPG step edges.'”
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Figure 5. (a) Topography and (b) friction images (500 nm x
500 nm) of HOPG measured simultaneously under ultrahigh
vacuum at an applied load of 20 nN. There are five atomic
steps (A—E), including external (A, B, E) and internal (C, D)
step edges. After scanning the area six times with an applied
load of 6 nN, (c) topography and (d) friction images of the
same area were taken. Only the external steps exhibit
deformation, as noted by the white arrows, while the
internal steps do not exhibit any change in morphology
or friction. Line profiles of (e) height and (f) friction mea-
sured across the black solid line shown in (c) and (d). The
heights of the step edges (A—D) in cross section are 0.34 nm
(single step), and the atomic step (E) is four atomic layers. A
TiN-coated tip was used for these measurements.

The high reactivity of the external steps leads to
facile atomic-scale wear. Figure 5 shows simultaneous
topography and friction images (500 nm x 500 nm) of
the HOPG under ultrahigh vacuum. Five steps are
visible in the scanned area, which include external
(A, B, E) and internal (C, D) step edges. After scanning
the same area six times, topographical and friction
images were taken, as shown in Figure 5¢,d. Only the
external steps exhibit wear, as noted by the white
arrows in Figure 5c, while the internal steps do not
exhibit any change in morphology. The high stress
applied at the tip—sample proximity was high enough
to cause wear on the external steps (due to higher
reactivity). The stress can be easily calculated as the
effective load/contact area. The contact area A can be
obtained by using the Derjaguin—Muller—Toporov
(DMT) model,**73¢ given by A = Z(R*3/K*3)(L + L)*3,
where R is the curvature radius of the TiN-coated tip, K
is the combined elastic modulus of graphite and the
tip, L is the applied load, and L. is the adhesion. Here,
using R = 50 =+ 10 nm (as observed with scanning
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electron microscopy), K = 530 GPa,***” L =6 nN, L. =
21 nN, the contact area A is calculated as 5.86 nm?.
Thus, the applied stress is 27 nN/5.86 nm? = 4.61 GPa.
This stress range at the tip—sample contact leads to
wear on the external steps, while elastic contact is
maintained on the internal steps and terraces.

Figure 5f shows different friction responses at the
external steps between the trace and retrace scan
directions associated with a Schwoebel—Ehrlich bar-
rier.**® We can rule out deformation of the tip because
the friction images were stable and the friction signal on
the terrace remained the same, as shown in Figure 5.
When the HOPG surface is exposed to moist air, oxygen
functional groups can adsorb on the chemically reactive
external steps, which causes enhanced friction and
wear. In our study, we carried out AFM measurements
both in air and under UHV and confirmed the presence
of two types of steps, as well as enhancement of friction
atthe external step. Therefore, we can rule out the effect
of environment and humidity on the key results.

This study shows that atomic-scale wear takes place
only on the external steps, which is associated with the
high reactivity of the external steps. Our observation of

EXPERIMENTAL SECTION

Materials and Methods. Pristine graphene sheets on graphite
were fabricated from HOPG (0001) (Nano Technology Institute;
the usual value of mosaic spread is 0.8 degree, the so-called ZYB
grade) that is periodically stacked as 2D single-layer graphene
along the c-axis with a relatively weak van der Waals interaction
and composed of a hexagonal lattice of carbon with strong sp?
bonding in the g, b plane. Thus, graphene sheets were easily
obtained using adhesive Scotch tape to peel off sheets from the
bulk HOPG, which is a well-known mechanical exfoliation
method.38~4°

Pt ALD on a fresh HOPG (ZYB grade, K-TeK Nanotechnology)
surface was performed using methylcyclopentadienyl-
trimethylplatinum (MeCpPtMes) for the Pt precursor and O,
for the counter reactant. The vapor pressure was obtained by
maintaining the Pt precursor container at 50 °C and the sub-
strate at 300 °C. N, (30 sccm) was the carrier and purging gas in
the ALD process.>'*' The KOH droplets were prepared on a
freshly cleaved HOPG surface using drop casting with a diluted
KOH solution (concentration of 0.1 M in DI water). After 5 min,
the diluted solution was visually removed by blowing air; the
nanoscale KOH residues then remained on the HOPG surface.

Characterization. FFM and noncontact AFM measurements
were carried out at ambient conditions (46—50% relative
humidity and 23—24 °C) using an Agilent 5500 AFM. Similar
experiments were carried out at UHV conditions using a RHK
tech AFM/STM with a base pressure of 1.0 x 107 '° Torr*?
We typically used Si (PPP-CONT, Nanosensors), Cr/Pt-coated
(ElectriCont-G, Budget Sensors), and TiN-coated (CSG10, NT-
MDT) AFM tips with the same typical force constant of 0.2 N/m
for FFM; Pt/Ir-coated tips (PPP-EFM, Nanosensors) with a reso-
nance frequency of 75 kHz were used for noncontact-mode
AFM. The curvature radii of the Si and Cr/Pt-coated tips
are <10 and <25 nm, and the resonant frequencies are 6—21
and 9—17 kHz, respectively. Since the measured friction force
did not show time-dependent behavior during the experi-
ments, we can consider that the range of stress during the
measurements is in the elastic regime. The calibration constant
of friction force was obtained by using a TGF11 silicon calibra-
tion grating sample (MikroMasch).**4*

LEE ET AL.

different physical and chemical properties between
the external and internal steps can be naturally applied
to other layered materials.

CONCLUSIONS

In conclusion, we have shown that surface external
step edges have a high friction contrast, a result that
can be attributed to the existence of exposed dangling
bonds, while no contrastis shown in the buried internal
step edges of HOPG. A higher work function was
observed on the external steps compared with other
internal steps due to step dipoles and adsorbates. The
selective formation of Pt nanowires and KOH nanopar-
ticles using ALD and drop-casting methods, respec-
tively, is due to the difference in chemical reactivity of
both types of step edges. Atomic-scale wear takes
place only on the external steps, which is also asso-
ciated with the high reactivity of the external steps.
This study indicates the presence of various overlap-
ping layers that are easily distinguishable by friction
measurements, suggesting potential applications in
graphene-based nanoelectronic devices with selective
electrochemical deposition.

KPFM measurements were also carried out at ambient
conditions in a modified noncontact mode using an Agilent
5500 AFM. A Ptlr-coated AFM tip (PPP-EFM-20, Nanosensor) was
used (spring constant of 2.8 N/m (typical), resonance frequency
of 75 kHz). Both the morphology and CPD were simultaneously
measured by using two frequencies (Wmech = 75 kHz, elec =
10 kHz) in the single-path and interleave KPFM modes with
amplitude modulation. The electrostatic interaction between
the AFM probe and sample can be achieved by applying a tip
bias Vyc. It can nullify the surface charge to make a zero value for
the sinusoidal voltage signal in the total electrostatic force at
the KPFM servo. The chemical composition of the Pt-deposited
HOPG surface was characterized by XPS (Sigma Probe from
Thermo VG Scientific) measurements under UHV (10~'° Torr)
and using an Al Ka. X-ray source (1486.3 eV).
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