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Abstract. In this article, we present a method, which is suitable for the realization of graphene-based nanostructures 
by scanning tunneling microscopy lithography. Graphene nanoribbons (GNRs) and other more complicated nano-
architectures like: GNR networks, triangular quantum-billiards, etc. can be created with controlled shape and crys-
tallographic orientation. The cutting process operates with nanometer accuracy. After the lithography process the 
same STM tip is suitable for acquiring atomic resolution images on the nanoarchitectures created by STM lithogra-
phy. The experimental observation of long range electronic superstructures indicates the long phase coherence 
length in graphene nanostructures even at room temperature.
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Introduction
Our present electronic technology is based on silicon. The way from silicon microtechnology 
to present days silicon nanotechnology in the full sense of the word, was perhaps the most 
impressive technological success story in mankind’s history. Microelectronic devices were 
rapidly shrinking their dimensions according to Moore’s law [1]. Unfortunately, this develop-
ment cannot continue, because silicon technology in particular and classical semiconduc-
tor technology in general, will reach soon their physical limits [2]. A technological or mate-
rial change cannot be avoided. Carbon nanotubes (CNTs) were one of the possible new 
materials [3] with perspectives in nanoelectronics. Although the feasibility of several CNT 
based nanodevices was demonstrated [4, 5, 6], there are severe technological challenges to 
overcome. As there are many varieties of CNTs, with different electronic properties, depend-
ing on the diameter and chiral vector [7], the selection of a certain type of CNT has to be 
possible in order to make them applicable in practical devices. Unfortunately, neither the 
selective growth, nor post-growth separation has been fully solved yet. Additionally, the 
problem of how to build a complex nano-architecture from, individual (previously selected) 
CNT’s has also to be solved.

Graphene, a single atomic layer thick graphite sheet – in a certain sense, a “rolled out 
CNT” – isolated experimentally for the fi rst time recently, may solve these problems [8]. 
Graphene has attractive properties for electronic applications: ballistic transport of the elec-
trons [9], large coherence length and high mobility [10]. These properties together offer at-
tractive opportunities for achieving nanoscale electronics, which can work at room tempera-
ture [11]. Graphene is a semi-conductor with zero gap. This is a serious disadvantage, for 
building a fi eld-effect transistors (FET), because a single layer of graphite remains metallic 
even at the charge neutrality point [12]. This means that the FET will not have an “off” state. 
The creation of a gap in the electronic structure of the graphene would solve the problem. 
Such a gap can be created if a narrow enough graphene nanoribbon (GNR) with suitable 
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crystallographic orientation is cut from a graphene sheet [13]. In this way a geometric con-
fi nement is applied to the electrons in the GNR, hence a confi nement-induced gap can open. 
Theoretical calculations indicate that the gap width is strongly dependent on the orientation 
and width of the GNR [14, 15]. A zig-zag GNR will remain always metallic, while an arm-
chair GNR of small enough width develops a gap which increases with decreasing width 
[16]. Using the two parameters: orientation and width, we can engineer the electronic struc-
ture of the GNR. In order to achieve this, an atomic resolution lithographic technique is need-
ed that will allow a precise control of the crystallographic orientation and of the width of the 
GNR. With standard e-beam lithograph only GNRs with a few ten nanometers in width can 
be cut [17, 18]. Furthermore, the edges of the GNRs cut by e-beam lithography, are irregular 
on an atomic scale [19] and the control of their crystallographic orientation  cannot be achieved 
easily. Gaps usually open in properly oriented GNRs, but the magnitude of the gap does not 
make possible room temperature operation [14, 17], unless we can go down with their widths 
to a few nanometers. To date, the only technique fulfi lling both the condition of nanometer 
precision and atomic resolution enabling the precise crystallographic orientation is Scanning 
Tunneling Microscopy (STM) lithography [20]. STM offers both the opportunity of the ex-
amination of the sample at atomic resolution and the manipulation of the surface of the sam-
ple with local, nanometer accuracy [21, 22]. Previous works concentrated mainly on the pit 
formation in the surface of the graphite. Since the fi rst report of successful work in this direc-
tion [23], only moderate progress did happen. We combine in this work STM atomic resolu-
tion to reveal the crystallographic orientation and the atomically accurate surface modifi ca-
tion to achieve the geometrically and crystallographically well-controlled shaping of the 
surface of Highly Oriented Pyrolythic Graphite (HOPG). In this paper we present a method 
suitable to create GNRs of width down to 5.4 nm and well-controlled crystallographic orien-
tation by STM lithography. The nanostructures can be engineered with almost atomically 
precise structure, consequently their electronic properties can be fully controlled.

Experimental details and method
We use bulk HOPG for cutting nanometer scale features in only the topmost graphene 
 layer. This is an arrangement similar like having the graphene layer on a conductive sup-
port, which anyway is needed for reliable STM lithography. A further advantage is that 
 underlying bulk HOPG introduces the smallest modifi cation possible in the properties of 
the topmost graphene layer. We use the same tip for the atomic resolution examination as 
for the cutting. The STM tip is used fi rst to record an atomic resolution image to reveal the 
crystallographic orientation of the sample, subsequently the same STM tip is used for cutting 
features in only the topmost layer, or a few layers deeper at will. After the cutting process is 
completed, in most of the cases the same tip can be used to obtain atomic resolution images 
of the achieved nanoarchitectures. While during the atomic resolution imaging the usual 
conditions are used (It = 1 nA, Ug = 100 mV, scan frequency = 2 Hz), during lithography the 
STM tip is kept at a constant potential (signifi cantly higher, than the one used for imaging, 
UgL = 2.4 V), and it is moved above the surface of the sample according to a predetermined 
pattern by a custom written program. A commercial DI Nanoscope III STM operating 
 under ambient conditions was used. For imaging and lithography mechanically prepared Pt-
Ir tips were used. First a large, atomically smooth graphene sheet is located on the surface 
of the sample. Subsequently by imaging the surface with atomic resolution, the crystallo-
graphic orientation is revealed. Then the lithographic potential, UgL is applied to the tip, and 
it is moved along the circumference of the structure to be cut. The optimal value of UgL was 
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usually found to be in the range of 2.3–2.5 V. The velocities used are of the magnitude 
of nm/s. The best value depends on the tip micro- and nano-structure. The cutting process 
itself is not well understood yet. Very likely the surface absorbed water plays the capital role 
in breaking the carbon–carbon bonds and oxidation. The energy of the electrons emitted 
from the STM tip provides the activation energy for this process [24]. After the optimization 
of the parameters, the tailoring of the cutting depth is possible down to an atomic layer depth 
(0.335 nm) (Fig. 1), at a channel width of 4 nm. The etched channel has well-defi ned edges. 
The process is reproducible (Fig. 2), in this manner more complex patterns can be realized.

Results
In Fig. 2 four GNR’s with well-defi ned edges are shown. The edge of the ribbons is close to 
the zig-zag orientation. The image proves that the lithographic process is highly reproduc-

Fig 1. (color online) Constant-current STM image (200×200 nm2, 300 pA, 700 mV) 
of an atomic layer depth tailored fl at

Fig 2. (color online) Constant-current STM image (200×200 nm2, 300 pA, 700 mV) of four parallel GNRs. 
The ribbons were tailored with different cutting parameters. Average line-cut showing the sizes 

of the ribbons and depth of the trenches
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ible. The width of the ribbons can be kept under control with the cutting parameters. One can 
see that ribbons of different width were cut in subsequent steps: of 12.6; 5.4; 10; 6.5 nm, 
 respectively. The depth can be regulated by the number of passages over a certain line. For 
example, the cutting process was repeated twice over line BB’ what resulted in a deeper line 
than CC’. It is visible in Fig. 1, that, the line BB’ is deeper (by 0.572 nm ≈ 2 layer) and 
wider than line CC’.

Fig 4. (color online) Constant-current STM image (300 pA, 700 mV) of a graphene triangle

Fig 3. (color online) Constant-current STM image (15×15 nm2, 1 nA, 100 mV) of a 10 nm wide GNR displaying 
confi nement-induced standing electron wave patterns. Average line-cuts revealing the period of the observed 
oscillation (0.42 nm), which clearly differs from the periodicity of the underlying atomic structure (0.246 nm)
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Fig. 5. (color online) Atomic resolution image of the triangle. a, Atomic-resolution STM image 
(30×30 nm2, 1 nA, 200 mV) displaying an atomically fl at and defect-free structure in the center of the triangle. 

The color scale bar encodes the height of the imaged features. b, Position-dependent superstructures near 
the edges (in the squares labeled e and f). c, Magnifi ed images of the defect-free lattice taken at the centre 

of the triangle. d, 2D Fourier transform of the STM image with peaks corresponding 
to the atomic lattice (outer circles) and the superstructure (inner circles)

When examining under low bias voltage conditions (100 mV) a ribbon (10 nm in width, 
the third from left), confi nement-induced standing electron wave patterns are observed 
(Fig. 3). The oscillations in the local density of states are reminiscent of a Fabry–Perot elec-
tron resonator are clearly seen in the image. The periodicity of the observed oscillations is 
~0.42 nm, a value clearly different from the period of the underlying atomic structure (0.246 
nm), and corresponds to the Fermi wavelength of electrons in graphene (0.37 nm) [20]. The 
small difference between the calculated and measured values might occur due to the doping 
of the GNR edges in air. At low bias voltages the STM measurements map the electronic 
wave function near the Fermi level [25], so we attribute these oscillations to the quantum 
mechanical confi nement of electrons. The oscillation in the experimental images is a spec-
tacular evidence of phase-coherent quantum billiard in GNR’s at room temperature, which 
demonstrates their behavior as electronic waveguides.

Our lithographic method is suitable for the creation of nanoarchitectures with more 
complex geometry, too. For example, a triangle is shown in Fig. 4. The edges of the triangle 
are of armchair orientation. When imaged under low bias voltage (200 mV), the atomic scale 
structure of the triangle and superstructures near the edges are visible (Fig. 5a).

The atomic-resolution image reveals an atomically fl at and defect-free structure far 
from the edges (Fig. 5c, e), while near the edges a √3 x √3 R 30° type superstructure pat-
tern can be observed (Fig. 5b, f). The origin of this pattern is the interference of the elec-
trons scattered at the edges [26, 27]. This periodicity is clearly different from the atomic pe-
riodicity. We can check this on the 2D Fourier power spectrum (Fig. 5d), which separates 
unambiguously the two types of periodicity. The inside six dots characterize the superstruc-
ture, and the external six dots correspond to the atomic structure. The two uncircled exter-
nal dots correspond to higher-harmonics of the internal dots on the same line.
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It is worth to point out that the atomic resolution images and the mapping of the oscilla-
tions in the local density of states was carried out with the same STM tip which was used 
to carry out the lithography. This convincingly demonstrates that one can fi rst reveal the 
crystallographic orientation of the sample by atomic resolution STM images, than in litho-
graphic mode realize the desired nanoarchitectures and subsequently switching back to imag-
ing mode it is possible to characterize in atomic resolution the produced nanoarchitectures.

Conclusion
The reproducible and well controlled, STM lithography of graphene nanoribbons was 
achieved. The ribbons can be regarded as basic building blocks for the realization of gra-
phene based nanoelectronic devices and circuits. The achieved structures are not only inter-
esting from the electronics applications point of view, these nanoarchitectures also behave 
like quantum mechanical billiards with an underlying physics of fundamental interest. The 
STM lithographic method is suitable for cutting from graphene nanostructures of desired 
geometry with well-controlled dimensions and layer numbers. It was demonstrated that, after 
the cutting, the same STM tip is suitable for additional measurements, with it atomic resolu-
tion to characterize the etched nanoarchitectures.
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