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ABSTRACT We study the effect of remote hydrogen plasma on graphene deposited on
Si0,. We observe strong monolayer selectivity for reactions with plasma species,
characterized by isotropic hole formation in the basal plane of monolayers and etching
from the sheet edges. The areal density of etch pits on monolayers is 2 orders of magnitude
higher than on bilayers or thicker sheets. For bilayer or thicker sheets, the etch pit
morphology is also quite different: hexagonal etch pits of uniform size, indicating that
etching is highly anisotropic and proceeds from pre-existing defects rather than nucleating
continuously as on monolayers. The etch rate displays a pronounced dependence on
sample temperature for monolayer and multilayer graphene alike: very slow at room

-

temperature, peaking at 400 °C and suppressed entirely at 700 °C. Applying the same hydrogen plasma treatment to graphene deposited on the much

smoother substrate mica leads to very similar phenomenology as on the rougher Si0,, suggesting that a factor other than substrate roughness controls the

reactivity of monolayer graphene with hydrogen plasma species.
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raphene is a two-dimensional honey-

comb lattice of sp*bonded carbon

atoms, renowned for its exceptional
electronic, mechanical, and optical proper-
ties.' > The desire to exploit the unusual
properties of graphene in technological ap-
plications has led to intense efforts to tailor
its properties by chemical modification
and functionalization, with a view to opening
a band gap,*® charge-transfer doping,®’ in-
terfacing graphene with other materials® and
modifying graphene's optical properties.’
Understanding the chemical reactivity of
graphene is of fundamental importance to
the rational use of this material in electro-
chemical devices,'® biosensing,'' biocompa-
tible materials,'? and for energy harvesting."?
Intriguingly, several groups have observed
anomalously high reactivity of single-layer
graphene in reactions with diazonium
salts,'*'® in electrochemical redox reac-
tions,'® and in reactions with atomic hy-
drogen generated by the dissociation of
a hydrogen silsesquioxane film.'” A full
understanding of the factors behind mono-
layer graphene chemistry, however, remains
elusive.
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One promising approach to modifying
the chemical and physical properties of
graphene is treatment with gases or plasma
at elevated temperatures. High-tempera-
ture annealing in the presence of oxygen
has been found to induce both strong
p-type doping'® and formation of etch pits
in monolayer graphene.' Inspired by the
rich interactions of carbon nanotubes with
ionized discharges, researchers have also used
plasma to chemically modify graphene.?*?’
Hydrogen plasma has emerged as a particu-
larly attractive tool for chemical modification
of graphene and opening of a band gap for
various applications. At present, key aspects
of the reactions between graphene and
hydrogen plasma are little-understood. For
instance: Why are monolayers more reactive
than thicker sheets toward hydrogenation
in some experimental configurations??2
Can plasma treatment produce well-defined
edge structures in graphene, while leaving
the basal plane pristine? Elucidating these
key issues could enable fabrication of ad-
vanced graphene nanoribbon devices that
overcome the limitations of lithographically
etched nanoribbons: transport dominated
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by disorder from a rough potential landscape in the
interior of the ribbons and likely also from ragged
edges.*** Besides a confinement-driven bandgap,
perfect hydrogen-terminated graphene nanoribbons
have been predicted to exhibit more exotic phenom-
ena, such as spin-valve behavior.?®

Treatment of graphene with a remote DC plasma
mixture of hydrogen and argon was first reported
to lead to slow, reversible hydrogenation, preferential
for monolayers and conjectured to result from the
chemisorption of hydrogen radicals.>?> Conversely,
when graphene is directly immersed in an RF plasma
discharge, fast hydrogenation preferential for bilayers
and thicker sheets, rather than monolayers, has been
observed and argued to result from chemistry with
energetic hydrogen ions.?® The chemical reactivity of
graphene toward hydrogen plasma species has also
been used to pattern graphene. Using RF hydrogen
plasma treatment, anisotropic etching along well-
defined crystallographic directions in single- and multi-
layer graphene sheets was recently reported.?”?® In
combination with lithographic patterning, hydrogen
plasma etching was used to produce graphene nano-
constrictions. Intrigued by the possibilities present in
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these approaches, we have investigated the interac-
tions of graphene with hydrogen plasma to better
understand and, in the future, control the chemical
reactivity of graphene.

RESULTS/DISCUSSION

We prepare monolayer and multilayer graphene
samples by micromechanical cleavage from highly
oriented pyrolytic graphite (HOPG) and deposit them
on oxidized silicon substrates.® Samples of graphene
on SiO, are exposed to remote hydrogen plasma inside
a tube furnace at controlled temperature, at a hydro-
gen pressure of ~0.4 Torr.

Reaction with hydrogen plasma species results in
strikingly different phenomena on monolayer graphene
sheets as compared to bilayer and thicker sheets.
Tapping mode AFM images of samples processed for
10 min at a temperature of 500 °C (Figure 1a—c) show
that on monolayer graphene, numerous circular etch pits
are formed, in addition to etching from the sheet edges.
In contrast, very little etching is observed on multilayer
sheets. The incidence rate of etch pits in bilayer and
thicker sheets (discussed in more detail below) is ap-
proximately 2 orders of magnitude lower than that of
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Figure 1. Effect of hydrogen plasma treatment at 500 °C for 10 min. (a) Tapping mode AFM topography image of monolayer
and multilayer graphene deposited on SiO,. Reactions are highly selective for monolayer sheets, where isotropic etching
takes place. Occasional formation of etched trenches is visible in thicker sheets. (b) AFM topography and (c) phase shift
images of area marked in panel a, showing circular etch pits. (d) Raman G-band and (e) D-band mapping of the sample shown
in panel a. A high D-band intensity is found exclusively at the sheet edges and at the boundaries of etch pits. (f) Raman spectra
acquired on monolayer graphene, before and after plasma treatment, at the spot marked with a white cross in panel d. (g)
Raman spectra acquired close to an etch pit (red line) and away from etch pits (blue line), at the locations indicated in panel e.
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circular pits in monolayer graphene, reflecting the very
high monolayer selectivity of the reaction with hydro-
gen plasma.

Raman spectra (Figure 1d—g) provide complemen-
tary information. The intensity of the Raman D-band,
taken as a measure of the presence of defect sites in
the graphene lattice,*® is enhanced only at edges of
sheets, and in the immediate vicinity of etch pits in
monolayer graphene, whereas it is absent elsewhere
on monolayer sheets, and in the basal plane of multi-
layer sheets. We interpret these observations as indica-
tions that hydrogen plasma species react preferentially
with monolayer graphene, and the resulting formation
of volatile products leads to removal of carbon atoms.
Additionally, the spatial pattern of enhanced D-band
intensity (Figure 1e) shows that no hydrogenation
takes place in the unetched basal plane of monolayer
graphene.

Both etch processes in monolayer graphene—
etching from the edges and formation of circular etch
pits in the basal plane—are isotropic. Figure 2 shows
the temperature dependence of etch rates in mono-
layer graphene, at the sheet edges (red triangles) and
in round etch pits (red circles), as determined from AFM
images. For etch pits, we extract etch rates from the
size of the largest circular hole in a given sample, since
the spread in hole size reflects the spread in etch pit
nucleation time (discussed below). Etching proceeds fast-
est around 400 °C, at a rate of approximately 40 nm/min,
whereas no etching is observed at 700 °C, and very low
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Figure 2. Dependence of etch rate on furnace temperature,
for 10 min of hydrogen plasma exposure. The etch rate is
calculated as half the etch pit diameter divided by treatment
duration. For monolayer (1L) graphene, uniform etching
from the sheet edges (red triangles) and circular etch pit
formation within the basal plane (red circles) proceed at very
similar rates, suggesting that the same isotropic etch mech-
anism controls both processes. For circular etch pits, only the
diameter of the largest hole found in each sample is shown.
For multilayer (ML) graphene, uniform etching from the
sheet edges (blue triangles) occurs alongside anisotropic
etching in the basal plane (blue circles). The diameter of
hexagonal etch pits is taken as the distance between oppos-
ing sides. All etch pit dimensions are determined from AFM
images. Red and blue swathes are guides to the eye.
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etch rates <2 nm/min are seen at room temperature.
Etching of circular pits and from monolayer edges occur
at comparable rates, indicating that these two phenom-
ena are manifestations of the same reaction process.

We have observed that during hydrogen plasma pro-
cessing of our samples, the placement of the sample
chip relative to its quartz “tube boat” carrier can influ-
ence the monolayer graphene etch rate; moving the
chip closer to the end of the boat nearer the glow
discharge by ~10 mm causes an etch rate enhance-
ment sufficient to remove all monolayer sheets within
10 min. We have not explored this phenomenon further
so far, and our discussion does not cover the small set of
samples (6 samples out of a total 45) on which mono-
layer graphene sheets were removed entirely. On all
other samples, our observations are both qualitatively
and quantitatively reproducible, which suggests that
the two sets of samples correspond to two different
plasma regimes, and we believe that restricting our
discussion in this way does not introduce a bias in our
results.

We now discuss a number of observations that allow
us to speculate on the reaction mechanism between
monolayer graphene and hydrogen plasma species.
First, we observe that isotropic etching proceeds from
all edges of monolayer graphene sheets, including
both free sheet edges and the edges of the newly
formed circular etch pits. Edge sites are known to be
more reactive than regular sites within the sp*-bonded
lattice,"* and the above observation suggests that the
presence of reactive sites within the graphene mono-
layer is necessary for etching to progress. In contrast,
no comparable etching of monolayer sheets proceeds
from the boundaries between monolayer and multi-
layer sheets.

Second, while the rate of etching from monolayer
edges seems identical on all sides of the sheet (see
Figure 3), AFM and Raman scans show that etch pits
within the basal plane of monolayer sheets have a wide
distribution of diameters (see Figures 1 and 3), with the
largest radii comparable to etching from the edges.
Under the assumption that the two etch processes
share a common mechanism and proceed at the same
rate, this size distribution indicates that etch pits do not
originate from preexisting lattice defects, but instead
nucleate continuously throughout the duration of
hydrogen plasma exposure.

Third, a large portion of our AFM scans exhibit a clear
contrast between a “pristine” SiO, substrate located
away from graphene sheets, and a “reacted” substrate
that was formerly covered by monolayer graphene but
is exposed after graphene removal during hydrogen
plasma treatment, leaving an imprint of the original
shape of the monolayer sheet (see Figure 3c,d and
Supporting Information, Figure S3a,b). In such images,
the AFM topography signal exhibits an apparent de-
pression of the reacted substrate by 0.3—0.5 nm with
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Figure 3. Clustering of etch pits in monolayer graphene, and SiO, substrate participation in reaction between graphene and
hydrogen plasma, for a sample exposed to hydrogen plasma at 450 °C for 10 min. (a) Raman G-band and (b) D-band mapping,
showing an inhomogeneous spatial distribution of basal plane etch pits in monolayer graphene. The blue square, containing
a mostly etched monolayer sheet, marks the area of the AFM scan shown in panels d and e. (c) Raman spectra on monolayer
graphene, close to an etch pit (red line) and away from etch pits (blue line), at the locations indicated by crosses in (a). (d) AFM
topography and (e) phase shift images. Where monolayer or multilayer graphene has been etched away, an apparent
depression of about 0.5 nm is visible in the topography image, and these “reacted” substrate areas exhibit a phase contrast

with respect to the “pristine” substrate.

respect to pristine SiO,, and the cantilever phase lag
differs by 1—5° between the two surfaces. This observa-
tion suggests that the SiO, substrate is not merely an
inert support, but participates actively in the reaction
of monolayer graphene with hydrogen plasma species.
A similar formation of depressions in SiO, has been
observed after the annealing of defect-seeded mono-
layer graphene in inert atmosphere.®'

Fourth, the circular etch pits formed during hydro-
gen plasma exposure are not always homogeneously
distributed across monolayer sheets. Raman and AFM
scans of monolayer graphene sheets shown in Figure 3
panels a and c, respectively, illustrate this effect, with
etch pits clustered in some areas of monolayer sheets,
while other areas are free from etch pits. However, we
have not found a clear correlation of the locations
of etch pit clusters with sample geometry, such as the
distance to neighboring multilayer sheets or to bare
substrate areas.

The effect of hydrogen plasma on multilayer gra-
phene sheets is strikingly different from that on mono-
layers. Etch pits found in multilayer graphene are not
only much rarer than in monolayer graphene, but they
also have a hexagonal instead of circular shape, both
for few-layer sheets (Figure 4a,b) and HOPG plates
(Figure 4c). When multiple hexagonal holes are present
in the same multilayer graphene sheet, they often
appear oriented along the same direction. We take
the etch pit orientation and 6-fold symmetry as evi-
dence that the etching of multilayer sheets induced by
hydrogen plasma is highly anisotropic and propagates
along a preferred crystallographic direction. Moreover,
in contrast to the case of monolayer graphene, the
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hexagonal holes in multilayer graphene are very uni-
form in size across a particular sample, and in about
half of all instances the etch pits are located at step
edges. This suggests that etching starts at preexisting
lattice defects, and that no further etch pits are nu-
cleated by plasma exposure. The rate at which aniso-
tropic etch pits grow (Figure 2, blue circles) appears
to be independent of the thickness of the multilayer
sheet, and is approximately by a factor 3 lower than
etch rates of monolayer graphene.

The AFM topography and phase contrast between
“pristine” and “reacted” SiO, substrate discussed above
for the case of monolayer graphene is also visible
adjacent to multilayer sheets (Figure 3d,e), indicating
that uniform etching from the sheet edges occurs also
for multilayer graphene. However, the rate of etching
from edges in multilayers (Figure 2, blue triangles) is
significantly lower than in monolayer graphene.

Occasionally, etched trenches cut through both
monolayer and multilayer graphene sheets after hydro-
gen plasma exposure (for example, see Figures 1a,d,e,
and Supporting Information, Figure S2a). The length of
such trenches typically spans an entire graphene flake.
After a plasma exposure of 10 min, trenches in multi-
layer graphene have a width of order 300 nm, suggest-
ing a transverse etch rate of 15 nm/min, similar to the
etch rates for multilayer graphene shown in Figure 2.
We thus speculate that the trenches form by the
etching of monolayer and multilayer sheets, originating
at preexisting line defects in the graphene lattice, such
as grain boundaries.

The isotropic etch process is strictly confined to mono-
layers: in samples on which a monolayer is in direct
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Figure 4. Effect of hydrogen plasma treatment on multilayer graphene and HOPG. (a) Anisotropic etching of a thin graphene
sheet (5 layers) after 10 min of hydrogen plasma exposure at 500 °C. (b) Anisotropic etching of thick sheets (>10 layers) after
10 min of hydrogen plasma exposure at 500 °C. (c) HOPG treated at 350 °C. The edges of hexagonal etch pits in images a, b,
and c are aligned in parallel, suggesting that etching proceeds preferentially along the same crystallographic axes. An
arbitrary offset in the height has been used, as the image did not include bare SiO, substrate. (d) Map of the Raman D-band
intensity on the edges of a large hexagonal hole formed on HOPG after a 70-min hydrogen plasma treatment at 500 °C. The
D-band intensity is negligible away from the hole edges. The intensity is more pronounced on the horizontally aligned edges
of the etch pit, as this is the direction of the incoming laser light polarization.

contact with a bilayer, the isotropically formed etch pits
terminate at the edge of the bilayer. In contrast, we
observe anisotropic, hexagonal etch pit formation exclu-
sively on nonmonolayer sheets, from bilayer graphene to
HOPG plates. Our findings are in partial agreement with
recent results by other workers,”’?® who utilized an
experimental RF-plasma setup similar to ours. In an initial
report of these authors,®” at a hydrogen pressure of 0.35
Torr (comparable to 0.4 Torr used in our experiment),
plasma exposure leads to etch pit formation in mono-
layer and multilayer graphene, with a temperature-
dependent etch rate that is maximal at ~450 °C, and
with monolayer sheets being etched 3 times faster than
bilayer sheets, all in good agreement with our results. An
important difference to our results is that this work?’
does not report a difference in etch pit incidence rate
between monolayer and multilayer graphene, whereas
we observe an extreme monolayer selectivity. Further,
that work reports that anisotropic etching, evidenced
by hexagonal holes oriented along the same crystal-
lographic direction, takes place on graphene sheets
of all thicknesses, including monolayers,27 which is in
striking contrast to our observation that on monolayer
sheets only circular etch pits form. However, in a later
publication,”® the same authors report that anisotropic
etch pit formation can be reproduced reliably only for
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bilayer and thicker sheets, whereas monolayers are not
etched anisotropically, and this more recent result is
consistent with our findings.

Anisotropic etching on graphite surfaces has been
reported in the past. Most commonly, such pits have
been seen on graphite heat-treated in oxygen,®*3* and
in reactions with atomic hydrogen.3* In these studies,
etching was proposed to initiate at pre-existing c-axis
defects, such as screw dislocations. Two of our obser-
vations support the view that etching of multilayer
graphene and HOPG propagates from pre-existing
crystalline defects. First, unlike the etch process in
monolayers, thicker sheets and HOPG yield no evi-
dence for continuous nucleation: hexagonal etch pits
formed during plasma exposure exhibit a small spread
in size at any given temperature, indicating that etch-
ing starts at the same time for all etch pits. Moreover,
etch pit sizes increase linearly with the duration of
plasma exposure, with no apparent increase in etch pit
density. HOPG plates treated with hydrogen plasma at
500 °C for 10 min yield etch pits of about 250 nm in size
(as defined by the distance between parallel edges of
hexagons), with a narrow size distribution, whereas on
a sample treated under the same conditions for 70 min
all etch pits have sizes of about ~2 um. The fact that
no smaller holes are observed after this longer reaction
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time suggests that all etch pits start expanding at the
same time, most likely from pre-existing crystal defects,
and grow at the same rate. Second, the areal density
of holes on thick sheets is significantly lower than that
on monolayers, by about 2 orders of magnitude for a
treatment duration of 10 min, suggesting that parti-
cular sites serve as nucleation centers for multilayer
etch pit formation. These characteristics are in marked
contrast with the etch process in monolayers, where
the size distribution of etch pits is wide, and the areal
density of holes is high.

To understand the striking phenomena we observe,
it would be helpful to identify the hydrogen plasma
species that take part in reactions with graphene
samples. Based on prior studies of the parameters of
hydrogen discharges at similar pressures and power,
we believe that the dominant species in our weakly
ionized discharge (ionization rate below 0.1%) are
hydrogen radicals (1%) and H*" ions (0.1%), as well
as H*" and HT ions (each ~0.0001%).>* At a distance of
30 cm from the discharge, where our samples are
located during treatment, the density of hydrogen
radicals is expected to remain almost the same as in
the discharge, while that of ions and electrons should
be reduced,*® with H*" ions likely continuing to remain
more abundant than other hydrogen ions.>’ Therefore,
we are most likely observing the effects of a chemical
reaction with hydrogen radicals and H* " ions, similar to
the involvement of these species in the temperature-
dependent chemical erosion of graphite observed
previously.38~4°

While the mechanisms of etching on monolayers
and thicker sheets appear to be different, they are both
gasification reactions in which hydrocarbon products,
chiefly methane, are formed by reactions with hydro-
gen radicals and ions. The observation of a reaction
rate that exhibits a maximum at a given temperature is
typical in reactions between gaseous species and hot
solid surfaces, in which volatile products are formed.*'
Previous studies of the reaction between graphite and
atomic hydrogen found that the maximum reaction
rate occurs between 500 and 600 °C.*"*? At higher
temperatures, the reaction rate decreases sharply due
to the thermodynamic instability of methane.*? While
we observe the same type of temperature dependence
of the reaction rate, the maximum reaction rate in our
experiments occurs at ~400 °C, for both monolayer
and multilayer graphene (Figure 2), lower than that
seen for graphite in the literature. A possible reason for
this behavior is that with increasing temperature, the
rate of hydrogen radical recombination into molecules
on the hot furnace tube surfaces should rise, leading
to a suppression of the hydrogen radical density at the
graphene sample*® and a corresponding decrease in
the reaction rate.

While the temperature dependence of the reaction
rate can be explained with thermodynamic arguments,
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a key issue remains regarding the layer-selectivity of
the chemical reaction: some parameter must enhance
the chemical reactivity of monolayers and lead to
continuously nucleating, isotropic etching on mono-
layers, in contrast to thicker sheets, even bi- and
trilayers, in which anisotropic etching at pre-existing
point defects occurs. Identifying the parameter re-
sponsible for this layer-selective behavior will aid in
the understanding of monolayer graphene's chemical
properties in general.

Substrate roughness has been invoked as the factor
responsible for the enhanced monolayer graphene
reactivity.** Monolayer graphene conforms with high
fidelity to the roughness of the SiO, substrate,*® which
leads to some degree of corrugation in the mono-
layer sheet, and to local breaking of the hexagonal
symmetry.*® Such corrugation might be expected
to lead to significant enhancement in the chemical
reactivity of monolayers, similar to, though weaker
than, the role of curvature in the chemistry of carbon
nanotubes.*’

To test the hypothesis that a much smoother sub-
strate would reduce graphene's reactivity, we per-
formed a control experiment with graphene deposited
on cleaved muscovite mica. This atomically smooth
substrate has been used to support extremely flat
exfoliated graphene monolayers.*® From AFM scans,
the roughness of our as-exfoliated monolayer graphene
sheets on mica is 50 £ 15 pm (rms), almost identical to
the roughness of the mica substrate. This is several times
smaller than the roughness of graphene deposited
on Si0,, 135 &+ 25 pm (rms), and of our SiO, substrates,
165 £ 25 pm (rms). AFM phase images of a monolayer
on mica treated with hydrogen plasma at 500 °C
(Supporting Information, Figure S9) show round etch
pits. Moreover, such etch pits are only seen in mono-
layers, mirroring the layer selectivity of the etch process
of graphene on SiO,. This suggests that the reactivity of
monolayers may not be induced by substrate curvature,
as generally believed. At the same time, we observe the
typical presence of water adlayers, trapped between
mica and graphene,*® and visible on AFM images
(Figure S9). These water islands may lead to some local
curvature in graphene that could be partly responsible
for its high reactivity even on this ultraflat substrate.

Rather than substrate flatness, interfacial charge
transfer, arising from ionized impurities in the sub-
strate or from substrate polarity, could be responsible
for the enhancement of chemical reactivity in mono-
layer graphene. Similar explanations have recently
been advanced for the high reactivity of monolayer
graphene observed in studies of oxidative gas-phase
reactions®® and in reactions with diazonium salts.>’
Local potential fluctuations in monolayer graphene®?
caused by ionized impurities have been shown to
affect carrier scattering and minimum conductivity in
graphene.>® Local fluctuations in the Fermi level could
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lead to enhanced reactivity, as suggested for the
reaction between monolayer graphene and diazonium
compounds.'**' Following this logic, thicker graphene
layers would have lower reactivity due to better screen-
ing of the ionized impurities. In the case of mica, ionized
impurities could also play a key role: mica cleavage
occurs along planes lined with submonolayers of po-
tassium ions. While the exact surface reconstruction of
cleaved mica surfaces in ambient atmosphere is not
fully understood, its significant surface polarity>* could
enhance the reactivity of monolayers toward reactions
with hydrogen radicals and ions.

In discussing the possible role of interfacial charge
transfer on reactivity, we would like to emphasize that
the typically seen strong p-type doping of monolayer
graphene after heat treatment is probably unrelated
to its high reactivity. In-situ Raman spectroscopy
studies'®>> have shown that monolayer sheets remain
undoped during thermal treatment: p-type doping
occurs only when the samples are exposed to oxygen,
water, or ambient air, likely due to charge transfer
from graphene toward an environmental oxygen-
containing species. We infer that our graphene samples
are undoped during hydrogen plasma exposure at
elevated temperatures, and that the significant upshifts
of the Raman G and 2D-bands observed ex-situ after
treatment (Supporting Information, Figure S6a), corre-
sponding to high levels of p-type doping, arise only

METHODS

Graphene samples are prepared by micromechanical exfolia-
tion from HOPG (Momentive Performance Materials, grade
“ZYA") using wafer processing adhesive tape (Ultron Systems,
P/N 1007R), and deposited on silicon wafer pieces (n*"-doped
with As, resistivity < 0.005 Q c¢m), with 300 nm dry thermal
oxide. No metal alignment markers are used. To reduce hydro-
carbon contaminants, the substrate surfaces never come into
contact with resist and solvents.

Supporting Information, Figure S1 shows a schematic of our
vacuum system for hydrogen plasma processing of graphene
samples. Our samples are placed inside a one-inch diameter
quartz tube, at the center of a split-hinge tube furnace (Lindberg
BlueM). Plasma is generated upstream of the furnace, ~30 cm
away from the sample, using a capacitor formed by two parallel
plates situated outside the vacuum, on either side of the quartz
tube. An RF-current source (Comdel CX600) operating at 13.56
MHz is matched to the capacitor by a matching network (ENI
MWD-25LD). Process gas flow rates are controlled upstream
by mass flow controllers (MKS 1179A), and the gas pressure is
measured close to the furnace by a capacitive pressure gauge
(MKS 626B Baratron). For plasma processing, we supply 130 sccm
of hydrogen (99.9999% purity), at a pressure of ~400 mTorr,
dissipating 20 W in the plasma discharge. Our vacuum system
is regularly tested for air leaks, with a detection limit ~10~° mbar
L/sec, to exclude the possibility that oxygen species lead to the
etch phenomena reported here.

Residual hydrocarbon polymers deposited by the exfoliation
process could potentially induce, prevent, or participate in
reactions of hydrogen plasma with graphene sheets. To remove
these unavoidable organic contaminants, samples are ther-
mally pretreated in partial oxygen atmosphere at 500 °C
for 1—2 h immediately prior to hydrogen plasma exposure.
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after exposure to ambient air. This is supported by the
observation that when graphene samples are exposed
to hydrogen plasma at room temperature, without
thermal pretreatment, monolayer sheets undergo etch-
ing (Supporting Information, Figure S6b—d), while
the G and 2D-bands remain unshifted, showing that
these monolayers are undoped after exposure to
ambient air.

CONCLUSION

We have studied the interaction of remote hydrogen
plasma with monolayer and multilayer graphene. We
observe extremely high monolayer selectivity toward a
hydrocarbon-forming reaction with hydrogen radicals
and ions, resulting in random, continuously nucleating
isotropic holes. This reaction is entirely suppressed
on bilayers and thicker sheets, on which a different
phenomenon is seen: crystallographically faceted hex-
agonal etch pits. Since the same monolayer selectivity
also occurs on the atomically smooth mica surface,
we suggest that substrate polarity or the presence of
charged impurities within the substrate, not the de-
gree of substrate roughness, lead to the high chemical
reactivity of monolayer graphene. Further studies are
needed to explore the reactivity of graphene on sub-
strates in which the charged impurity density is ex-
tremely low, such as boron nitride, on which graphene
is undoped and exhibits high carrier mobility.>®

This cleaning step uses a mixture of 500 sccm argon (99.999%
purity) and 50 sccm oxygen (99.993% purity), at a total pressure
of 1 atm.””

The oxidative cleaning step does not influence the phenom-
ena induced by hydrogen plasma exposure, as seen from
the following control experiments. Supporting Information,
Figure S7 shows AFM and Raman scans of a graphene/SiO,
sample that has been exposed to Ar/O, atmosphere at 500 °C
for 1 h, without subsequent hydrogen plasma treatment. The
absence of etch features in AFM images, in monolayer and
multilayer sheets alike, and the observation that the Raman
D-band is not enhanced by the oxidative cleaning step, indicate
that our oxidative pretreatment is mild enough that it removes
organic contaminants but does not etch graphene or induce
defects, to the detection limits of our AFM and Raman measure-
ments. (At oxygen partial pressures significantly higher than
ours, the etching of graphene during thermal treatment has
been reported.'**°)

Conversely, Supporting Information, Figure S8 shows Raman
and AFM images of a sample after exposure to hydrogen plasma
at 500 °C for 10 min, without performing an oxidative pretreat-
ment. The only noticeable effect of omitting the oxidative
cleaning step is a greater degree of particle contamination,
presumably formed from hydrocarbon polymers while the
sample was at elevated temperature and/or exposed to hydro-
gen plasma. Other than this, the same phenomena are apparent
in this control sample as in samples treated with our regular
procedure. Monolayer graphene sheets exhibit circular etch
pits, while bilayer and thicker graphene sheets do not appear
etched, with the exception of a few anisotropic etch pits, similar
to those shown in Figure 4.

Muscovite mica sheets (SPI Supplies, grade V-1, P/N 01868-
CA) are cleaved with adhesive tape in ambient atmosphere.
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Immediately before graphene exfoliation and after cleavage,
the mica sheets are heated at 200 °C on a hot plate for 10 min in
ambient air. Graphene sheet thicknesses on mica are identified,
similarly to graphene on SiO,, with a combination of optical
microscopy contrast, Raman spectroscopy and AFM imaging.

Tapping mode AFM images are acquired at ambient on a Park
XE-100 microscope, using cantilevers with a nominal spring
constant of 40 N/m (Applied NanoStructures, ACTA cantilevers).
Raman measurements are performed on a WiTec alpha500
confocal scanning Raman microscope, with an excitation laser
of 532 nm wavelength and a 100x objective. Spatial resolution
is diffraction-limited, with a laser spot size ~0.4 um. The total
incident laser power is kept at 1—3 mW to avoid heating effects
and damage to the sample. For Raman spectral mapping, scans
are performed with integration times of 0.2—1 s/pixel.
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