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Abstract: We devised a controlled hydrogen plasma reaction at
300 °C to etch graphene and graphene nanoribbons (GNRs)
selectively at the edges over the basal plane. Atomic force
microscope imaging showed that the etching rates for single-layer
and few-layer (g2 layers) graphene are 0.27 ( 0.05 nm/min and
0.10 ( 0.03 nm/min, respectively. Meanwhile, Raman spectro-
scopic mapping revealed no D band in the planes of single-layer
or few-layer graphene after the plasma reaction, suggesting
selective etching at the graphene edges without introducing
defects in the basal plane. We found that hydrogen plasma at
lower temperature (room temperature) or a higher temperature
(500 °C) could hydrogenate the basal plane or introduce defects
in the basal plane. Using the hydrogen plasma reaction at the
intermediate temperature (300 °C), we obtained narrow, presum-
ably hydrogen terminated GNRs (sub-5 nm) by etching of wide
GNRs derived from unzipping of multiwalled carbon nanotubes.
Such GNRs exhibited semiconducting characteristics with high
on/off ratios (∼1000) in GNR field effect transistor devices at room
temperature.

Graphene has attracted much interest in recent years as a novel
material for fundamental physics1-3 and potential applications.4-6

For nanoelectronics applications, narrow graphene nanoribbons
(GNRs) with widths < ∼5 nm are needed to exhibit semiconducting
characteristics with sufficiently large band gaps for high on/off
transistor operations.7-9 Several methods have been developed to
fabricate or synthesize GNRs.10-15 Lithographic patterning15 can
produce GNRs with widths > 20 nm. Sonication of graphene
sheets13 and unzipping of carbon nanotubes (CNTs)10,11 have
yielded GNRs with widths down to sub-5 nm.10,16 Recently,
controlled gas-phase oxidation at ∼800 °C was developed to
selectively etch the edges of GNRs for narrowing down to sub-5
nm17 and producing semiconducting GNR devices with high on/
off electrical switching. Also recently, there have been reports of
anisotropic etching of graphene starting from sites in the plane and
at the edges of graphene.18,19

Much room exists for exploring lower temperature reactions for
selective etching of one-layer and few-layer graphene at the edges
without damaging the basal plane. Further, it is desirable to control
the chemical termination of the edges of graphene sheets and GNRs
due to their profound effect on the physical properties of GNRs.20,21

For instance, hydrogen termination of graphene and GNRs has been
widely predicted to be useful for spintronics applications.20,22 It is
established that hydrogen plasma can hydrogenate23,24 and etch25,26

graphite and graphene. Although theoretically proposed,27 it remains
unclear if a hydrogen plasma reaction condition can be devised for
selective reactions with the graphene edges without etching or
introducing defects in its basal plane. Here, we present a 300 °C
hydrogen plasma reaction that achieves this goal for graphene sheets
with various layer numbers including monolayer graphene. The

reaction was used to etch GNRs from the edges to produce
semiconducting GNRs that are presumably H-terminated at the
edges.

A hydrogen plasma reaction was performed for various times in
a home-built remote plasma system [(see Supporting Information
(SI) for experimental details] at 300 °C under a hydrogen pressure
of 300 mTorr. A plasma power of ∼20 W was used. The distance
between graphene/GNR samples and the plasma source was kept
at 40 cm, avoiding direct exposure of graphene to the plasma.

Figure 1a shows AFM images of as-made monolayer (1 L,
identified by Raman spectroscopy28,29 as in Figure S2) graphene
and few-layer (∼2 L or 3 L, AFM height of 1.2 nm) graphene.
The layer number of few-layer graphene was identified by AFM
topographic height measurement.28 The initial widths of the 1 L
graphene strip and few-layer graphene strip were ∼330 and ∼71
nm, respectively. After 60 min of hydrogen plasma treatment, the
graphene strips were reduced to ∼295 and ∼56 nm (Figure 1b),
corresponding to etching rates of 0.29 and 0.12 nm/min, respec-
tively. Etching experiments of four different chips in four inde-
pendent runs under the same plasma conditions found etching rates
of 0.27 ( 0.05 nm/min for 1 L graphene and 0.10 ( 0.03 nm/min
for few-layer (g2 L) graphene.

No apparent etching or hole formation was observed in the plane
of graphene by AFM, suggesting selective hydrogen plasma etching
at the graphene edges. To confirm this finding, Raman spectroscopic
mapping was performed on large graphene sheets before and after
plasma treatment. Figure 2a shows an AFM image of a large piece
of graphene sheet, for which Raman mapping was used again to
identify the layer numbers (see Figure S2). Figure 2b and 2c show
the G band mapping and D band mapping of the graphene,
respectively. Before reaction, the disorder related D band was only
observed on the edges of graphene but not in the plane, suggesting
the high-quality pristine nature of the graphene sheet. After 60 min
of plasma treatment under the same conditions as in the experiment
in Figure 1, Raman mapping detected a similar D band at the edges
of the sheet as in the case before the reaction, but still no obvious
D band was detected in the graphene plane including in all of the
1 L, bilayer (2 L), and multilayer (ML) regions. This suggested

Figure 1. AFM images of two small pieces of graphene [top: a monolayer
(1 L) graphene strip; bottom: a few-layer graphene strip] (a) before and (b)
after selective hydrogen plasma edge etching for 60 min at 300 °C.
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that while etching at the graphene edges was occurring at a rate of
0.1-0.3 nm/min (Figure 1), no hydrogenation or related defect was
created in the plane of graphene through the plasma treatment under
our mild reaction conditions. This confirmed the high selectivity
of hydrogen plasma etching at the graphene edge over the basal
plane. The Raman frequency shift and 2D (or G′) intensity decrease
after plasma treatment (Figure 2e-f) may due to a vacuum
annealing effect (see SI).

Hydrogen plasma has been used to hydrogenate graphene in the
plane at room temperature (RT).23,24 In-plane hydrogenation of
graphene did not occur in our reaction since the reaction condition
was controlled by the low plasma power, high pressure of H2, and
long distance from the graphene sample location to the plasma
source. Also important is that in-plane hydrogenation of pristine
graphene is thermodynamically energetic, and the reverse dehy-
drogenation reaction can occur at 300 °C.23 We performed a control
experiment treating graphene with the same plasma at RT (see SI),
after which a weak D band was observed in the basal plane of 1 L
graphene (not on 2 L, Figure S3), in agreement with the prior
result.24 Since no D band was observed in the plane of 1 L graphene
(known to be more reactive than g2 L graphene) for 300 °C plasma
treatment, the results suggest that the 300 °C hydrogen plasma
reaction condition was milder than the RT reaction. This was
attributed to the increased dehydrogenation at high temperatures.
At an even higher temperature of 500 °C, however, we found similar
D bands in the plane of 1 L graphene for the RT reaction (Figure
S4), likely due to the much increased hydrogenation rate of in-
plane carbon atoms at 500 °C against thermal dehydrogenation.
These results suggested that the selective etching of 1 L graphene
by hydrogen plasma is preferred at an intermediate temperature of
around 300 °C.

Etching at graphene edges by hydrogen plasma may involve two
steps.30,31 Since carbon atoms at the graphene edges are more
reactive, the first step could be hydrogenation of carbon atoms at
the edges by reactive H species in the plasma to form C-H groups.
These edge groups are more stable than in-plane C-H groups.27

The C-C bonds adjacent to the edge C-H groups could be cleaved
subsequently and form new C-H bonds due to further hydrogena-
tion, with the release of CH4 species. This hydrogenation and
etching cycle may continue to remove C atoms from the edges. At
the end of the reaction, the edges of graphene are presumably
terminated by hydrogen.

Selective hydrogen plasma etching of graphene at the edges
can be used to etch wide GNRs into sub-5 nm semiconductors
without creating defects in the plane of the GNR. An initially
∼14 nm wide GNR (Figure 3a) was narrowed down to less than
5 nm (Figures 3b and S5) by this method and made into a field-
effect transistor (FET) device on SiO2/Si with Pd as the source/
drain contact metal and Si substrate as the back gate. Without
narrowing, ∼14 nm wide GNRs exhibited metallic characteristics
with on/off ratios of only ∼2-5 (Figure 3c).12 The narrowed
GNR exhibited an on/off ratio up to ∼1000 in the source-drain
current vs gate voltage (Ids-Vgs) transfer characteristics (Figure
3d), suggesting a band gap opening.

In summary, we devised a controlled hydrogen plasma reaction
at 300 °C to selectively etch graphene from edges without
hydrogenating the graphene plane. We used this etching method
to obtain semiconducting GNRs with less than a 5 nm width.
This reaction may prove useful for tuning the size of graphene
and affording hydrogen termination useful for spintronics
applications.
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