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A B S T R A C T

We present an easy and fast procedure for producing graphene and few layer graphite

nanostructures with edges of predefined crystallographic orientation. By annealing graph-

ite in an oxygen containing atmosphere, of controlled composition hexagonal surface

structures can be etched in a controlled way. We show that the process can be made crys-

tallographically selective and the resulting edges are of armchair type. The dimensions of

the resulting nanostructures can be well controlled by the oxidation rate, through accu-

rately adjusting the etching parameters, such as oxygen concentration, annealing temper-

ature and duration. The oxidation preferentially starts at defect sites either naturally

present in the sample or produced on purpose, the latter holding the promise of a more

accurate control over the resulting structures.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene – a single atomic layer of graphite – is in the focus of

intense research efforts since its discovery [1]. Several pro-

duction methods have been developed thus far, but the best

quality samples are still produced by mechanical exfoliation

[1]. CVD growth of graphene on Ni [2] or Ni thin films are also

promising ways of producing large area, high quality sheets,

along with metals like Ru, Cu [3] or even highly oriented pyro-

lytic graphite (HOPG) used for graphene epitaxy [4]. Epitaxial

growth of graphene on SiC is also a well-established method

[5]. There are a variety of methods of chemical exfoliation

[6], including the ones using organic solvents to enhance

exfoliation [7].

Due to its high electron mobility and long coherence

length [8], graphene attracts an increasing interest as a prom-

ising new material for next-generation electronic devices [9].

However, a major drawback for mainstream logic applications

is that graphene remains metallic even at the charge neutral-

ity point. The production of graphene nanoribbons (GNRs)

with well controlled crystallographic orientation and atomi-

cally precise edges is considered to be the most straightfor-

ward way to open a gap in the electronic structure of
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graphene. Theoretical studies predicted that this gap strongly

depends on both the width and crystallographic orientation

of GNRs. The largest band gap can be achieved for narrow

armchair-edged ribbons [10]. A deviation of a few degrees

from the armchair crystallographic orientation can drastically

decrease the size of the band gap. Therefore, if nanoelectronic

applications are envisaged, experimental methods producing

graphene nanostructures with precisely armchair orienta-

tions are of particular importance [10,11].

To date, the standard lithographic procedures like e-beam

lithography are unable to accomplish the required accuracy in

the control of the crystallographic orientation and width of

graphene nanoribbon (GNR) in the nanometer range [12].

The width of GNRs produced by anodic oxidation under the

AFM tip, seems also to be limited in the range of few tens of

nanometers, and no crystallographic orientation control is

provided [13]. One of the techniques able to achieve simulta-

neously the crystallographic orientation and the size control

of GNRs of nanometer widths is scanning tunneling lithogra-

phy [14]. Other methods possibly offering crystallographic

orientation control of the etched GNRs, or other nanopat-

terns, can be divided in two categories: (i) methods based

on nanoparticle induced patterning [15], (ii) methods based
.
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on controlled oxidation or controlled hydrogen plasma etch-

ing [16]. The latter methods rely on the selective chemical

reaction for the removal of C atoms from the edge of the

graphene sheet, therefore the crystallographic control is re-

lated to the different reaction rates of C atoms in zig-zag, or

armchair positions. In the case of patterns etched by mobile

nanoparticles it is a serious drawback that the starting point

and etching direction cannot be easily controlled. Etching of

variously shaped pits in the surface of HOPG by oxidation in

air has also been reported before [17–19].

In this paper we propose a simple method for producing

highly regular hexagonal holes with precisely armchair ori-

ented edges in graphite, then we exfoliate them into pat-

terned graphene and few layer graphite flakes. Our method

is based on the crystallographically selective oxidation of gra-

phitic layers in controlled, oxygen containing atmosphere.

Fig. 1 – AFM image of the etched HOPG surface. The surface

exhibits two types of characteristic features: wide trenches

(marked by white arrows) and hexagonal holes (marked by

colored ovals). Inset: representing the angles between

different HOPG grains (A–C). (For interpretation of the

references to color in this figure legend, the reader is

referred to the web version of this article.)
2. Experimental results and discussion

Highly oriented pyrolytic graphite (HOPG SPI-1 from SPI) sam-

ples were used in our experiments. For each experiment

freshly cleaved HOPG surfaces have been used. The sample

was placed in a quartz tube located in a resistively heated fur-

nace. The temperatures used were typically between 300 and

800 �C. An oxygen/inert gas mixture (0–45% oxygen) was flow-

ing at slightly larger pressure than the atmospheric pressure

through the quartz tube. During the experiment, first, the

sample was heated up in an inert gas environment. After

the sample reached the desired temperature (with a heating

rate of about 50 �C/min), the desired concentration of oxygen

gas was added to the inert gas. After the heat treatment, the

sample was cooled down quickly in an inert atmosphere (with

a cooling rate of 50 �C/s). The duration of oxidation time ran-

ged between 5 and 20 min. The resulting samples were inves-

tigated by Atomic Force Microscopy (AFM) and Scanning

Tunneling Microscopy (STM) using a commercial Nanoscope

III Multimode AFM/STM instrument.

When HOPG samples are heated up to about 600 �C in oxy-

gen containing atmosphere the etching of their surface oc-

curs. Such an etched surface can be seen in Fig. 1. The

surface exhibits two types of characteristic topographic fea-

tures: (i) randomly curved and branching trenches, and (ii)

hexagonal holes of very regular shape. The first type features

originate from etched grain boundaries (GB) [20] while the

second type features most probably originate from point-like

native defects (e.g., vacancies or dislocation lines perpendicu-

lar to the surface). The hexagonal holes can be characterized

well by their average diameter. It is worth noting that the

etched grain boundaries are present in form of several micron

long straight segments, as marked by the white arrows in

Fig. 1. The angle values in the inset of Fig. 1, (representing

the angles between different HOPG grains) indicate the edge

selectivity of the etching process. In Fig. 1 two groups of hex-

agonal holes with different orientation can be identified,

marked by (blue (B) and red ovals (A)). They correspond to

two distinct graphite crystallites, which are rotated relative

to each other. The two larger crystal grains (A and B) are sep-

arated by a broad, well etched grain boundary and a small

crystallite (C) intercalated between them. One can observe
in Fig. 1 that the hexagonal hole in crystallite C has an inter-

mediate orientation between those in crystallite A and B. The

grain boundary between A and C was etched to a much smal-

ler extent than the grain boundary between A and B. On the

other hand the grain boundary between B and C is barely vis-

ible. This shows that under the etching conditions used, it is

possible to a certain degree to discriminate between different

types of grain boundaries. The difference in the etching

behavior of grain boundaries may be associated with their dif-

ferent crystallographic structure. A strongly disordered GB,

like that calculated for graphene layers in Ref. [21] very likely

will be subjected to a strong oxidation, while a more regular

kind of GB like those reported in [22,23] will be less prone to

intensive oxidation.

Oxidation of graphite starts much easier at defect sites be-

cause the in-plane carbon–carbon covalent bonds in graph-

ene are very stable [24]. Therefore, the dangling bonds

present at any defect site offer a facile attack point for oxida-

tion. HOPG is a mosaic crystal, which depending on the qual-

ity of the material is composed of grains of several microns in

width and a few tens to hundreds of nanometers in thickness.

These grains are arranged in a way that their ‘‘c’’ axis point

with a small deviation in the same direction. Fig. 2 shows a

schematic presentation of the different oxidation processes

that have been observed in our STM investigations. In

Fig. 2a the oxidation of a point defect versus the oxidation

of a grain boundary is shown schematically. In the region of

the large angle grain boundary, where the mismatch of the

two neighboring lattices cannot be accommodated by the

incorporation of nonhexagonal rings into the graphene, the

oxygen may penetrate deep into the material by diffusion.

The diffusion along defects is much faster than the bulk dif-

fusion [25]. If the diffusion rate is much larger than the oxida-

tion speed, the walls of the etched feature will be close to the

perpendicular to the sample surface. This will lead to the



Fig. 2 – Schematic figure of the etching process. (a) Oxidation

of a point defect and a grain boundary. (b) Oxidation of the

dislocation lines closely perpendicular to sample surface.
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oxidation patterns seen in Fig. 1: the broad and deep channels

etched between grains A and B. At the same time, some of the

hexagonal holes are broad but shallow. These shallow holes

can be attributed to the etching of isolated point defects, like

the one shown in Fig. 2a. Deeper hexagonal holes may devel-

op when a dislocation line runs close to the normal to the

sample surface, like the rightmost deep hexagon in grain B

in Fig. 1. In fact this family of hexagons, aligned roughly on

the same line, normal to the sample surface, corresponds to

a case illustrated schematically in Fig. 2b where the axis of

the etch pit changes when crossing a grain boundary parallel

with the sample surface. As the grain in the topmost layer

and the grain in the lower layer most frequently will have a

somewhat different orientation, the edges of the hexagons

etched at different depths may be rotated with respect to each

other, like shown in Fig. 3a. The axis of the etch pit may shift
too, as the two vertically stacked grains may have different

dislocation lines running through them, or the location of

the native point defect, which will perpetuate the oxidation

in the lower crystallite may not be located in the center

(Fig. 3a). This scenario could be at the origin of the formation

of the nested hexagonal systems of holes (see Figs. 1 and 3).

Accidentally, holes with irregularly-shaped edges can also

be seen (e.g., Fig. 3a). We attribute them to the presence of

contaminations hindering the edge selectivity of the etching

process.

The significant role of the defects in the oxidation of

graphite under mild conditions together with the strong crys-

tallographic dependence of the oxidation process may offer a

promising tool to control the location of the hexagonal struc-

tures by artificially inducing defects at well-defined locations

[26]. This way, pre-defined structures and networks can be

created, for example: graphene nanoribbon networks, quan-

tum dots, anti dot lattices [27–30].

Since the edges of a hexagon cut into a graphene lattice

are all of the same crystallographic orientation, the hexago-

nal shape of the etched holes clearly indicates the strong

crystallographic selectivity of our oxidation process. In fact

such high degree of crystallographic selectivity has been

demonstrated by us earlier for graphene layers on SiO2

[26,31]. In that process the annealing is carried out in an oxy-

gen free atmosphere and the oxidation proceeds with oxygen

extracted from the SiO2 substrate. The resulting edges are of

zig-zag type. By contrast, with the present process we are able

to provide edges of armchair orientation as evidenced by

atomic resolution STM images shown in Fig. 3b. The STM im-

age of a nested hexagonal hole-system can be seen in the

Fig. 3a. The hexagons with different orientations are located

in crystallites with slightly different orientation, lying on

top of each other. The typical thickness of these graphite crys-

tallites is in the range of few tens nanometers. The atomic

resolution image in Fig. 3b was acquired close to the hole-

edge in the third layer (marked by a black square). In the

atomic resolution STM image in Fig. 3b the blue line is parallel

with the edge of the etched hexagon at the same level (third

layer from top). It is apparent that the type of edge is exactly

of armchair orientation as also shown in the inset in the low-

er right corner of Fig. 3b. The upper right inset of Fig. 3b shows

the Fourier transformed atomic resolution image.

The above described method provides bulk HOPG crystals

with nanopatterned upper layers containing hexagons of pre-

cisely armchair oriented edges. By exfoliation of these sam-

ples it is possible to produce graphene and FLG samples

with hexagonal holes of armchair edges. Fig. 4a shows a

FLG with a hexagonal structure exfoliated and transferred

onto Si/SiO2 substrate. The exfoliation has been achieved by

a modified thermal release tape (TRT) technique. First, we

have placed the TRT on the HOPG surface, which upon tearing

exfoliated a few hundreds to thousands of upper graphene

layers. In this case the etched surface is in direct contact with

the TR tape. Then we turned the TRT around and placed a

scotch tape on the top of the exfoliated thick graphite flakes

and tear the scotch tape repeatedly until, only few layer

graphene flakes remained on the thermal resist tape. After-

wards we pressed strongly the thermal resist tape to the Si/

SiO2 surface and heat it up to 90 �C. The tape then released



Fig. 3 – (a) STM image of an etched hexagonal hole revealing several graphite grains of different orientation (stacked on top of

each other),indicated by the rotated hexagons. Inset: zoomed and lightened image of the yellow mark hole. (b) Atomic

resolution STM image near the red hexagonal edge (marked by a black square). Upper inset: Fourier transformed atomic

resolution image. The lower inset shows the armchair orientation of the lattice. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

Fig. 4 – Nanopatterned FLG (a) and graphene (b) flakes transferred onto SiO2 surface. (c) Linecut on a hexagonal hole in

graphene.
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the substrate, leaving graphene and FLG flakes with hexago-

nal holes of armchair edges (Fig. 4a). Fig. 4b shows single layer

graphene flake with a 80 nm diameter armchair-edged hexag-

onal hole on Si/SiO2 substrate. This sample made by the well

known scotch tape method. The line cut through the hexagon

shown in Fig. 4c displays an apparent height of 0.84 nm,

which is in agreement with the height observed in AFM inves-

tigations of single layer graphene on SiO2 substrates [32–34].

2.1. Discussion of the oxidation process

Fig. 5 schematically shows the basics of the graphene

oxidation process, discussed in detail in the literature [35].
The oxygen atoms first bind to the carbon atoms (Fig. 5a).

The oxygen molecule to be able to adsorb, must first dissoci-

ate. The binding between O and C atoms may be in plane (IP)

or out of plane (OP). If the system is given enough energy (for

example by heating), then carbon–carbon bonds can be bro-

ken (the electro negativity of the oxygen atoms is higher, than

that of the carbon atoms). In the first step the IP oxygen will

extract the C atom to which it is bound as carbon monoxide

leaving the surface (Fig. 5b). In the next step, the OP oxygen

atom forms a double covalent bond with the remaining car-

bon atom, in this way becoming an IP bond (Fig. 5c). Mean-

while, additional oxygen atoms can form OP bonds, then,

the process is repeated, and the IP carbon–oxygen bond will



Fig. 6 – Schematics of the proposed armchair edge formation mechanism.

Fig. 5 – Schematic of the oxidation process.
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yield a new carbon monoxide, which leaves the surface

(Fig. 5d).

As we have shown, the edges of the oxidized hexagonal

holes are of armchair type. The armchair type edge formation

process is a clear consequence of the above oxidation mech-

anism. To see this, consider a zig-zag graphene edge as start-

ing point (Fig. 6a). When the processes detailed above, is

applied step by step, the resulting edge formed by oxidation

becomes armchair type as illustrated in Fig. 6b. If a similar

oxidation scenario is applied starting from an armchair edge

(Fig. 6c), one can observe that after the full removal of an arm-

chair line of atoms the edge will have again an armchair ter-

mination (Fig. 6d). Consequently, if a defect with a random

edge orientation is oxidized, it will rapidly evolve towards

the armchair type edge, after which the orientation will be

preserved. Due to the fact that the etching was carried out

on surface of bulk HOPG, catalytic effects originating from

the substrate can be excluded. This is in contrast with the

case of etching zig-zag edges where the catalytic role of the

silicon oxide substrate was shown to play an important role

[26].

2.2. The effect of the oxidation parameters

We found that the size of the etched hexagons strongly de-

pends on three particular parameters; namely, the etching

temperature, the duration of the oxidation and the oxygen
concentration of the reaction atmosphere. If these parame-

ters are precisely regulated, then not only the edge orienta-

tion but also the size of the as produced nanoarchitectures

can be controlled.

In order to achieve this we have systematically measured

the average diameter of the hexagonal holes while varying

the different experimental parameters. We found that the

diameter of the hexagonal holes (and the etched out width

of the grain boundaries too) exponentially increases with

increasing temperature (Fig. 7a), while keeping the other

parameters constant (oxidation time of 10 min and an oxygen

concentration of 30%). This exponential increase sets in at

about 400 �C. Below this temperature the reaction rate tends

to zero, practically no carbon–carbon bonds are affected.

We have also found a linear dependence of the hole-size

with the duration of the oxidation process in experiments

carried out the temperature of 650 �C and an oxygen concen-

tration of 30%, while the duration was varied between 5 and

20 min (Fig. 7b). This finding provides an easy way to control

the size of the hexagonal holes, and the nanostructures

emerging in between them.

The hole size was found to linearly increase also with the

oxygen concentration of the reaction atmosphere (Fig. 7c).The

process was carried out in a mixture of oxygen and argon

atmosphere keeping constant the total gas yield, at a temper-

ature of 650 �C for 10 min. The oxygen content was varied be-

tween 0% and 45%.



Fig. 7 – The average diameter of the hexagonal holes as a

function of the etching temperature (a), duration (b), and

oxygen concentration (c).
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3. Conclusions

The physical properties of graphene nanoribbons and of other

more complex nanostructures are strongly influenced by the

crystallographic orientation of their edges. Therefore, meth-

ods that allow the production of graphene nanostructures

which have edges of well defined crystallographic

orientations are highly sought after. Our etching procedure

presented here, is based on the controlled oxidation of graph-

ite and offers the possibility to produce nanostructures with

precisely armchair oriented edges. It is of great importance

that the armchair edges are formed in a slow, well controlled

process, close to chemical equilibrium. This offers a much

better control over the resulting nanostructures as well as

smoother edges compared to other non-equilibrium meth-

ods. The oxidation process can be well-controlled through

the oxidation temperature, annealing time and the oxygen

concentration. A further advantage is that the process may

be used as a parallel process if a system with pre-defined

defects is produced – for example by AFM indentation

[26] – from which the growth of hexagonal holes will start

simultaneously. This way the nanopatterning of macroscopic

graphene surfaces with crystallographic orientation control

can be achieved.

Additionally, the oxidation procedure described in the

present paper offers a handy way for investigating the vertical

stacking of graphitic crystallites in HOPG, providing informa-

tion on the thickness of crystalline plates, their misorienta-

tion in the basal plane, the character and the distribution of

grain boundaries, etc. This may prove useful as HOPG is one

of the most widely used materials for the preparation of

graphene and few layer graphite samples by various methods

of mechanical and chemical exfoliation.
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