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ABSTRACT: Graphene nanomesh (GNM) is formed by
patterning graphene with nanometer-scale pores separated by
narrow necks. GNMs are of interest due to their potential
semiconducting characteristics when quantum confinement in the
necks leads to an energy gap opening. GNMs also have potential
for use in phonon control and water filtration. Furthermore,
physical phenomena, such as spin qubit, are predicted at pitches
below 10 nm fabricated with precise structural control. Current
GNM patterning techniques suffer from either large dimensions or
a lack of structural control. This work establishes reliable GNM
patterning with a sub-10 nm pitch and an < 4 nm pore diameter by the direct helium ion beam milling of suspended monolayer
graphene. Due to the simplicity of the method, no postpatterning processing is required. Electrical transport measurements reveal
an effective energy gap opening of up to ∼450 meV. The reported technique combines the highest resolution with structural
control and opens a path toward GNM-based, room-temperature semiconducting applications.
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1. INTRODUCTION

After the demonstration of graphene’s superior properties, such
as mechanical stability and mobility,1 it was quickly realized that
without opening a sizable energy gap, this material could not be
used in the field of electronics.2,3 In particular, while graphene
is an excellent conductor with an extraordinarily high carrier
mobility, current through the material cannot be suppressed to
turn a graphene-based device off. Currently, the formation of a
narrow constriction, which opens an energy gap due to
quantum confinement, is the most promising method for
overcoming this challenge.4−7 Graphene nanoribbons (GNRs)
are prepared by various methods, such as masked plasma
etching,6 direct electron-beam cutting,8 or helium ion beam
milling (HIBM).9 The low driving currents and trans-
conductances of GNRs can be addressed by the recently
proposed graphene nanomeshes (GNMs, sometimes called
graphene antidot lattices), which form mesh-like networks of
short GNRs.10−17 An energy gap opening of up to 140 meV
caused by quantum confinement has been reported.11 An
extraordinarily high energy gap value of ∼1.2 eV was
determined by XPS measurements in a reduced graphene
oxide nanomesh.16 However, the substantiation of this value by
electrical measurements has not been reported. Apart from
being an interesting material for semiconducting and tunneling
magnetoresistance applications,18−22 nanoporous graphene is

attractive for use in water filtration and23,24 as an electrode
material in batteries25 as well as in gas sensing26 and phonon
control.27−29 In the latter regard, the high Young’s modulus of
graphene (∼1 GPa) helps to increase the wavelength of room-
temperature phonons into the sub-10 nm scale and is thus
preferred over silicon. Furthermore, GNM patterning with
structural control is envisioned to enable fabrication of
electronic waveguides or spin qubits in graphene.30−32 Despite
all these extraordinary properties, there is a wide gap between
the scale at which these physical phenomena are observable and
the currently obtainable smallest dimensions and structural
controllability.
Fundamentally, nanopores can be patterned in graphene with

high resolution by electron-beam irradiation, allowing simulta-
neous observation.33,34 However, the slow speed (∼5 s for an
individual 3.5 nm diameter pore in multilayer graphene) is the
most likely reason why large-area GNMs have not been
reported.33 Consequently, a wide range of techniquesmostly
relying on masked or direct etchinghave been demon-
strated,35 such as electron-beam lithography,17,36,37 block
copolymer lithography,10,38,39,39 nanoparticles,40,41 self-as-
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sembled nanosphere lithography,12,13,42−44 interferometric
lithography,15 anodic aluminum oxide templates,14,22,45 and
nanoimprint lithography,11,46 among others. Although most of
these methods can be applied to arbitrarily large areas and are
well suited for large-scale fabrication, plasma etching is well-
known to cause significant edge defects, and once the etching
mask is realized, individual width control is not possible. Neck
widths down to 5−7 nm have been realized using such
techniques; however, the variability is large.10,39 Among the
discussed methods, electron-beam lithography (EBL) is the
most versatile in terms of structural control; however, it is not
competitive with the other approaches in terms of pitch and
neck size (see detailed comparison in Section 1 of the
Supporting Information). Thus, an alternative technique that
combines high resolution and structural control is required to
further increase the energy gap opening for room-temperature
semiconductor applications, explore the new physics of
graphene waveguides and quantum qubits set out by Pedersen
et al. and others,30,32 and promote the use of GNMs for
phonon control and water filtration.
Here, we present the formation of a GNM in monolayer

graphene by direct HIBM with superior resolution and
structural control. The tightly focused beam of helium ions
interacts with the suspended graphene in precisely controllable
locations (sub-nm beam positioning control), and physical
nanopores are formed through the removal of carbon
atoms.47,48 Excellent scalability of the approach and pore
diameter tunability by beam dwell time is demonstrated.
Furthermore, the opening of an effective energy gap, Eg, of
∼450 meV is observed at room temperature in a suspended
GNM with a pitch of 18 nm. Remarkably, this gap vanishes
when some pores are missing, which demonstrates the
possibility of GNM formation with negligible dimensional
tolerances.

2. EXPERIMENTAL SECTION
The suspended graphene devices are based on commercial chemical
vapor deposition (CVD) monolayer graphene on a SiO2 (290 nm)/Si
substrate. First, the substrate is annealed in forming gas (H2/Ar = 1:9)
at 250 °C for 3 h to thoroughly remove any organic contaminants that
might be left after sample preparation. Next, EBL with a PMMA/
MMA copolymer resist stack is used to pattern large anchor electrodes,
as shown in Figure 1a. Before electron-beam evaporation of 5/90 nm
of Cr/Au, the exposed graphene is removed by reactive ion etching
(RIE), followed by lift-off in acetone. In this way, the Cr/Au is directly
in contact with the SiO2 substrate and peeling of the metal is
effectively avoided. By using a weak radio frequency power of only 30
W at an O2 pressure of 4 Pa, the monolayer graphene is reliably
removed within 10 s without affecting the resist. Next, a second EBL
step is used to pattern smaller contact electrodes that overlap the CVD
graphene and the contact electrodes (same conditions). Then,
hydrogen silsesquioxane (HSQ) high-resolution negative resist is
used to define the shape of the suspended graphene films. HSQ is
converted to SiO2 and acts as a hard mask during the subsequent RIE
etching, and this mask is readily removed during buffered hydrofluoric
acid (BHF) etching. Finally, the devices are released in BHF for 60 s
(short devices) or ∼180 s (Section 2 of the Supporting Information).
To avoid collapse due to surface tension, the devices are dried in a
critical point drier. Finally, the devices are annealed for a second time
at 250 °C for 3 h in forming gas to remove residues from the resist
stack. Figure 1b shows a scanning electron micrograph of a suspended
graphene device that is ∼200 nm long and ∼100 nm wide. Next, the
devices are loaded into the helium ion microscope (Zeiss Orion Plus)
at a pressure of <5 × 10−5 Pa. The milling current is 1 pA throughout
(beam energy, 30 keV; beam diameter, down to 0.25 nm), and the
beam is focused close to each graphene device individually to ensure

the highest milling resolution and account for possible sample tilt. The
charge per pore, C, is controlled through the beam dwell time, t.

3. RESULTS AND DISCUSSION
Figure 1c shows a relatively small suspended graphene device
with three 3 × 3 pore arrays exposed at a fixed pitch of P = 12
nm and an increasing C of 4.81, 6.25, and 9.43 × 105 ions/pore.
The pores are already well-defined for the lowest charge;
however, at 9.43 × 105 ions/pore, the individual pores are not
distinguishable. This indicates that the ion budget has been
exceeded and that the extremely narrow neck region between
the pores has been overexposed due to the Gaussian beam
tail.49 The two lower point charges were used for P = 9 nm, as
well (Figure 1d). For this low pitch, individual pores are clearly
distinguishable in the HIM secondary electron (SE) image for
C = 6.25 × 105 ions/pore. Note that the pores along the right
edge of the graphene are partially merged, probably due to
some structural differences that are not apparent in the SE
images. The SE brightness profile along the horizontal arrow in
Figure 1d is given in Figure 1e. The obtained pore diameters of
∼3−4 nm are consistent with previous reports of isolated
nanopore formation in suspended graphene.49 The shape of
HIM milled pores has been previously observed by trans-
mission electron microscopy (TEM) showing well-defined
edges.49 Due to the presence of the supporting substrate, TEM
imaging is not possible, and we base our analysis on HIM SE
images with high resolution.47 The pore pitch matches the
design. Therefore, a neck width of only ∼5 nm is obtained. In
the {L, R} notation, which is commonly used to characterize
GNMs with a hexagonal pore arrangement for theoretical
studies, such dimensions are close to a {21, 7} unit cell.32 It
should be noted that the pore size can be varied by adjusting
the pore charge, as demonstrated for isolated pores in a SiNx

Figure 1. (a) Schematic of the process of fabricating a GNM. After the
contacting and patterning of monolayer CVD graphene, BHF etching
is used to suspend the graphene. Focused HIBM is used to directly
pattern pores. (b) Scanning electron micrograph of typical suspended
graphene. SE micrograph showing the results of a pore charge
development series for (c) pitch P = 12 nm and (d) P = 9 nm. (e) SE
brightness profile along the arrow in (d). The three pores with P = 9
nm are clearly defined with a pore diameter of ∼3.5 nm. Scale bars are
50 nm if no value is given.
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membrane or suspended graphene.49,50 We show that this
applies for GNMs as well (Figure 2a). Here, pores are

uniformly patterned in areas of 500 × 500 nm2 on a large piece
of suspended graphene (Figure S6, Supporting Information).
The pitch is fixed at 18 nm, while the point charge is gradually
reduced. With decreasing charge, the pores appear more faintly.
In some of the images, random grain boundaries, wrinkles, or
contamination are visible. However, this is a random and
localized effect and does not affect the patterning overall. Based
on the charge series in Figure 2a, 2.81 × 105 ions/pore is the
required threshold charge to clearly form nanopores at a pitch
of 18 nm. Next, the effect of decreasing pitch at a fixed charge is
investigated (Figure 2b). At 16 and 14 nm, regular nanopores
are formed; however, at a pitch of 12 nm, vertical cracks
spanning several pores are observed. Finally, the area exposed
at a pitch of 11 nm is completely collapsed, and the patterned
graphene at the edges shows extensive cracks. Nevertheless,
individual pores are distinguishable for all pitches. The cracks
form due to the slight tensile stress between the electrodes
(horizontal) in the suspended graphene, which helps to avoid
any buckling and is desirable. However, when a high charge of
2.81 × 105 ions/pore is used at a small pitch of 12 or 11 nm,
the necks are significantly weakened due to the exposure. These
cracks can be avoided by further reducing the charge to 1.87 ×
105 ions/pore when exposing at a pitch between 12 and 10 nm
(Figure 2c−e). We were finally able to pattern a GNM at a
pitch of 10 nm over a large area, albeit with some isolated

cracks. To the best of our knowledge, such densely packed
large-area GNMs have not previously been reported.
As the patterned 500 × 500 nm2 squares are surrounded by

unpatterned graphene (Figure 2b), electrical characterization of
the GNM is not possible. Therefore, GNM patterning is
extended to large-area devices. Figure 3a shows a suspended
GNM device (electrode spacing, 600 nm; width, 4 μm), in
which pores at a pitch of 12 nm and a pore charge of 2.18 × 105

have been milled all across the device. This device comprises
∼14 000 pores, and patterning takes ∼5 min. Sample drift
during the patterning process has to be considered; however,
since the pores are patterned in single-pass mode, such drift
would have a negligible effect on individual pores. Slightly
disturbed long-range order is possible. In Figure 3a, the pores
are offset from the electrodes (white dashed lines), because
pore milling in the transition region was found to adversely
affect the stability, as will be discussed later. Two wrinkles (left
and center) and the edge regions appear slightly brighter in the
helium ion scanning micrograph, which indicates that the
graphene is thicker (grain boundary or wrinkle) or slightly
sagging. Weakening of the GNM/electrode transition region
when pores are patterned across is visible in the device in
Figure 3b (size: 0.6 × 4 μm2). The pores (P = 25 nm, C = 4.81
× 105 ions/pore) were patterned on part of the electrodes as
well (dashed lines), and the weakening leads to cracks along the
interface, although there are no observable cracks in the inner
region. Some contamination is visible in this device, but this
effect varies from device to device and can be avoided by careful
fabrication. Finally, a GNM with a pitch of 11 nm is shown in
Figure 3c. The GNM was only patterned on one-half of the ∼4
μm wide graphene (Figure S5, Supporting Information). Here,
the pore charge was further decreased to 1.87 × 105 ions/pore.
Despite this reduction, there are more cracks than in the device
in Figure 3a, suggesting that with the current patterning
approach, this is close to the limit. A further decrease in the
pitch for large-area patterning to the sub-10 nm range is
expected to be possible by using a smaller aperture and thus
beam current (simultaneously increasing dwell time, t).
Additionally, advanced patterning strategies with a sophisti-
cated pattern generator (where the location and dwell time of
each individual pore can be programmed) will be beneficial for
the reported technique, as the chosen charge can be reduced for
pores in the center but slightly increased in the edge region to
ensure proper pore formation. The omission of individual pores
and changes in the pore alignment (square or hexagonal) will
be important in the future, as discussed in the introduction, and
will be possible with such a pattern generator. Please note that
these devices are very robust before and after GNM formation
and withstand typical handling (Section 2.2, Supporting
Information).
The GNMs reported in this work have neck widths down to

∼5 nm and are decoupled from the substrate. Therefore, a
sizable effective energy gap, Eg, (sometimes called source−drain
gap)51 is expected at room temperature. Eg should not be
confused with the transport gap,52 or band gap Ebg, although
some researchers do not clearly differentiate and discuss a
general energy gap to signify that charger carriers of certain
energy are blocked. To extract Eg, ID/VD measurements are
performed at room temperature. Three GNM devices with a
length and width of less than 300 nm are prepared (Dev #1 to
#3, Figure 4a). The pitch is between 14 and 18 nm. The HIM
SE images in Figure 4a show the graphene devices before and
after GNM formation. It can be observed that the edges are

Figure 2. Large-area (500 × 500 nm2) GNM patterning. (a) The pore
charge is varied between 4.81 and 1.87 × 105 ions/pore (only partly
shown). At a low charge, pores are not defined clearly. Pore formation
is also affected by graphene grain boundaries, wrinkles, and
contamination. (b) Pitch series at a fixed pore charge of 2.81 × 105

ions/pore. At P = 12 nm, vertical cracks are observed due to
weakening and horizontal tensile stress. For P = 11 nm, the exposed
graphene collapsed due to overdose; however, individual pores are
visible. (c−e) Optimized patterning for P = 12, 11, and 10 nm with
1.87 × 105 ions/pore. Random polymer contamination visible. Scale
bars are 100 nm if no value is given.
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affected by the exposure, as indicated by the white dashed lines
that show the original outline. The edges might either be

etched or folded; however, from the large-area patterning
shown in Figure 3, it is clear that the width reduction is limited,

Figure 3. HIM micrographs of large-area GNM device patterning. (a) GNM patterned in large suspended graphene (0.6 × 4 μm) with P = 12 nm. In
total, 14 000 pores are patterned. The pore patterning area is offset by ∼50 nm from the electrodes (white dashed lines). (b) GNM patterned in
large suspended graphene (0.6 × 4 μm) with P = 25 nm. The nanopore patterning area extends onto the electrodes, which affects the stability at the
graphene/electrode interface. (c) Part of a GNM that is 0.5 μm long and 2.2 μm wide (P = 11 nm). Some vertical cracks are visible due to horizontal
tensile stress.

Figure 4. (a) HIM micrographs of three suspended graphene devices (150−200 nm wide) before and after pore milling. The graphene edges are
found to shrink due to helium milling or rolling (white dashed lines). Pores can be omitted or missing due to contamination or wrinkles/grain
boundaries, as shown in the schematic. In such cases, charge carriers can be transported from the source (S) to the drain (D) without experiencing
confinement (thick red arrow). In an ideal GNM (Dev #3), no such path exists, and the charge carrier experiences an effective energy gap due to the
confinement between the pores. Scale bars are 50 nm. (b) Id/Vd characteristics of Dev #1−3 at T = 300 K. Only Dev #3 shows a current suppression
region corresponding to Eg ≈ 450 meV. (c) Temperature measurement series of Dev #3. The current suppression region becomes wider due to the
formation of a transport gap. (d) Id/Vd characteristics of large-area GNMs shown in Figure 3a,c. Eg ≈ 125 meV is observed for the complete GNM
with P = 12 nm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b00427
ACS Appl. Mater. Interfaces 2018, 10, 10362−10368

10365

http://dx.doi.org/10.1021/acsami.8b00427


and the effect is insignificant in wider GNMs. The room-
temperature ID/VD measurements shown in Figure 4b indicate
metallic characteristics for Dev #1 and #2, while the overall
current of Dev #3 is reduced by an order of magnitude, and
significant current suppression appears. Interestingly, Dev #3 is
the only device where pores are patterned regularly over the
whole channel. In the case of Dev #1, some pores are not
properly realized due to contamination, grain boundaries, or
wrinkles originating from the suspended graphene preparation
process (schematic in Figure 4a), while a full row of pores is
omitted in Dev #2. Considering that electrons can be
transported through the unpatterned graphene area in these
two devices (solid red arrows in Figure 4a), the absence of Eg is
to be expected. This is not possible in Dev #3, and an Eg of
∼450 meV is observed.53

We further measured the ID/VD characteristics of Dev #3 at
different temperatures (Figure 4c). The gap increases at low
temperatures, which is due to the additional formation of a
transport gap and shows that edge roughness and disorder are
present in the graphene after the HIBM.52 Note that no
transport gap opening was observed for Dev #1 down to a
temperature of 150 K. Finally, the ID/VD characteristics of the
large-area devices shown in Figure 3a,c with pitches of 12 and
11 nm, respectively, are plotted in Figure 4d. As the GNM was
only formed in part of the large suspended graphene in the 11
nm pitch device (Figure S5, Supporting Information), the
conduction is very high, and the characteristic is metallic.
However, in the case of the 12 nm pitch device, the pores are
present over the whole width of the device, and a clear Eg of
∼125 meV is observed. This is considerably smaller than the Eg
observed in Dev #3 (Figure 4b,c), although the pitch is smaller.
This is explained by the fact that the device in Figure 3a has
some areas (wrinkles and edges) where pores are missing.
In most previous reports, the band gap of GNM was

extracted by fitting the relation Ioff ∝ exp(−Ebg/(2kBT)) at
temperatures close to room temperature, where Ioff is the off-
state current, Ebg is the bandgap, kB is the Boltzmann constant,
and T is the absolute temperature. To determine the off-state
current, the charge carrier density in the GNM has to be
minimized through the use of an electrostatic doping gate. As
the devices in this work are suspended, such measurements are
difficult for two reasons. First, the air gap between the highly
conductive substrate and the suspended graphene reduces the
electrical field strength, and second, electrostatic forces acting
on the graphene and the electrodes can cause mechanical
collapse. This is particularly true for the wider devices, as the
long BHF etching duration of 180 s causes considerable under-
etching in the electrode region, revealing the highly doped
silicon substrate. Nevertheless, we have found that Dev #1 is
only slightly p-doped (Section 4, Supporting Information).
Several models were developed to describe the band gap
opening in GNM. The most common one relates the neck
width, w, to the band gap by α/w. The parameter α [eV nm] is
obtained through fit to a given series; however, widely varying
values between 0.3 and 1.79 eV nm have been re-
ported.11,15,39,54,55 Another model relates the ratio of removed
carbon atoms to the total number of atoms in a hexagonally
arranged GNM by = ×E N N25eV /bg removed total,

32 but this

approach appears to be accurate only for low ratios. Although
Ebg of the devices in this work was not measured, it should be of
similar order of magnitude as Eg, and we will compare the
experimental values with the theoretical models. In the case of

Dev #3, a neck width of 12−14 nm is assumed. Therefore, an
Ebg between 20 and 150 meV would be expected from the α/w
relation. For the second model, by assuming a hexagonal GNM
with an 18 nm pitch, an Ebg of 275 meV is estimated. This is
lower than the experimentally observed effective energy gap of
∼450 meV. For the large-area device with a pitch of 12 nm and
an ∼8 nm neck (compare Figure 4d), the predicted band gap
values would be 37−223 meV and ∼620 meV, respectively,
which is equal to or higher than the experimental Eg value.
However, some areas where pores are not perfectly patterned
are present, and the possibility of channeling along these
missing pores was discussed. It should be noted that previous
experimental values were all obtained in GNM supported on
SiO2, which is known to suppress the gap opening due to
dielectric screening.38,56,57 The larger Eg of Dev #3 compared
with the models could be due to the weak localiza-
tion.11,15,17,39,54,55 Furthermore, we cannot rule out the
Coulomb blockade effect caused by potential inhomogeneity
owing to point defects or edge irregularities,51,58 and it will be
interesting to investigate this point further in the future.
However, from the results reported here, previous energy gap

values appear in a new light. For example, Kazemi et al.
reported meshes with a neck width of 6−20 nm and an energy
gap opening of ∼30 meV, which is too low for sub-10 nm neck
widths.15 However, if a network of larger necks (∼20 nm) is
seen as a leakage path with weak confinement similar to Dev #1
and #2 in this work, the result is plausible. Therefore, this
finding has significant consequences for GNM technology: the
energy gap is governed by the wider necks, and the fabrication
process must be able to not only produce extremely small neck
widths but also a very narrow distribution. Whether this can be
achieved via RIE remains to be seen. However, the reported
approach using HIM is clearly able to do so (see Dev #3). In
addition, if suspended graphene of a higher quality can be
obtained and does not exhibit wrinkles, as seen in Figure 3a, the
realization of 10 nm pitch large-area GNMs with significant Eg
values at room temperature is expected.

4. CONCLUSION

In conclusion, we have demonstrated GNMs with a sub-10 nm
pitch and ∼3 to 4 nm pores prepared by direct HIBM in
suspended monolayer graphene. Compared with previous
techniques, smaller pitches and neck widths with negligible
dimensional tolerance are possible. Appropriate pore charges
are reported, and the effect of scaling on stability was
investigated. We used small GNMs with pitches of 14 and 18
nm to investigate the effect of missing pores on the energy gap.
When individual pores or a row of pores are missing, no Eg is
observed, while a very large Eg of ∼450 meV is formed when all
pores are realized. This confirms that the observed Eg is due to
the formation of nanomesh by HIBM. Such large Eg values have
not been reported before. For large-area GNMs with a 12 nm
pitch, the energy gap is found to be ∼125 meV despite the
narrower necks. This result is due to wrinkles that exhibit
reduced confinement on charge carriers. It is therefore
concluded that GNM fabrication requires not only a sub-10
nm critical dimension but also a low tolerance. The reported
technique can be easily extended by using a suitable pattern
generator to prepare hexagonal or other pore alignments.
Furthermore, devices with a flexible pitch and neck width
created with structural control for investigating new physical
phenomena, such as waveguides and quantum qubits in
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graphene as well as phonon control and water purification, are
expected in the near future.
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