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High resolution nanopatterning of graphene enables manipulation of electronic, optical and sensing pro-

perties of graphene. In this work we present a straightforward technique that does not require any litho-

graphic mask to etch nanopatterns into graphene. The technique relies on the damaged graphene to be

etched selectively in an oxygen rich environment with respect to non-damaged graphene. Sub-40 nm
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Introduction

One of the unique properties of graphene is that the electrical,
chemical, optical and mechanical properties™” can be tuned by
nanopatterning.>® While the literature so far has focused
mainly on the creation of an energy bandgap by cutting gra-
phene into nanoribbons®** or an antidot lattice/nano-
mesh,”*'? other properties such as a magnetic dipoles or a
strong anisotropy in the transport regime have been predicted
for nanopatterned graphene.”*'* As the interaction with
chemical species depends strongly on the presence of defects,
nanopatterning has also been used to enhance the gas sensi-
tivity.>”'® Moreover, graphene nanopatterning offers the possi-
bility of manipulating the absorption of visible and infrared
light,'® as well as plasmons.'” For all these applications the
critical pattern dimensions were in the sub-50 nm range,
which imposes stringent requirements for the resolution of the
patterning techniques to be used. So far, the most widely used
lithographic techniques capable of achieving critical dimen-
sions below 50 nm in graphene are electron beam lithography
(EBL),>"® block copolymer lithography®®'" and colloidal litho-
graphy.'® Despite the efforts to direct the formation of patterns
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features were etched into graphene by selectively exposing it to a 100 keV electron beam and then
etching the damaged areas away in a conventional oven. Raman spectroscopy was used to evaluate the
extent of damage induced by the electron beam as well as the effects of the selective oxidative etching

by pre-deposited mechanical or chemical guides' or external
fields,*® block copolymer lithography and colloidal lithography
are strongly limited in terms of the range of possible patterns
that can be generated compared to beam-induced patterning.
A common issue for self-assembly techniques and EBL is
that they require a protective mask to be in physical contact
with graphene during patterning. The process of creating the
mask, or even the simple contact of the mask with graphene,
will in many cases compromise the properties of
graphene.> 2® A frequently used inorganic e-beam resist for
sub-20 nm features in EBL is hydrogen silsesquioxane (HSQ),
which is known for doping graphene and being very difficult
to remove.”?" The positive resist poly(methyl methacrylate)
(PMMA) is used to a much greater extent, but under certain cir-
cumstances can lead to the presence of unwanted polymer
residues, which are difficult to fully remove, and also electri-
cally dope graphene and ultimately reduce the -carrier
mobility.>>*?® Block copolymer lithography typically requires
complex optimization of the lithographic process, which still
prevents widespread use of such techniques in the graphene
community.>”>° Several forms of direct-write techniques that
do not require a mask have been proposed. Transmission Elec-
tron Microscope (TEM) has been used for nanopatterning
nanoribbons in graphene, but this technique cannot be scaled
up.**?' The electron beam can also be used to change the
chemical properties of graphene at the nanoscale, tuning its
conductivity by up to 7 orders of magnitude, via selective
defluorination of fluorinated graphene.** Laser ablation has
been used as well, but the resolution is limited to the micron
range by the spot-size of the beam.*® Thiele et al.** recently
demonstrated the possibility of etching graphene with an
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e-beam combined with an oxygen rich atmosphere using an
Environmental Scanning Electron Microscope (ESEM). Unfor-
tunately, E-SEMs are not widely available, are costly and are
not suitable for large-area patterning.

Therefore, there is still a strong demand of a patterning
technique that does not involve any contact between graphene
and other materials, reaches sub-50 nm resolution, is simple
and uses standard equipment found in cleanrooms. In this
work we consider an approach to pattern graphene with sub-
40 nm features, which does not require polymers or solvents,
and also does not require an environmental SEM for introduc-
tion of reactive species,** but just an e-beam writer and an oven
operating in air at atmospheric pressure. It is based on a two-
step process, where the graphene is selectively highly damaged
by the electron beam that defines the patterned areas, which
are then removed in an oxygen rich atmosphere at 435 °C. The
possibility of damaging graphene using an electron beam has
been previously investigated,*®>® demonstrating the possibility
of controlled modifications of the graphene properties.

Results and discussion

In Fig. 1a the two-step direct write nanopatterning process is
illustrated. Graphene was produced via exfoliation of natural
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Fig.1 (a) Two-step direct write nanopatterning. The graphene is
directly exposed using an EBL system. The e-beam induces defects in
the crystal lattice of the written areas. Graphene is then baked in air at
435 °C for 12-18 minutes to etch selectively the damaged areas. (b)
Raman spectroscopy data showing the ratio of the D-peak intensity to
the G-peak intensity used as an indicator of the level of lattice damage
induced by the electron beam in the direct written areas.
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graphite on silicon wafers with a 100 nm silicon dioxide
coating. Identification and location of single layer graphene
areas were done by the automated spectrally resolved optical
microscopy system introduced in ref. 35. A JEOL-9300FS EBL
system was used to irradiate the sample. While the relatively
high acceleration voltage of 100 kV leads to a smaller inter-
action cross-section compared to scanning electron micro-
scopes, it is just above the threshold for knock-on damage of
freestanding single layer graphene, reported to be around 85
keV by several authors.*>*® Raman spectroscopy was used to
quantify the lattice defect density induced by the irradiation.
The ratio I(D)/I(G) of the main defect-activated D-peak inten-
sity at ~1320 cm™" divided by the G peak intensity indicates
the degree of amorphization of the irradiated graphene as a
function of the electron beam dose.*"** In Fig. 1b the I(D)/I(G)
increases as the irradiation dose is changed from 0.185 C cm™>
to 0.7 C em ™2, showing the expected increase of defect density
with dose. The trend has been reported previously for sup-
ported single and bilayer graphene.*® Cancado et al.** showed
that the characteristic length Ly, (average separation between
defects) can be estimated by Ly [nm*] = 1.8 x 107 2* [I(D)/
I(G)]™", for Lp > 10 nm. For the lowest dose tested the defect
density is already L, ~ 11.5 nm, which indicates that graphene
is at the beginning of the stage I of the amorphization trajec-
tory from pristine to nanocrystalline structure following the
terminology of ref. 41. For doses between 0.7 C cm > and 3 C
em™? the ratio decreases due to the high density of defects
with Lp being a few nanometers, as the number of intact
carbon hexagons decreases. In this range the nanocrystalline
structure is turned into an amorphous structure with increas-
ing sp® content, corresponding to the stage II of the amorphi-
zation trajectory.**> For higher doses the ratio is influenced
by the e-beam induced deposition of amorphous carbon on
the irradiated areas. Amorphous carbon deposition is a well-
known phenomenon in scanning electron microscopy, where
much higher doses than conventional EBL are used for
imaging.*’ The doses of 10-20 C cm™> used in this work are at
least three orders of magnitude higher that typical doses for
high resolution EBL resist.** Amorphous carbon affects both
the G band and D band by broadening the peaks, in addition
an increase of the I(D)/I(G) ratio for doses higher than 6 C
cm™? is observed, while the damage in the graphene is actually
increasing, as discussed below. The presence of amorphous
carbon is also indicated by the AFM images in Fig. 1S,t where
the written areas show a 0.5 to 1 nm protrusion from the gra-
phene plane as well as the presence of ridges, which match
the division into polygons by the JEOL JBX9300 e-beam writer.
Finally, the presence of amorphous carbon after the exposure
with the e-beam of the structures is visible in the optical
image in Fig. 2(a).

The spatial selectivity of the damage with respect to pat-
terned and non-patterned regions has been investigated by
micro-Raman spectroscopic mapping. A Raman map of arrays
of lines and arrays of dots written in graphene is shown in
Fig. 2b. The Raman spectra recorded in the written areas have
a clear D peak with a corresponding I(D)/I(G) of the order of

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Optical image of a single layer graphene after line and dot

nanopatterns have been written (Dose = 12 C cm™2). The blue colouring
(marked with arrows) are thought to be caused by amorphous carbon
deposited during irradiation. (b) Raman spectroscopic map of the /(D)/
I(G) ratio. (c) Raman spectra recorded at different spots on the sample.
Within the spatial resolution of the 455 nm laser used for Raman spec-
troscopy, the D-peak intensity is not observed to increase outside the
written areas.

0.4, whereas the I(D)/[(G) ratio recorded in between the
exposed areas in the range 0 to 0.01 indicates that the gra-
phene lattice is not damaged outside the written areas. The
spatial map resolution is limited by the spot size (FWHM) of
the 455 nm laser when used with 100x objective (~0.5 pm),
implying that the damage level can be assessed at a distance
of approximately 1 pm from any written area.

In order to etch our structures, we rely on the fact that dis-
order in the carbon lattice generally promotes the chemical
etch rate in any aggressive environment, including oxidative
conditions.*>*® The same principle has been used extensively
for purification of carbon nanotubes (CNT), where the much
higher resistance to oxygen etching of sp> carbon compared to
amorphous carbon eliminates residual soot and defected
nanotubes from the synthesis products.*>*® The oxygen
etching of graphite and pristine exfoliated graphene has been
studied both experimentally*’*® and theoretically.**>° The

This journal is © The Royal Society of Chemistry 2015
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etching proceeds radially from defects, whether these are
created intentionally or are already present.””*° This is to be
expected since the basal plane of graphene is much less reac-
tive than vacancies.’® In our work, the selective etching of
damaged areas is performed in a conventional oven using air
at atmospheric pressure. A temperature of 435 °C was optimal
in terms of removing patterned graphene in a reasonable time
frame, while still being able to keep etching of the non-
patterned regions to a minimum. At 440 °C the etching pro-
ceeded significantly faster, making the etching step difficult to
control and at 450 °C unexposed graphene flakes were etched
after few minutes. This strong dependence on the reactivity
with oxygen of graphene is also observed in literature.*”*® In
Fig. 3 the etching of areas written with different doses is
shown using optical, SEM images and Raman maps of the
I(D)/I(G) ratio and intensity of the 2D peak. The written areas
are squares of 4 by 4 microns and appear after irradiation as
blue halos under the optical microscope (marked with arrows
in Fig. 3c), while they appear as dark squares under the scan-
ning electron microscope (SEM), due to charging of the SiO,
by the electron beam (Fig. 3a). After 6 minutes of etching, the
bluish squares disappeared. We attribute this to the removal
of the thin layer of amorphous carbon nearly always deposited
during the e-beam irradiation and imaging.*® After 12 minutes
the etching of graphene is clearly visible (see Fig. 3c). After
16 minutes the squares exposed with doses of 7 C ecm™> and 10
C cm™ retain less than 3% of the initial contrast of graphene
on the SiO, (see Fig. 2St). The micro-Raman map in Fig. 3d
also indicates that the graphene has been largely removed
within the squares, as the 2D peak intensity at the center of
the squares is more than 20 times smaller than in non-
exposed areas (after 16 minutes of etching). In Fig. 4, the SEM
images of the squares with doses 10 C cm™ and 5 C cm™> are
shown. After 6 minutes of etching no change is visible in
agreement with the optical images in Fig. 3c. After 12 minutes
of etching the 10 C cm™ square is almost fully etched, while
~80% of the graphene is still present for the 5 C cm™> square.
After 16 minutes the 10 C cm™> square is fully clear of gra-
phene, whereas the 5 C em™? still show signs of graphene at
the edges.

In order to study the correlation between electron dose and
graphene etch rate, the percentage of remaining graphene
after 12 minutes is plotted against the dose in Fig. 4b,
showing the expected correlation between dose and removed
graphene. The higher defect density permits the etching to
start from more defects at the same time, leading to an earlier
complete removal. While the I(D)/I(G) ratio is higher for 10
and 12 C em~? than for 7 C em™>, the etching speed indicates
that the defect density increases with the dose. The etching
results of two other samples are shown in Fig. 3S.f For all
samples a similar relation between dose, damage and etching
speed is observed. The time required to fully remove the gra-
phene (clearing time) varied across all samples between 12
and 16 minutes for 12 C ecm™2, and 12 and 18 minutes for 5 C
cm 2. The estimation of the clearing time is difficult because
the samples could not be examined by SEM at sufficiently

Nanoscale, 2015, 7, 6271-6277 | 6273
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Fig. 3 (a) Scanning Electron Micrograph of a single graphene layer after direct write (DW). Dark squares appears where the e-beam exposed areas.
(b) /(D)/I(G) ratio Raman map after DW. Areas with no G-peak are set to white. (c) Optical images: blue squares appearing after e-beam are thought
to be electron beam induced amorphous carbon, which are removed after 6 minutes at 435 °C in air; after 12 minutes the etching is partially com-
pleted; after 16 minutes the etching is completed for all squares. (d) /(2D) intensity Raman map in arbitrary units recorded after etching.
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Fig. 4 (a) Scanning Electron Microscope (SEM) images illustrating how the etching depends on time and dose for 4 X 4 um exposed areas. After
6 minutes no etching can be seen. After 12 minutes the square with dose of 10 C cm~2 is almost complete (~97% etched), while the 5 C cm™2 square
still presents a large amount of graphene (~20% etched). After 16 minutes the upper square is fully etched, whereas the lower square still present
some remaining material at the edges. (b) The remaining graphene after 12 minutes of oxidative etching is plotted as a function of the direct write
dose (black squares); on the right axis the /(D)/I(G) ratio is reported (red triangles).
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short intervals of etching time due to the risk of introducing
measurement bias from unwanted electron beam induced
damage and carbon deposition. Moreover, the etching rate
increases as the etching proceeds due to the increase of free
edges and vacancies, which in turn leads to acceleration of the
removal of carbon atoms. Below a dose of 5 C cm™?, the
removal was not completed even after 20 minutes etching time.
In order to minimize the exposure to the electron beam of the
SEM during the imaging of such samples, care was taken to
acquire the images as single scans with a high scan rate.

In order to test the lithographic resolution, critical features
in the 20-200 nm range were written by patterning lines and
hole arrays. In Fig. 5 lines written with 12 C cm™> and etched
at 435 °C for 16 minutes are clearly visible. The minimum line
width with complete etching is 37 + 2 nm. Compared to the
design a systematic enlargement of the line width at 12 C cm™>
is observed, but the standard deviation of the line width is less
than 5% for all lines (see Fig. 5¢). The same pattern was also
written at 7 C cm™> on the same graphene flake, but in this
case the thinnest line with complete etch was 33 nm wide,
with a standard deviation of 27%. As expected 12 C cm > dose
lead to wider lines, while 7 C em™ pattern had consistently
higher standard deviations as a consequence of increased edge
roughness. Finally, 20 nm designed lines were clearly etched
when separated by 160 nm, but not resolved when separated
by 80 nm or less (last 2 arrays on the left of Fig. 5). Square
arrays of nanometer sized holes were also realized (see ESI,
Fig. S4t). The smallest resolved pitch (center-to-center dis-
tance) and hole diameter were 100 nm pitch with 40 + 7 nm in

View Article Online
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diameter. We could not resolve arrays of holes with a pitch
lower than 100 nm.

Simulations of the patterning process were used to visualize
the lithography process. The sample space is divided in a 50
by 200 square mesh where each element represents a 1 nm?
region of the graphene flake. The irradiation damage caused
by the electron exposure is simulated by an initial removal of a
certain number of elements distributed evenly within the
pattern region with a tunable average distance <Lp>. The accel-
erated oxidation of already damaged graphene during the
etching is simulated by sequentially removing the nearest
neighbor elements of a defect at each iteration. The edge
roughness of the etched line upon completion of the etching
depends strongly on the initial number of defects, ie. the
effective dose in the experiments (see Fig. 5St). By comparing
the edge roughness of the SEM images with the edge rough-
ness generated by the simulations the initial defect densities
for the 12 C cm ™2 is estimated to be <Lp> = 1.8 nm and for the
7 C em™? is <Lp> = 3.6 nm. These values qualitatively agree
with the analysis of the ratio evolution in Fig. 1b.

Finally, the damage of the crystal lattice of graphene after
etching in the unpatterned areas was investigated by recording
the I(D)/I(G) ratio of etched samples. As seen in Fig. 6 the I(D)/
I(G) ratio is higher where the nanopattern was etched, which
could be explained by presence of the new edges. Moreover,
the ratio also increases rather uniformly across the all flake
with an average value of 0.25 outside the written areas. A
similar value was measured for graphene flakes that were not
patterned, but exposed to atmospheric air at 435 °C for
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Fig. 5 (a) SEM image of direct written lines at 12 C cm™2 and etched at 435 °C for 16 minutes. (b) High magnification SEM image of the 37 nm lines
etched into single layer graphene. (c) Correlation between designed and measured line width after etching for 16 minutes at 435 °C. 2D etching
simulation of the etching sequence for two different initial defect densities. (d) 2D etching simulation of the etching sequence for two different

initial defect densities.
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Fig. 6 (a) Optical image of a single layer graphene after nanopatterns

have been etched. (b) Raman map of the I(D)/I(G) ratio. (c) Raman
spectra at different spots on the sample.

16 minutes. This leads us to conclude that irradiated areas do
not necessarily lead to generation of extra defects in the
nearby pristine areas during the etching. We suggest that
the generation of defects in the pristine areas is instead due to
the creation of vacancies and distortion of the basal plane due
to chemical bonding of oxygen complex to the carbon atoms.*’
However, it should be noticed that a I(D)/I(G) ratio of 0.25 cor-
responds to a Ly, of ~18 nm. While linear defects separated by
18 nm, such as is the case for lithographically defined nano-
ribbons, have a significant impact on transport properties,
point-like defects with similar separation were found by Liu
et al.*® to result in just 20% reduction of carrier mobility. A
similar conclusion was achieved by Buchowicz et al.°" Finally,
the exposure to air at 435 °C leaves the graphene p-doped.*’
This is supported by our data by the shift of the G peak in the
range 1598-1602 cm™" and the decrease of the FWHM of the G
peak. On the other hand it has been shown that the doping
can be substantially reduced by several techniques, such as
exposing to a UV lamp in an inert atmosphere®® or annealing
in an inert gas.”*
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Conclusions

In conclusion, we have presented a straightforward, rapid
nanopatterning route that does not involve any masking
material, polymer contact or solvents, and allow sub 40 nm
structures to be defined directly in graphene. This can be done
without introduction of gases in the lithographic system, per-
mitting dedicated electron beam writers to be used rather than
inferior environmental electron microscopes. The direct write
approach comprises of just two steps: damaging the graphene
in the areas to be removed by high dose e-beam exposure and
the oxidative selective etch of graphene patterns in a conven-
tional oven. While the resolution has not yet been shown com-
parable to state-of-the-art conventional electron beam
lithography, it is reasonable to believe that further optimization
should lead to even better resolution and control of the doping.

Experimental details

Single layer graphene was exfoliated on 100 nm SiO® from
natural graphite and identified by optical contrast using an
automated identification system and Raman spectroscopy. A
Thermo DXR-Raman system with a laser wavelength of 455 nm
was used for mapping of the graphene samples. The e-beam
lithography system (EBL) was a JEOL-9300FS operating at 100
kv with beam currents of either 1 or 10 nA. For etching a pro-
grammable Heraeus oven with a range up to 1000 degrees was
used. A SEM Zeiss Supra operating at 5 kV acceleration voltage
was used to image the samples (secondary electron detector).
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