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Precise control of graphene etching by remote hydrogen plasma
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ABSTRACT

Graphene with atomically smooth and configuration-specific edges plays the key role in the performance of graphene-based electronic
devices. Remote hydrogen plasma etching of graphene has been proven to be an effective way to create smooth edges with a specific zigzag
configuration. However, the etching process is still poorly understood. In this study, with the aid of a custom-made plasma-enhanced hydrogen
etching (PEHE) system, a detailed graphene etching process by remote hydrogen plasma is presented. Specifically, we find that hydrogen
plasma etching of graphene shows strong thickness and temperature dependence. The etching process of single-layer graphene is isotropic.
This is opposite to the anisotropic etching effect observed for bilayer and thicker graphene with an obvious dependence on temperature. On
the basis of these observations, a geometrical model was built to illustrate the configuration evolution of graphene edges during etching, which
reveals the origin of the anisotropic etching effect. By further utilizing this model, armchair graphene edges were also prepared in a controlled
manner for the first time. These investigations offer a better understanding of the etching process for graphene, which should facilitate the
fabrication of graphene-based electronic devices with controlled edges and the exploration of more interesting properties of graphene.
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1 Introduction

The unique electronic structure of graphene makes it an excellent
candidate for basic material in future electronic devices. As the lateral
dimension of graphene scales down to nanometers, its electrical
properties are dominated by the edges because of the localized
electronic states of edge atoms [1-6]. In addition, graphene edges are
also within the interest of condensed-matter physics, such as energy
band engineering and spin-related issues [7-13]. As a remarkable
example, graphene nanoribbons have long been predicted to exhibit
a certain energy band gap determined by their width and edge
configuration [14-18]. Experimental attempts to fabricate graphene
nanoribbons with zigzag edges have also demonstrated the existence
of edge states through scanning tunneling spectroscopy and even
the transition from an antiferromagnetic state (semiconductor) to a
ferromagnetic state (metal) at a critical width due to the inversion
of spin alignment between the zigzag edges on both sides [19].
Therefore, controlling the configuration of graphene edges is an
important issue for the fabrication of graphene-based electronic
devices, for example, spintronic devices and semiconducting devices.

In most current approaches to fabricating graphene nanostructures,
such as electron beam lithography (EBL) [17] and nanowire-based
shadow mask etching [18], the configuration of the resulting graphene
edges is randomly formed, as the etching process is too difficult
to allow choice. A bottom-up method of surface-assisted chemical
synthesis with designed precursors could produce graphene nanoribbons
with precisely specified edge configuration, but it requires relatively
strict conditions, such as high vacuum and clean metal surfaces,
and the synthetic process is difficult to control. Therefore, this

method is not compatible with current device fabrication technologies
[16, 20]. Some other chemical approaches with treatments by oxygen,
water, and nanoparticles have been reported to produce configuration-
specific graphene edges, but the conditions are still too restrictive
for the treatments to be used in a practical manner [21-25]. Previous
reports have shown that hydrogen plays an important role in the
chemical vapor deposition (CVD) growth of graphene on metal
substrates, including simultaneous etching and assistive decomposition
of carbon species during which the atomic hydrogen from dissociated
molecular hydrogen either on the surface of metal substrates or in
gaseous phase participate as active species [26-28]. Therefore, it is
highly probable that atomic hydrogen could be utilized to etch and
modulate graphene edges, considering the fact that it is merely the
reverse process of graphene growth from the point of view of the
reaction path.

To date, only a few studies have reported on the etching effect of
hydrogen on CVD-grown graphene. Regular hexagonal etching pits
with a proven zigzag edge configuration were formed on the basal
plane of graphene in Refs. [29-31]. There are still other cases where
graphene was etched in a fractal pattern [32]. We ascribe these various
etching behaviors to the participation of different metal substrates,
as they have considerable interaction with graphene, and thus exert
a significant impact on the production and diffusion of atomic
hydrogen [30, 33]. To avoid the effects of metal substrates and the
high temperature required for CVD growth, which restricts the choice
of substrates, hydrogen plasma is introduced to directly supply
energetic atomic hydrogen and etch graphene on silicon substrates
[34]. The active hydrogen species anisotropically etch graphene in a
controlled manner to produce atomically smooth edges with a
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zigzag configuration [35, 36]. In our opinion, because the etching
behaviors are more “intrinsic” for graphene in the absence of metal
substrates, remote hydrogen plasma etching might be an optimal
method to fabricate graphene nanostructures with well-defined edges
when the feasibility, convenience, and compatibility conventional
device fabrication technologies are comprehensively considered.
However, the detailed etching process is not sufficiently understood,
and thus, programmable etching to control the edge configuration
of graphene has not been realized to the best of our knowledge. In
this work, we elaborate the etching process of graphene by remote
hydrogen plasma based on a custom-built plasma-enhanced hydrogen
etching (PEHE) system and clarify the etching issue in detail, which
provides a better understanding of the etching process and enables
the fabrication of a variety of graphene nanostructures with zigzag
and other configuration-specific edges.

2 Experimental

Graphene sheets were directly prepared by micromechanical cleavage
of commercially available Kish graphite onto silicon substrates with
a 300 nm thick SiO: layer, preventing the introduction of possible
impurities and other irrelevant factors in the process of growth and
transfer of CVD-grown graphene. A simple and effective method,
which is described in detail elsewhere [37], was used to rapidly identify
the layer number of the graphene sheets based on a standard optical
microscope with a charge-coupled device camera. Hydrogen plasma
was generated in the upstream part of the PEHE system through an
inductively coupled radiofrequency (RF) power supply. The coils
were approximately 48 cm away from the center of the furnace to
make sure that highly energetic hydrogen ions in the plasma, such
as H*, Hy*, and Hs", attenuated adequately, leaving only the less
harsh atomic hydrogen. The etching temperature varied from 300
to 500 °C and the flow of hydrogen was kept at ~ 9.7 sccm (~ 47 Pa).
Because the recognizable shape change of straight graphene edges
naturally formed by micromechanical cleavage was not exhibited
upon etching, circular pits were patterned on the basal plane of
graphene by EBL and subsequent reactive ions etching, acting as
artificial defects to initialize the etching reaction and make the
etching effect apparent enough to be characterized [38, 39].

3 Results and discussion

The layer dependence of graphene upon remote hydrogen plasma
etching was investigated first. For single-layer graphene, the original
circular pits with a diameter of about 140 nm expanded in size but
preserved their shapes at a RF power of 30 W and temperatures
of 320, 420, and 500 °C, shown in Figs. 1(a)-1(c), respectively, an
obvious indication of an isotropic etching effect. In addition, newly
created circular etching pits with a broad range of diameters were
also found randomly distributed on the basal plane of the graphene.
The density was the highest at 420 °C. This phenomenon resulted
from over-etching because these etching pits were created by the
etching reaction and did not originate from either pristine or
artificial defects. In contrast, for bilayer and thicker graphene, the
circular etching pits were anisotropically transformed to larger
hexagonal etching pits with much less over-etching (Figs. 1(d)-1(i)),
which is in accordance with a previous report [40]. As the etching
time increased, the basal plane of the bilayer graphene showed signs
of attack, and newly created hexagonal etching pits gradually
appeared when the time reached 1h (Fig. S1(a) in the Electronic
Supplementary Material (ESM)). However, there were no over-etched
pits in trilayer graphene under the same etching conditions. To clarify
the distinct etching behaviors of single-layer and thicker graphene,
additional measurements by Raman spectroscopy and atomic force
microscopy (AFM) were carried out. Raman spectra of single-layer
graphene after remote hydrogen plasma etching exhibited little
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difference from those of pristine and annealed graphene. The small
shift of the G and 2D band should be ascribed to the doping effect
of the substrate and the atmosphere following the thermal process.
A negligible D band was observed for etched graphene because of
the newly created defects (Fig. S1(b) in the ESM). Therefore, it can
be inferred that graphene kept the sp>-hybridized crystalline lattice
without hydrogenation after etching. As seen in the AFM images of
trilayer graphene after etching at 420 °C (Figs. S1(c) and S1(d) in
the ESM), some single-layer and bilayer deep hexagonal etching pits
on the basal plane were found, and all were oriented in the same
direction, suggesting simultaneous anisotropic etching reactions at
both the edges and the basal planes. When the temperature was
raised to 500 °C, over-etching was dramatically suppressed, and no
etching pits were found in the trilayer graphene (Fig. S1(e) in the ESM).
On the basis of these findings, we propose a so-called bottom-layer
passivation model to explain the disparity of the etching effect on
single-layer and thicker graphene: Single-layer graphene is so reactive
upon remote hydrogen plasma etching because of the surface
roughness and charge doping from the silicon substrate that the
barriers of etching reactions are easily overcome, eliminating the
difference in reactivity between the edges and basal planes, even for
the zigzag and armchair crystalline orientations, which leads to an
isotropic etching effect and severe over-etching in spite of weak
interaction between the graphene and the silicon substrates. For
thicker graphene, however, the upper layer of the graphene sheet
is isolated from the substrate by the underlying buffer layer and
partially passivated, restricting the occurrence of etching to the
edge/defect sites, and suppressing the probability of over-etching.
As the graphene sheet becomes thicker, the isolation effect becomes
stronger, and over-etching on the basal planes is less likely to occur.
Now that the effect on the substrate is negligible, the shape of the
etching pits is totally determined by the intrinsic crystalline properties
of graphene, which is reflected by the anisotropic hexagonal etching
pits. According to this model, it is reasonable that even single-layer
graphene on the exfoliated hexagonal boron nitride (h-BN) sheet
exhibits much less over-etching and an apparent anisotropic etching
effect because the flatness and the absence of surface charge on h-BN
make it an excellent buffer layer between graphene and silicon
substrates [41].

Because single-layer graphene suffers from unavoidable over-etching
and isotropic etching effect, and is not suitable for the control of

etching at an RF power of 30 W and temperatures of 320 °C (30 min), 420 °C
(5 min), and 500 °C (5 min), respectively. SEM images of bilayer graphene (d)-(f)
and trilayer graphene (g)-(i) after hydrogen plasma etching for 30 min at a RF
power of 30 W and temperatures of 320, 420 and 500 °C, respectively. All the
scale bars are 500 nm.
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graphene edges, trilayer graphene was chosen for the investigating
the temperature dependence of the anisotropic etching effect of
graphene, considering the fact that the isolation effect of trilayer
graphene is strong enough to withstand over-etching within an
acceptable range of etching time. Before that, graphene was patterned
with circular pits with a diameter of about 140 nm. At a constant RF
power of 30 W and an etching time of 30 min, the furnace temperature
was varied from 300 to 500 °C. Interestingly, at 300 °C there seemed
to be no obvious shape change in the patterned circular pits, and the
hexagonal etching pits were barely recognizable at 320 °C (Figs. 2(a)
and 2(b)). Under a longer etching time of 45 min, the hexagonal
etching pits were recognizable at 300 °C (Fig. 2(1)), indicating a weak
anisotropic etching effect at a relatively low temperature. As the
temperature increased, the circular etching pits were transformed
to the hexagonal etching pits more and more quickly, and this
transformation process was almost undetectable at approximately
420 °C (Figs. 2(c)-2(k)). In addition to the shape evolution, the
etching rate, defined as the maximum etched graphene per unit time

3

along the direction pointing from the center to the vertex of the
hexagons, was also estimated from the scanning electron microscopy
(SEM) images of the hexagonal etching pits. As shown in Fig. 3(a),
the etching rate has a volcano-like relation with the temperature,
with a peak located at approximately 400 °C, corresponding to
~ 6 nm/min. According to previous theoretical investigations on the
dynamic histogram of atomic hydrogen attack on the graphene
crystal lattice [42-44], the etching process can be decomposed into
three basic steps (Fig. 3(b)): (1) Hydrogen atoms are chemically
adsorbed at the graphene edges with a minimal barrier, and the
sp>-hybridized carbon atoms are hydrogenated to become sp’-
hybridized, which is energetically favorable; (2) the C-C bonds of
neighboring edge carbon atoms are broken by their configuration
deformation and the attack of additional energetic hydrogen atoms,
resulting in ~CH; and —~CH. groups; (3) the dangling ~CH; groups
are unstable and further hydrogenated to form volatile methane,
accomplishing a cycle of etching. Of these three steps, the breakage
of C-C bonds needs to overcome the largest reaction barrier and

Figure 2 (a)-(k) SEM images of trilayer graphene after etching for 30 min at an RF power of 30 W and 300 °C (a) 320°C (b) 340 °C (c), 360 °C (d), 380 °C (e), 400 °C
(f), 420 °C (g), 440 °C (h), 460 °C (i), 480 °C (j), 500 °C (k). (1) SEM image of trilayer graphene after etching for 45 min at an RF power of 30 W at 300 °C. All the scale

bars are 500 nm.
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Figure 3 (a) Estimated etching rates for trilayer graphene from the SEM images in Fig. 2. (b) Detailed processes of the etching reaction between hydrogen atoms and
zigzag (up)/armchair (down) graphene edges. (c) Illustration of the morphology evolution of graphene edges from circular to hexagonal etching pits. (d) Reactivity
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difference between zigzag and armchair graphene edges. The cases noted with “V” were observed experimentally, while those noted with “x” were not, which means
that the ratio of rz and r4 had to meet the corresponding inequation. The dashed and solid lines represent graphene edges before and after etching. The blue, red and
green lines represent the direction of zigzag, armchair, and amorphous edges, respectively (similarly hereinafter).
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is thus rate-limiting. Therefore, two aspects of the temperature
dependence of the etching process need to be considered—
hydrogenation of edge carbon atoms and breakage of C-C bonds.
The low etching temperature could not provide enough energy support
to overcome the reaction barrier to break C-C bonds; on the other
hand, the high etching temperature favored dehydrogenation reactions
and suppressed the formation of sp>-hybridized carbon and methane.
Both restricted the etching cycle and led to reduced etching rates.
Only under moderate temperature (approximately 400 °C) could the
three basic steps proceed successively at a relatively high rate.

Geometrically, any configuration of graphene edges originates
from a combination of two basic units—zigzag and armchair. Their
reactivity is the starting point of the analysis of etching behaviors.
The edge configuration of the hexagonal etching pits of graphene
upon remote hydrogen plasma etching has been demonstrated to be
zigzag according to the results of scanning tunneling microscopy,
meaning that the zigzag unit is thermodynamically more favorable
[34, 36]. In terms of the kinetic Wulff construction (KWC) theory
[45, 46], which is widely-used to describe the morphology evolution
of crystal growth and is also applicable to two-dimensional atomic
crystals, the etching rate of graphene in a hydrogen atmosphere is
slowest for the zigzag edges because they have a higher density of
zigzag units than any other edge. As a result, any edge configuration
other than zigzag would gradually transform, disappear, and finally
be “eaten” by the zigzag configurations during the etching process
(this, and the detailed transformations of the edge configuration
at the vertex and side are also illustrated in Fig. 3(c)), which is the
origin of the anisotropic etching effect of graphene. This process can
also be verified by the SEM images in Fig. 2, because the gradual
transformation of the graphene etching pits at various temperatures
is equivalent to that of various etching times. Because the zigzag
and armchair graphene edges consist of purely zigzag and armchair
units, respectively, the reactivity difference of the two units is reflected
in the difference between the etching rates of zigzag and armchair
edges, noted as rz and ra. Their ratio (rz/ra) can be deduced from the
shape evolution of the anisotropic etching patterns. The shapes of
the hexagonal etching pits are preserved during continuous etching
(Fig. S2(a) in the ESM). Thus, it can be inferred that there is an
upper limit on the ratio of rz and ra, or the shapes would develop in
another way, as illustrated in Fig. 3(d). Similarly, a lower limit is also
inferred based on the experimental observation that trilayer graphene
of a triangle shape enclosed by zigzag edges only scales down without
deformation (Fig. 3(d) and Fig. S2(b) in the ESM). Therefore, the range
can be located using a minor geometric analysis as follows

L_n V3 (1)

2 2

Raising the etching temperature facilitates the formation of
thermodynamically favorable zigzag edges and enhances the difference
between ra and rz because of the exothermic reaction of atomic
hydrogen and graphene, thereby leading to a faster “eating” process.

Scientifically, one may be curious to ask along which crystalline
orientation the etching reaction of graphene would proceed at the
highest rate, an issue that has not been verified except in one case
where the morphology evolution of CVD-grown graphene on
platinum substrates was investigated [30]. In that case, the edges
slanting 19.1° relative to the zigzag edges were proven to be the
answer, because they had the highest density of so-called “kink”
sites. However, it is inferred in this work that the answer would be
the armchair edges with the lowest density of zigzag units. This
disparity can be explained as follows: In the case of CVD-grown
graphene on platinum substrates, graphene domains have considerable
interaction with the substrates, including the edges. Therefore, the
reactivity of both basic units is determined not only by their intrinsic
properties but also by the graphene-platinum interaction. The
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aforementioned slanted edges cause the least change in formation
energy of any graphene edge upon the removal of edge carbon atoms
and are therefore the most reactive upon remote hydrogen plasma
etching, and this is supported by both experiments and theoretical
calculations. In our case, the kinetics of the etching reaction is affected
only by the intrinsic properties of graphene due to the negligible
interaction between the graphene and the silicon substrates. Therefore,
armchair edges, consisting of purely armchair units, are inferred to
be the ones with the highest etching rate. On the basis of detailed
analysis of the crystalline geometry of graphene, we propose a feasible
plan to justify the inference. According to the KWC theory, the
nucleate sites (circular defects) of graphene would grow (be etched)
into hexagonal domains (etching pits) enclosed by zigzag edges
with the lowest etching rate, in which graphene edges with positive
curvature are involved (Fig. S3(a) in the ESM). When the situation
is reversed, that is, when the hexagonal graphene domains (etching
pits) are etched (restored), graphene edges with negative curvature
are involved, and Eq. (1) requires that the zigzag edges would in turn
be “eaten” by those with the highest etching rate (Fig. S3(b) in the
ESM). Because the reaction is still thermodynamically favorable
for zigzag edges, the creation of edges with the highest etching rate
is hence kinetically favorable. To achieve this, five circular pits of
~ 140 nm diameter were patterned on the basal plane of trilayer
graphene, the centers of which were aligned along three separate
armchair orientations (Figs. 4(a) and 4(b)). In this way, five hexagonal
etching pits were produced upon etching and merged with each
other to form a hexagonal graphene domain enclosed by zigzag edges
after 30 min at 500 °C and 30 W. When the time was increased to 1 h,
the four corners of the graphene domain were “flattened” and four
new edges were created at the “flattened” corners. It was clearly
shown that the newly created edges were perpendicular to the three
separate zigzag edges, an apparent indication of armchair edges.
In another case, an array of circular pits was patterned along the
direction of the armchair orientation, and then etched to form
sawtooth-like graphene edges with a zigzag configuration. As the
etching time was increasing, the “sawteeth” were gradually “flattened”,
meaning that armchair edges dominated (Figs. 4(c) and 4(d)). Based
on these experimental findings, the creation of both zigzag and
armchair graphene edges are demonstrated, and in the intrinsic
condition, the most reactive graphene edges in a hydrogen atmosphere
are verified to be armchair edges, which is a first-time finding. In
our future research, we plan to prepare graphene nanoribbons with

|

v'/ ) Armchair

| “Zigzag

Figure 4 (a) and (c) Illustration of the creation of armchair edges from zigzag
edges of graphene in a kinetics-controlled way. (b) and (d) SEM images of
trilayer graphene demonstrate the illustration in (a) and (c). The orientation of
armchair edges is shown by the dashed lines. All the scale bars are 300 nm.
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armchair edges to reveal their underlying edge state-related properties
[47] (the design can be found in the ESM, Fig. S4).

4 Conclusion

In this study, we clarify the hydrogen plasma etching process of
graphene by elucidating its layer/temperature dependence, and the
edge configuration evolution of graphene. Both zigzag and armchair
edges can be created by taking advantage of thermodynamics-
controlled and kinetics-controlled reaction paths. These results offer
effective guidance for controlling the edge configurations of graphene
through remote hydrogen plasma etching, and facilitate the exploration
of potentially beneficial graphene nanostructures, pushing forward
the application of graphene in electronic devices.
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