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Abstract
The capability to structure two-dimensional materials (2DMs) at the nanoscale with customizable
patterns and over large areas is critical for a number of emerging applications, from
nanoelectronics to 2D photonic metasurfaces. However, current technologies, such as photo- and
electron-beam lithography, often employing masking layers, can significantly contaminate the
materials. Large-area chemical vapour deposition-grown graphene is known to have non-ideal
properties already due to surface contamination resulting from the transferring process. Additional
contamination through the lithographic process might thus reduce the performance of any device
based on the structured graphene. Here, we demonstrate a contactless chemical-free approach for
simultaneous patterning and cleaning of self-supporting graphene membranes in a single step.
Using energetic ions passing through a suspended mask with pre-defined nanopatterns, we
deterministically structure graphene with demonstrated feature size of 15 nm, approaching the
performance of small-area focused ion beam techniques and extreme ultraviolet lithography. Our
approach, however, requires only a broad beam, no nanoscale beam positioning and enables large
area patterning of 2DMs. Simultaneously, in regions surrounding the exposed areas,
contaminations commonly observed on as-grown graphene targets, are effectively removed. This
cleaning mechanism is attributed to coupling of surface diffusion and sputtering effects of
adsorbed surface contaminants. For applications using 2DMs, this simultaneous patterning and
cleaning mechanism may become essential for preparing the nanostructured materials with
improved cleanliness and hence, quality.

1. Introduction

Techniques to deterministically structure two-
dimensional materials (2DMs), such as graphene,
over large areas are highly sought after for a variety
of applications, such as nanoelectronics [1–4], 2D
photonic metasurfaces [5–7], and chemical filtering
[8–11]. For electronic applications, structuring the
graphene membranes into nanoscale, nanomeshes
and nanoribbons can open up the Dirac cone of the
material’s band structure, essentially transforms it
from a semimetal to a semiconductor with a bandgap
sufficient for room temperature operation [1, 12–16].
Since graphene has excellent carrier mobility [17, 18],
such structured graphene with a sizable band gap is

expected to have a great impact on future applica-
tions. For photonic application, periodic structures
with feature size smaller than the wavelengths of light,
i.e. metasurfaces, can be used to control the polariz-
ation, phase and amplitude of light. Metasurfaces
fabricated from 2DMs can minimize the size of the
optical devices, reduce optical losses and the effect
of dispersion, as compared to the bulk counterparts
[5]. Nanostructured graphene, which has long-lived
plasmons, has been demonstrated by simulation to be
able to tune electrically the polarization of light with a
performance several orders of magnitude higher than
metal nanoparticles of similar size [6]. For filtering
applications, perforated self-supporting graphene
membranes have been shown to feature outstanding
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efficiency and selectivity by both, calculations [9, 19]
and experiments [10, 11, 20].

To realize patterned graphene, a number of exper-
imental methods have been demonstrated. For high
precision structuring over small areas, focused elec-
tron and ion beams can be employed [11, 21–24].
Using focused beams of Ga+ and He+ ions, Celebi
et al have produced self-supporting graphene mem-
branes with a few million pores having narrowly dis-
tributed sizes below 10 nm [11]. Although the focused
beam approach provides high precision and pore size
below 10 nm, it has limited scalability due to the strin-
gent focusing requirements and small field of view
(tens of micrometers). Nowadays, large-scale, even
roll-to-roll, graphene membranes are commercially
available [25], setting demands for a more scalable
approach. Using ultraviolet (UV) oxidative etching,
large-area nanoporous graphene can be produced
with a large number of sub-nanometer pores, suit-
able for water desalination and filtering applications
[10, 26]. Irradiation with highly charged low energy
ions and swift heavy ions have also been demon-
strated for perforating self-supporting graphene and
molybdenum disulfide monolayers (MLs) [27–31].
However, for structuring graphene membranes with
pre-defined patterns by oxidative or ion beam tech-
niques pattern-defining layers are necessary. These
are coated directly onto the graphene membrane.
Examples of pattern-defining layers include self-
assembly of polystyrene nanosphere [1, 2], block
copolymers [32, 33], nanoimprinting [34, 35], atomic
force microscopy (AFM) based nanolithography [36,
37], porous anodic alumina [15], electron beam
lithography (EBL) [38], and extreme UV lithography
[39]. The downsides of using coating layers are, at
first, the fact that the approach introduces a sig-
nificant amount of contamination which is diffi-
cult to be subsequently removed completely [40,
41], and second, the damage to the self-supporting
membranes due to the chemical and the mechan-
ical forces involved. Contamination on graphene is
a serious issue as they significantly deteriorate the
desired properties of the material [42, 43]. Large-
area graphene grown by chemical vapor deposition is
known to be contaminated already after being trans-
ferred from the growth substrates to other substrates
[40, 44]. Adding additional contamination to the
material due to the masking layers would thus make
it worse, let aside inevitable damage to the graphene
lattice upon attempted complete removal.

In this letter, a contactless and scalable approach
to effectively structure large-area self-supporting
graphene membrane with pre-defined patterns is
demonstrated. The basic methodology is shown in
figure 1(a), illustrating how a broad beamof energetic
ions passes through a suspended silicon mask with
the desired nanopatterns and structures the under-
lying graphene. Perforation of the graphene mat-
rix is achieved through nuclear interactions between

the primary ions and the carbon atoms, with the
structure of the pattern determined by the structure
of the mask. Simultaneously, during patterning, sur-
face diffusion of contaminants and effective sputter-
ing of physi- and chemisorbed species leads to an
effective removal of contaminants even in unirra-
diated areas. The key component of the approach
is a suspended silicon mask produced through a
multi-step nanofabrication process, including in par-
ticular EBL. With an ultrafine electron probe, EBL
provides unlimited capability in structural designs
and excellent spatial resolution of a few nanomet-
ers. Although producing the mask is time consum-
ing, it can be used repeatedly without losing the
defined structures. Hence, the developed method-
ology represents a scalable approach. The use of a
conventional well-established ion implanter for the
irradiation gives us the capabilities of precisely con-
trolling the necessary ion doses, ion species, and ion
energies, which strongly affect the structuring pro-
cess. As compared to electrons and photons, the rest
mass of the ions is much higher, equivalent to an
extremely short de Broglie wavelength, on the order
of femtometers. Therefore, resolution-limiting effects
due to diffraction through the nanopores are not
to be expected. The beam is in general expected to
travel along a straight trajectory, allowing for a cer-
tain gap between themask and the samples, and hence
enabling a contactless approach. Ion implantation is
one of the most deterministic methods for modifica-
tion of materials, in which the nuclear and electronic
energy deposition, the temperature dependence, and
the irradiation environments can be precisely con-
trolled. Therefore, the combination of EBL-fabricated
masks and ion implantation provides the best of two
worlds: design flexibility, nanoscale resolution, and
deterministic patterning.

2. Experiments

Figure 1(b) shows the cross-section of the suspen-
dedmask before the final back-side etching for releas-
ing the membrane. The top layer of the membrane
is 60 nm Au/Cr for discharging purposes during the
irradiation. The second layer comprises of 340 nm
Si(100) providing the mechanical strength of the
membrane. The dimension of themembrane is about
1 × 1 mm2 on which several different patterns were
created. Each pattern features 150 × 150 pores hav-
ing different diameters and identical pitch of 500 nm.
While we show here only pores with circular shape
with certain sizes and arrangements, there is no
limitation on the structural design of the patterns.
The bottom layer is formed by 150 nm SiO2 on a
Si(100) substrate which are both removed later using
deep reactive ion etching and wet hydrofluoric acid
etching. Details on the mask fabrication process are
provided in the supplementary section. Figures 1(c)–
(f) show the backside of the final membrane with
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Figure 1. Illustration of the structuring approach: a broad and uniform beam of ions with keV kinetic energy passes through a
suspended nanopatterned mask and induces a pre-defined pattern on graphene (a). Cross-sectional SEM image of the mask
before back-side etching showing the individual layers of the membrane: the top layer is 60 nm Au/Cr to prevent charging during
the ion irradiation, next is the 340 nm Si (100) layer followed by a SiO2 layer on a Si (100) substrate (b). SEM images of the masks
after back-side etching as seen from the back exhibiting through-hole patterns of different sizes, from 110 nm to 330 nm (c)–(f).

the through-hole pore patterns. The diameter of the
pores ranges from 110 nm to 330 nm. The ion irra-
diation was done with a 20 keV Ar+ beam at a
dose of 1 × 1016 At cm−2 at room temperature. The
vacuum level inside the irradiation chamber is in the
order of 10−6 mbar. The ion energy of 20 keV was
chosen to maximize nuclear interactions and hence
obtain effective sputtering, while maintaining excel-
lent beamproperties such asminimumdivergence. At
this energy, a considerable amount of the ion energy
is furthermore transferred through electronic inter-
actions, leading to desirable cleaning effects as will be
shown later. The whole structuring process has only
one step, much simpler than the multi-step processes
of conventional lithographic techniques. In addition,
this approach is particularly suitable for structuring
self-supporting 2D membranes as no chemical and
mechanical processing is required, which might neg-
atively affect the membranes.

The samples are self-supporting ML graphene
onQUANTIFOIL® transmission electronmicroscopy
(TEM) Cu grid, which is commercially available from
Graphenea. Since graphene and the TEM grid made
of Cu are both very conductive, charging effect does
not usually occur in the sample during and after
ion irradiation. The QUANTIFOIL® R2/4 used for
these samples has periodical holes of about 2 µm
with a distance of 4 µm between the holes. The
areas within the 2 µm holes are self-supporting ML
graphene as shown in figure 2. The graphene was

grown using chemical vapor deposition on Cu sub-
strates and then transferred onto the QUANTIFOIL®
TEM grid using a wet transfer process. It is this trans-
fer process that usually leaves large amount of poly-
methyl methacrylate (PMMA) contamination on the
graphene, significantly deteriorating the graphene’s
properties [40, 44]. Removing the PMMA contamin-
ants from graphene is still a serious issue which has
been addressed bymany studies. In these, a number of
different methods have been demonstrated with dif-
ferent degrees of success, including thermal anneal-
ing, plasma treatment, ion beam, mechanical, and
light treatment. However, satisfactory cleaning res-
ults do not seem to be achieved yet as most methods
while to some extent reducing the level of contamina-
tion also induce permanent structural damages to the
graphene lattice. Comprehensive reviews on the topic
are available, such as in [44, 45]. In a separate supple-
mentary section, we provide additional details of the
experiments as well as other results.

3. Results

Figure 2 shows the scanning electron microscopy
(SEM) images of the graphene membranes after ion
irradiation. All presented results are taken from one
sample after one irradiation so that a more conclus-
ive comparison can bemade. Themembranes presen-
ted in figures 2(a)–(c) feature almost identical cir-
cular pore structures as the mask in figures 1(c)–(e)
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Figure 2. SEM images of the self-supporting graphene membrane within∼2 µm circular openings of the QUANTIFOIL®
support after being structured with a 20 keV Ar+ beam at a dose of 1× 1016 At cm−2. For the first three images (a)–(c), the
structures of the graphene are closely resemblant to those of the mask shown in figures 1(c)–(e). Smaller structures, from 60 nm
(d) down to 15 nm (e) can also be found in areas in proximity to the border of the 110 nm pattern. (f) SEM image of the
unirradiated graphene area showing apparent streaks of the PMMA contaminants.

with pore diameter ranging from 150 nm to 350 nm,
demonstrating the ability of the method in transfer-
ring the structure of the mask to the graphene. For
the 110 nm pattern, in particular at areas close to
the border of the pattern, pores with diameter much
smaller than 110 nm have been found, such as 60 nm
(figure 2(d)), and 15–50 nm (figure 2(e)). As being
addressed later, these smaller pores are caused by the
diffusion of excess contamination from the unirra-
diated to the irradiated areas, making the graphene
more resistant to the irradiation, and hence leading to
smaller pore sizes than expected. This so-called edge
effect, however, affects only a small regions of the
graphene, about 5 µm from the border. Areas further
away from the border are less affected by this effect
and feature uniform pore sizes.

Noticeably, in comparison the brightness of the
graphene membranes is inversely proportional to the
exposed areas: while the 350 nm and the 250 nm
membranes are rather dark, and the 15–50 nmmem-
brane is noticeably brighter. Since the brightness in
the SEM image is equivalent to the emission yield of
secondary electrons, it can also be used to assess qual-
itatively the cleanliness of the graphene membrane.
Lower brightness, i.e. lower emission yield, can be
interpreted as thinner, and hence, cleaner graphene.
In that sense, the structured graphene with larger
pore sizes appears to be cleaner than the graphene
with smaller pore sizes. In fact, the SEM image of a
graphene membrane outside of the patterning region
shows an intact graphene with apparent streaks of

contaminants (figure 2(f)). Thismembrane is also the
brightest as compared to other images of figure 2,
consistent with the correlation between the bright-
ness of the SEM and the cleanliness of the sample.
Furthermore, there is a brighter rectangular in the
middle of the image, an area that was intentionally
exposed under a reduced scanning window of the
electron beam for about 30 s. This observation corres-
ponds well with the well-known build-up of hydro-
carbon molecules due to diffusion and accumulation
of organic contamination, often occurring in electron
microscopy of heavily contaminated samples.

Further information on the cleanliness of the
structured graphene can be extracted from data
presented in figure 3. The SEM image of figure 3(a)
shows the border between the irradiated and the unir-
radiated regions of the 150 nm pattern. The suc-
cessfully patterned graphene further away from the
borderline (circle 1) appears much darker than the
ones outside the pattern (circle 3), similar to obser-
vations made from figures 2(c) and (f). Furthermore,
within the shown area of the pattern a gradient in
brightness is apparent. The area in close proximity
to the borderline (circle 2) appears slightly brighter
than the one further away from the border (circle
1), although the two areas received exactly the same
irradiation. This observation again points towards
the argument that excess mobile contaminants dif-
fuse from the other side of the border into the pattern
regions. In figures 3(b) and (c), images with higher-
resolution for the unirradiated regions (b) and the

4



2D Mater. 10 (2023) 025017 T T Tran et al

Figure 3. SEM image at lower magnification than the one in figure 2 showing the borderline of the 150 nm pattern (a). Graphene
membranes within the irradiation pattern are significantly darker than outside. (b) TEM image of the unirradiated graphene
featuring apparent streaks of PMMA contamination. (c) Much cleaner surface and free of streaks are obtained for the
unirradiated graphene located within the patterned area. (d) EDX spectra of a region outside (black curve) and a region within
the irradiating pattern (red curve).

irradiated region (c) are obtained using bright-field
TEM. Imaging in bright-field TEM relies on trans-
mission of electrons through the samples, hence, in
contrast to SEM a through-hole pore in the TEM
appears brighter and vice versa thicker film appears
darker. For areas outside of the irradiating pattern
(figure 3(b)), where almost no cleaning effect occurs,
the surface of the sample shows a large number of
contamination streaks, covering a significant por-
tion of the graphene. For areas within the irradiat-
ing pattern, in particular the area around the dir-
ectly exposed region in figure 3(c) the contamination
streaks have been removed to largest extent, i.e. the
surface of graphene is smooth, and no streak can be
observed. In figure 3(d), we show the energy dis-
persive x-ray spectroscopy (EDX) data for the sample
before (black curve) and after (red curve) the struc-
turing process. The spectra of the sample show only
two peaks, C Kα and O Kα, which belongs to the

graphenemembrane and the hydrocarbon contamin-
ants. These two spectra were recorded for the exactly
same area, the same beam current, and the same
duration on one sample but at two different regions
representing the sample before and after structuring.
According to this figure, after structuring the area
around the directly irradiated region has lower x-
ray yield of carbon and oxygen, which is due to the
reduced level of oxygen-containing hydrocarbon con-
taminants such as PMAA.

Finally, direct evidence showing the diffusion of
the mobile contaminants into the exposed areas is
shown in figure 4. The bright-field TEM images for
an area in proximity to the border of the 110 nm pat-
tern (figure 4(a)) shows periodically arranged black
dots, which are interpreted as the accumulation of
contamination. According to a calculation using the
stopping and range of ion in matters, the nuclear and
the electronic energy losses of 20 keV Ar+ ion in C
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Figure 4. TEM images of the graphene membrane irradiated using the 110 nm pattern (a)–(c) and an illustration of the proposed
cleaning mechanism active during the irradiation. The black dots all over the surface in (a) are accumulations of the contaminants
under ion beam exposure. These black dots were found in areas close to the border of the pattern, where excessive amounts of
contaminants are available. A more magnified image in (b) shows the elongated build-up of contamination due to a slight drift of
the mask during the irradiation. Image (c) for the area in proximity to the area of (b), but further away from the border, shows a
similar drift (red arrow). One end of the red arrow is the remnant of the contamination build-up, the other end is the
through-hole pore.

are 71 and 26 eV/1015 At cm−2, respectively. Although
the nuclear interactions are dominant, the electronic
interactions are also considerable and sufficient to
immobilize the diffusing contaminants in the exposed
areas, a similar effect as for electron beam exposure
shown in figure 2(f). A closer view to this area is given
in (b), showing an elongated pattern of the accu-
mulation due to a slight drift of the mask (less than
100 nm) relative to the sample during the irradiation.
This drift is less visible in patterns with larger pore
sizes due to the higher cleanliness of those patterns. In
the area near the one for image (b) but slightly away
from the border, through-hole pores were achieved
as shown in (c). A similar drift can still be observed
in this image with one end of the red arrow showing
the remnant of the contamination build-up and the
other end showing the through-hole pores.

4. Discussion

In summary, the dynamic behavior of graphene
under ion irradiation through the nanopattern mask
is illustrated in figure 4(d). Mobile contaminants,

normally diffusing in a random manner, are trapped
at the exposed areas due to the electronic interac-
tions between the incident ions and the membrane.
At the same time, this locally trapped contaminants
are subsequently effectively removed by two mechan-
isms: first, due to the nuclear collisional interactions
with the ions, i.e. classical sputtering. Second, in par-
ticular weakly-bonded substances might be removed
from the material surface due to a slight disturb-
ance in the electronic systems by the electronic energy
deposition of the ions striking the surface in their
proximity, which is commonly referred to as elec-
tronic sputtering. This effect has been reported for
fast heavy ions in the orders of MeV. For example,
using 1 MeV u−1 incident ions, intact large bucky-
ball C60 can be ejected from a solid sample of bovine
insulin [46]. Medium energy light ions in the orders
of keV have been also shown to eject a variety of
elemental and organic compound substances from a
TiN surface [47]. Although electronic and the nuc-
lear sputtering can both remove the contaminants,
the former is much less likely to induce structural
damages to the graphene lattice due to the much
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stronger covalent bonds in the graphene lattice than
the bond between the contaminants and the graphene
surface. In the context of preparation of 2DMs, elec-
tronic sputtering has not been demonstrated, suggest-
ing a completely new way for cleaning graphene and
a vast number of other 2DMs.

The described local accumulation and sputter-
ing of contaminants are two competing processes,
and observations presented in this paper can be
interpreted in this framework. In figure 4(b), after the
irradiation there is still a layer of contaminants accu-
mulated locally on the graphene surface. Although
the ablation of the contaminants always occur simul-
taneously with the accumulation, the rate of ablation
is in this case found lower than the rate of accumu-
lation. In contrast, for the area shown in figure 4(c),
further away from the border, through-hole pores
are achieved because the rate of ablation is higher
than the rate of accumulation in this area. The dif-
ference in the rate of accumulation between the areas
of figures 4(b) and (c) is caused by the amount of
contamination surrounding these areas. For the area
close to the border of the pattern (figure 4(b)), an
excessive amount of contamination is available from
the other side of the border which remained unirra-
diated. These excess contaminants readily diffuse into
the exposed area where they accumulate, being loc-
ally trapped by the energy deposition of the ions. For
the area further away from the border (figure 4(c)),
and thus in absence of a large reservoir of con-
taminants, ablation effectively dominates accumula-
tion. Hence, for chemical vapour deposition (CVD)-
grown graphene contamination plays a significant
role in the behavior of graphene under ion irradi-
ation as they can form both an effective capping layer
preventing the graphene from sputtering, and prob-
ably providing carbon atoms for self-healing of the
graphene membrane, a process earlier reported in
[48].

Revisiting figures 2(d) and (e), these arguments
on diffusion of contamination can also explain the
modified pore size. The shown area in proximity of
the edge of the irradiated area features pores much
smaller than the pores of the pattern, from 15–50 nm
(figure 2(d)) and 60 nm (figure 2(e)) as compared
to 110 nm of the pattern. Again, in these areas, the
rate of accumulation is found slightly lower than the
rate of sputtering, and hence the perforation process
has just started, leading to the decreased pore sizes.
In figure 2(e), depicting an area slightly more distant
from the border, a larger and more uniform pore size
is achieved. Note, that as due to the inwards diffu-
sion, accumulation and self-healing is minimal in the
center, which explains, why we observe single per-
forations smaller than the pores of the mask in the
center of the irradiated areas instead of a multitude
of smaller holes. In terms of structuring applications,
these results suggest that the pore size of the graphene
can be tuned to sizes smaller than the pore size of the

mask by choosing a proper flux and dose of the irradi-
ation, which is straightforwardly possible with an ion
implanter.

5. Conclusions and outlook

In conclusion, a contactless large-area approach for
structuring self-supporting graphene at nanoscale
has been demonstrated. The structured graphene is
shown to have almost identical patterns as determ-
ined by the suspended Si mask. The pore sizes of the
graphene can also be significantly reduced, down to
15 nm, by utilizing the diffusion effect of the con-
tamination into the exposed areas that makes the
graphene more resistant against irradiation. Further-
more, the diffusion of the contamination and its
subsequent sputtering gradually exhaust the amount
of contamination surrounding the irradiated area
and make the overall graphene membrane cleaner.
Electronic sputtering of the weakly bound contam-
inants might also play a role in cleaning of the
graphene as it has been reported for other solid
materials. Compared to other lithographic methods,
which require amasking layer coated directly onto the
graphene, leaving it more contaminated, the presen-
ted structuring method, additionally can improve the
surface quality of the graphene sheets. This simul-
taneous structuring and cleaning effect has a poten-
tial for producing large-area high-quality graphene
with customizable nanostructures.We expect that the
demonstrated technique can also be employed for
creating nanoscale patterns in any other 2DM, such
as transitional metal dichalcogenides (TMDCs) and
2D metal carbides/nitrides (MXenes). Since TMDCs
and MXenes feature more than one chemical ele-
ment, preferential sputtering can be expected, prob-
ably leading to particular types of defects and hence
properties.
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