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A graphene cantilever beam of arbitrary shape by patterning suspended graphene using a focused ion beam (FIB) is fabricated. Suspended
graphene was formed by transferring graphene over a trench structure and patterned the suspended graphene into a cantilever beam
structure. When the suspended graphene is patterned by an FIB, the high-ion irradiation of FIB deforms the shape of the cantilever beam;
in contrast, low-ion irradiation cannot penetrate the suspended graphene. An evaluation of the ion irradiation dose of the FIB and the
damages caused to the suspended graphene confirmed that in the case of few-layer graphene with a maximum of three layers, optimum
processing can be performed by an ion irradiation of 6 × 1016 ions/cm2. Under this condition, a graphene cantilever beam with a width of
1.34 μm and a length of 2.13 μm could be fabricated. Furthermore, the Raman spectroscopy results indicate that the FIB process does not
significantly change the properties of the graphene.
Fig. 1 Conceptual image of graphene cantilever beam processing using an
FIB
1. Introduction: Nanosized cantilever beams are expected to be
applied in a variety of fields. For example, a cantilever beam is
expected to be used as a nanosize mechanical resonator to
measure radiation pressure noise [1, 2]. Furthermore, nanosized
cantilever beams, which generate large displacement motions
with respect to force, are expected to be applicable to atomic
force microscopes, magnetic force microscopes, magnetic
resonance force microscopes, and similar measuring instruments
[3–6]. In addition, graphene is considered to be desirable
optoelectronic–mechanic devices, because of its tunable spatially
varying bandgap property [7, 8]. In recent years, graphene has
become a candidate material for nanosized cantilever structures
[1, 4, 9–11]. It is expected that a cantilever beam of thickness
<1 nm can be realised based on graphene; however, current
technologies cannot achieve a graphene cantilever beam having
an arbitrary shape at a desired location with a sufficiently high yield.

One conventional method for fabricating a graphene cantilever
beam involves transferring graphene onto a substrate that has a
hole [1, 9, 12–14]. This approach is based on the fact that graphene
pieces are formed by accidental breaking during the transfer,
leading to a variety of pieces being transferred over the hole.
However, because the graphene breaking positions cannot be
selected in this manner, the yield is low and it is impossible to fab-
ricate a graphene cantilever beam with an arbitrary width and
length. To use a graphene cantilever beam for applications such
as resonators, it is necessary to process graphene into any desired
shape to obtain the physical characteristics corresponding to the
technical specifications.

This Letter aimed to fabricate a graphene cantilever beam of ar-
bitrary shape by patterning suspended graphene using a focused ion
beam (FIB). Graphene is transferred over a trench structure created
on a silicon (Si) substrate to form suspended graphene, and then
FIB irradiation is used to etch a portion of the graphene membrane
to fabricate a graphene cantilever beam structure having an arbitrary
width and length (Fig. 1). In previous studies, FIBs have also been
used to process suspended graphene; however, designed shapes
could not be realised because the FIB process was not optimised
with respect to the ion irradiation dose [15, 16]. Therefore, the pat-
terning was limited to simple shapes such as a circle or straight line
[17]. In our previous work, we fabricated a graphene cantilever
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beam via FIB irradiation of suspended graphene and measured
the resonant frequency of the cantilever beam [10]. However, we
did not optimise the FIB irradiation dose; as a result, the fabricated
cantilever beam had a curved edge shape. In this Letter, we exam-
ined the relationship between the FIB irradiation dose and the cut
shape of membrane-structured graphene. In addition, we sought
to pattern graphene cantilever beam shapes by adopting the
optimum FIB irradiation conditions for processing few-layer gra-
phene (FLG).

2. Fabrication method: The process used to fabricate graphene
cantilever beam structures in this Letter is illustrated in Fig. 2. In
the graphene growing process shown in Figs. 2a1 and a2, FLG is
grown on a copper foil via chemical vapour deposition (CVD).
Fig. 3 shows the CVD setup for growing graphene. Ethanol was
used as the carbon source, and copper foil was used as the
catalyst. Using this setup, ethanol vapour and argon gas
containing 3% hydrogen can be supplied. The copper foil was
introduced into a quartz tube and annealed for 10 min by heating
to 900°C with a heater in an argon–hydrogen atmosphere.
Thereafter, while stopping the gas and maintaining a temperature
of 900°C, ethanol gas was allowed to flow for 5 min. After
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Fig. 2 Fabrication process of a graphene cantilever beam
a1 Preparing cupper foil
a2 Growing graphene on surface of the cupper foil via CVD
a3 Contacting a PDMS on the graphene
a4 Etching the cupper foil
b1 Preparing SiO2/Si wafer
b2 Patterned the SiO2 layer
b3 Fabricating trench structure by etching the Si layer
c Contacting the PDMS with transferred graphene to the Si trench structure
d Peeling off the PDMS from the transferred graphene
e Patterning graphene into cantilever shape by FIB

Fig. 3 Alcohol CVD setup for synthesising graphene
stopping the flow of the ethanol gas, the heater was switched off and
the system was cooled while argon–hydrogen gas was allowed to
flow for 7 min at a flow rate of 300 sccm. In this cooling process,
the carbon that diffused into the catalyst was crystallised on the
surface of the copper foil to form FLG with 1–3 layers [18–20].
Subsequently, in the step shown in Figs. 2a3 and a4, the
graphene on the copper foil was transferred to polydimethylsiloxane
(PDMS). First, a film was formed on a 3 × 4 cm glass substrate
by spin-coating PDMS at 1000 rpm for 10 s. After contacting the
copper foil covered by graphene with PDMS, the glass substrate
was placed on a hot plate at 70°C for 30 min to cure the PDMS.
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Finally, the copper was etched by immersing the glass substrate
in a copper etchant (ferric chloride solution with a concentration
of 38%) at 45°C for 50 min, thereby leaving only graphene on
the PDMS layer [21].

In the process shown in Figs. 2b1–b3, after forming a trench with
a width of 3 µm and a depth of 1 µm by etching an SiO2/Si wafer,
the graphene on PDMS was transferred over the trench structure via
the steps shown in Figs. 2c and d. Pure water droplets were dropped
onto the SiO2/Si wafer with the trench structure, and the PDMS
with the transferred graphene was placed on top of the droplets
with the graphene surface down. After evaporating the liquid
drops on a hot plate at 70°C, the piece was allowed to stand for
24 h. Next, by immersing the Si wafer with the PDMS into
acetone maintained at 70°C, the PDMS was peeled off from the
wafer to obtain a piece of suspended graphene. Atomic force mi-
croscopy (AFM) measurements indicated that the thickness of the
graphene transferred onto the SiO2 was 1 nm. According to the pre-
vious research, the height of monolayer graphene on SiO2 measured
by AFM has been often reported higher than the graphite inter-layer
separation [22, 23]. Thus the transferred graphene was estimated to
have bilayer.

Finally, in the step shown in Fig. 2e, the graphene was cut by an
FIB (XVision200TB, Hitachi High-Tech Science, Japan) to process
the graphene into a cantilever beam structure. The FIB processing
conditions used in this Letter are provided in Table 1: an acceler-
ation voltage of 30 keV, a beam current of 11.7 pA, a beam diam-
eter of 14 nm, and a beam dwell time of 50 μs. The ion irradiation
dose of the FIB was adjusted (as described in the next section) to cut
to a level of 6 × 1016 ions/cm2.
3. Experiments
3.1. Evaluation of FIB irradiation and the processed graphene:
When processing suspended graphene by an FIB, an area larger
than the beam diameter may be removed if the ion irradiation
dose of the FIB is excessively high. To clarify this phenomenon,
some researchers verified lateral damage in graphene carved by
FIB [24, 25], and concluded that scattering of the Ga ions in the
residual gas causes the carving around the FIB-irradiated area.
Furthermore, when processing the suspended graphene with FIB,
the residual stress of the graphene film when transferring onto the
substrate causes the cut surface resulting in up-curled shape [12,
26]. In contrast, when processing the graphene transferred on the
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Fig. 5 Evaluation of the relationship between the amount of deformation
and the FIB ion irradiation dose
a Enlarged view of the slit (w is defined as the max width of the slit)
b Relationship between w and ion irradiation dose
c The condition of the resulting slit

Fig. 4 Lines drawn on suspended graphene and graphene on SiO2 with
changing the FIB ion irradiation dose
a FIB exposure on suspended graphene
b FIB exposure on graphene fixed on SiO2

c Ion irradiation dose at (a), (b)
substrate, contacting force between graphene and the substrate is
thought to be larger than the residual stress of the graphene, the
cut surface of the graphene is in contact with the substrate.
Additionally, the cut surface may become curved even when
scanning beams are moved along a straight line. On the other
hand, when the ion irradiation dose of the FIB is overly small,
the beam cannot remove the graphene. In particular, because this
Letter intended to use FIB processing on FLG with a maximum
of three layers, which is thinner than the graphene used in
previous works, an appropriate dose had to be estimated based on
the ion irradiation dose when processing the graphene by the FIB
and the removed graphene shape. Therefore, experiments were
conducted to verify the relationship between the ion irradiation
dose and removed graphene shape.

Figs. 4a and b show the scanning electron microscopy (SEM)
images obtained when suspended graphene and graphene fixed on
SiO2 were irradiated with ion irradiation doses in the range of
2 × 1015–2 × 1018 ions/cm2 to form a linear pattern of 0.1 μm in
width and 2.7 μm in length. The FIB processing conditions are
shown in Table 1. In Figs. 4a and b, the FIB-irradiated line patterns
were assigned symbols from A to K, and in each image the same
Table 1 FIB conditions for processing graphene

acceleration voltage 30 keV
beam current 11.7 pA
beam size 14 nm
dwell time 50 μs
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symbols correspond to the same ion irradiation dose. The ion irradi-
ation doses from A to K are shown in Fig. 4c. As shown in Figs. 4a
and b, the suspended graphene underwent large deformation due to
FIB irradiation compared with the graphene fixed on the SiO2

surface. The extent of deformation increased with the dose, particu-
larly for the high-ion irradiation dose.

The maximum width w of the slit on the suspended graphene
made by FIB ion irradiation was measured to evaluate the
amount of deformation that occurred during FIB irradiation, as
shown in Fig. 5a. To pattern suspended graphene into cantilever
of arbitrary shape, w must be minimised. The relationship
between w and the ion irradiation dose is shown in Figs. 5b and
c. As shown in Fig. 5b, cutting cannot be achieved completely
when the ion irradiation dose is 6 × 1016 ions/cm2 or less,
whereas graphene is completely cut with an ion irradiation dose
exceeding 6 × 1016 ions/cm2, and w increases as the ion dose
increases. The above results illustrate that cutting of the smallest
w of 0.18 µm could be achieved when processing with an ion irradi-
ation dose of 6 × 1016 ions/cm2. Furthermore, under such irradiation
conditions, an ion beam with a width of 0.1 µm was irradiated to
form a linear slit with a maximum width of 0.18 µm, i.e. a linear
shape 0.08 µm larger than the designed size was produced. In
other words, when performing FIB irradiation, which processes
both separated sides of the suspended graphene, the size is
reduced by ∼0.04 µm per side.
3.2. Processing a cantilever beam structure by an FIB: Fig. 6 shows
the FIB processing procedure used to fabricate a cantilever beam of
graphene from suspended graphene. First, ions were irradiated in a
line shape that was 0.1 µm wide and 2.7 µm long to cut the
suspended graphene into a double supported beam structure
(Fig. 6a). Subsequently, the suspended graphene near the double
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Fig. 6 Schematics and SEM images of a graphene cantilever beam formed
by the FIB irradiation of suspended graphene
a Patterning graphene beam
b Removing suspended graphene near the beam
c Patterning graphene cantilever

Fig. 8 Raman spectra of monolayer graphene on SiO2 before and after FIB
irradiation
supported beam was removed by the FIB (Fig. 6b). Thereafter, the
tip of the graphene double supported beam was cut along a line with
a width of 0.1 µm and length of 2.0 µm to produce a cantilever
beam structure (Fig. 6c).
The fabricated graphene cantilever beam is shown in Fig. 7. The

designed cantilever beam was 1.43 μm wide and 2.16 μm long.
The finished cantilever beam fabricated by FIB irradiation with
an ion irradiation dose of 6 × 1016 ions/cm2 was ∼1.34 μm wide
and ∼2.13 μm long. The difference from the design values was
∼0.09 µm shorter in the width direction and ∼0.03 µm shorter in
the length direction. That is, for each side of graphene, the pro-
cessed value was ∼0.045 µm shorter in the width direction and
∼0.03 µm shorter in the length direction. This result is highly con-
sistent with the results of 〈3.1〉, demonstrating that fabrication was
achieved with a 0.04 µm in thickness per side.
Fig. 7 SEM images of a fabricated graphene cantilever beam
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Furthermore, when processing graphene via FIB irradiation, we
determined a processing position by observing a sample surface
by FIB irradiation for ∼10 s while generating secondary electrons.
Though the irradiation dose for the observation is small compared
with that in the duration of processing, there is a risk of damaging
the graphene. Therefore, the graphene surface was evaluated by
Raman spectroscopy (Fig. 8). We used 40 mW Ar ion laser,
which has wavelength of 488 nm, as a light source. Moreover, spec-
troscopic measurement was conducted with spectrograph (Acton
Spectrapro 2300i, Princeton Instruments, USA). The Raman
spectra of monolayer graphene on SiO2 after FIB irradiation are
shown in Fig. 8. Here, (a) shows the spectrum in the absence of
FIB irradiation and (b) is the spectrum obtained after 1 min of ob-
servation, longer than the normal observation time of 10 s.
Considering that there is no large change in the Raman spectrum
after 1 min of FIB observation, the graphene does not experience
severe damage due to an observation of ∼10 s during FIB process-
ing. Thus, in the proposed graphene fabrication process using an
FIB, processing can be achieved while maintaining the properties
of the graphene.
4. Conclusion: In this Letter, a graphene cantilever beam structure
was produced with the designed width and length. Evaluation of the
ion irradiation dose of FIB and the damage caused to the suspended
graphene indicated that in the case of FLG with a maximum of three
layers, optimum patterning can be performed using an ion
irradiation dose of 6 × 1016 ions/cm2. Using this FIB dose, a
graphene cantilever beam with a width of 1.34 μm and a length
of 2.13 μm was fabricated. Furthermore, according to the Raman
spectroscopy results, no substantial change in the properties of
graphene occurs by observing the graphene for ∼10 s using an FIB.
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