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ABSTRACT

In this study, we used atomic force microscopy and Raman spectroscopy to study response of the
CVD-grown graphene on SiO substrate to swift heavy ion irradiation at grazing incidence.
Irradiation parameters (in terms of ion type, energy, fluence and angle of irradiation) needed for
perforation of graphene have been identified, and 4.8 keV/nm electronic stopping threshold has
been established. Raman spectroscopy indicates that the production of vacancies is a prerequisite
for the perforation of graphene. However, large density of defects introduced by pre-irradiation

can hinder the perforation of graphene.
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I.  INTRODUCTION

Extraordinary properties of graphene make it an attractive material for the most diverse
applications such as nanoelectronics, energy storage, sensors and bio-applications [1]. Various
methods of graphene growth yield material of various quality, but it is generally considered that
CVD-grown graphene is of excellent quality. This process can be used to produce graphene on a
large scale, which can be used for applications where low defect density is required, such as in the
production of nanomembranes [2]. In this case, ion irradiation has been shown to be an optimal
way to produce nanopores in graphene sheets that act as a filtration element [3,4]. These nanopores

have a very narrow size distribution that can be tuned by the ion energy [5,6], while nanopore
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density can be set precisely by the applied ion fluence. The mechanical stability of the
nanomembrane can be enhanced by choosing suitable support (such as thin polymer film [4]), or
by using thicker bilayer and trilayer graphene [7]. Therefore, graphene nanomembranes remain
very attractive research topic to this day, as various applications can be targeted by choosing
suitable nanopore sizes, while the atomic-scale thickness of graphene should provide unsurpassed
permeation rates.

Compared to low energy (keV) ion irradiation, swift heavy ion (SHI) irradiation offers
some additional benefits such as long range of ions within the material and large density of
deposited energy via electronic stopping, while almost negligible nuclear stopping power results
in the absence of collisional cascades. Thus, interactions of this type of energetic ions (MeV energy
range and beyond) with graphene can be exploited by suitable choice of irradiation parameters. Of
particular interest is the irradiation angle, when grazing incidence SHI irradiation of graphene
yields large nanopores, accompanied by folded graphene at their edges [8,9]. The driving force for
perforation of graphene and the creation of large nanostructures due to the ion impacts is a very
large amount of deposited energy, when there is an extended overlap between the SHI trajectory
and graphene, although the exact amount of energy retained within graphene remains an open
question [10,11]. Clearly, such drastic irradiation effects have a significant consequence for
radiation hardness of any device based on graphene, and should be studied in detail [12].

The aim of the present work is to investigate the process of graphene perforation by SHI
beams using atomic force microscopy (AFM) and Raman spectroscopy. This is accomplished by
studying how the angle of irradiation influences the final size and shape of the nanopores. It is
known that for grazing incidence SHI irradiation, 23 MeV | beam is needed for successful
perforation of graphene [9]. However, the same SHI beam, leaves graphene intact when applied at
normal incidence, although some degree of damage can be detected by Raman spectroscopy [13].
Thus, the role of the angle of irradiation in the perforation of graphene is still an unanswered
question, as the minimal angle at which perforation of graphene occurs is unknown.

We hope to gain further insights by studying grazing incidence SHI irradiation of graphene
at high fluences. Until now, grazing incidence SHI irradiation of graphene has been studied at low
applied fluences, in order to avoid overlapping of ion tracks (permanent damage due to SHI impact
via electronic stopping). Thus, graphene samples obtained in such experiments had low coverage

of ion tracks, making them suitable for the AFM analysis. However, Raman spectroscopy studies



are still lacking because for the proper interpretation, high fluence datapoints are needed for the
complete analysis using Lucchese model [7,14,15].

Finally, we aim to investigate the role that defects have on perforation of graphene. This
will be achieved by pre-irradiating graphene with low energy ion beams, when damage can be
induced in a controlled manner via nuclear stopping. In the next step, grazing incidence SHI
irradiation will be applied and resulting nanostructures will be investigated both by AFM and
Raman spectroscopy. At present, it is not known wether the presence of defects will promote
perforation of graphene or not. Previous investigations of this type in other materials revealed both
types of behavior. For example, in SrTiOs defects promote ion track formation [16], in graphite
they play no role [17], while in SiC and Si the opposite is found, that defects can be erased by the
SHI beams [18-21].

Il. EXPERIMENTAL METHODS

The chemical vapor deposition (CVD) grown single-layer graphene samples were purchased from
Graphenea, Spain. These graphene films were deposited on a 300 nm SiO,/Si wafer as a substrate.
Without any prior treatment, these samples have been irradiated by various ion beams. At Ruder
Boskovi¢ Institute, we used 6 MV Tandem Van de Graaff accelerator [22] for irradiation of
samples at the ToF-ERDA beamline [23]. All of the used ion beams are listed in Table 1, with the
ion beam irradiation parameters calculated using the SRIM code [24], under assumption that
energy stopping of graphene and graphite are the same, and considering three graphene layers are
1 nm thick. Samples have been irradiated at various incidence angles. All irradiations have been

done at room temperature and at the base pressure that has been kept below 10 mbar.

After irradiation, samples have been inspected by AFM and Raman spectroscopy. For the
Raman spectroscopy measurements, we have used Horiba Jobin Yvon T64000 with a x50 long
working distance objective at Ruder Boskovi¢ Institute. The green laser we used had an excitation
wavelength of 532 nm and the power was kept under a few mW. To investigate the topography of
the irradiated CVD-graphene, AFM measurements have been done using N’Tegra Prima (NT-
MDT) microscope in the contact mode. In this way, it was possible to obtain surface topography
images with a resolution of few nm. Obtained images were analyzed and reproduced by the
Gwyddion code [25].



Table 1. List of swift heavy ion beams used in this work. Irradiation parameters were calculated
for graphite using the SRIM code [24]

SHI dEe/dx (keV/nm) dEn/dx (keV/nm) Range (um)
1.8 MeV | 1.8 1.36 0.55
3 MeV Cu 2.05 0.25 1.70
10 MeV Cu 4.81 0.1 3.67
12 MeV Cu 5.38 0.09 4.06
18 MeV Cu 6.68 0.07 5.04
12 MeV Si 4.37 0.01 4.12

I11.  EXPERIMENTAL RESULTS AND DISCUSSION

When AFM measurements are done in the contact mode, there is an obvious contrast in the friction
image between the graphene and the substrate surface due to different interactions between the
AFM tip and respective surfaces, as illustrated in Fig.1. When the half transparent friction image
is placed over topology (as shown in Fig.1b), both perforations in the graphene layer and folded
graphene at the edges of perforations are more visible, while minor, relatively smooth variation in
the height on graphene surface appear flatter. In all of the AFM images shown further down, the
upper right quarter of image is replaced with this kind of display whenever the perforations occur.

Figure 1. AFM images of 18 MeV Cu irradiated graphene at an angle « = 1.5°, with the fluence

@ =5x%10'? jons/cm?, (a) topology, (c) friction and (b) half-transparent friction on top of topology.



Fig. 2 shows the results of AFM measurements on CVVD-graphene irradiated with beams
of different energies, where electron stopping is increasing gradualy from (a) to (f). In all cases,
the angle of incidence « = 1.5° and fluence @ = 5x10'? ions/cm? have been kept the same.
Perforated graphene with foldings can be observed at higher values of electronic stopping (10 MeV
Cu, 12 MeV Cu and 18 MeV Cu), while these are absent after irradiation by 3 MeV Cu and 12
MeV Si beams. Obtained threshold value for the perforation of graphene is therefore between Se
= 4.4 — 4.8 keV/nm, in good agreement with the previous result for the micromechanically
exfoliated graphene [9]. However, we note that the applied ion fluence is quite large, and due to
the small irradiation angle corresponds to ~1300 ion impacts per um?. Therefore, the observed
nanostructures have evolved during irradiation, i.e. they have been generated by multiple SHI
impacts. It appears that the 18 MeV Cu beam (the one that has the highest electronic stopping) is
more efficient in generating such nanostructures than 12 or 10 MeV Cu beams, although in all

cases large patches of graphene remained apparently unaltered.
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Figure 2. Graphene irradiated at an angle « = 1.5°, with the fluence @ = 5x10'2 ions/cm?: (a) not
irradiated, (b) 3 MeV Cu, (c) 12 MeV Si, (d) 10 MeV Cu, (e) 12 MeV Cu and (f) 18 MeV Cu.
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Next, in Fig. 3 we show results of AFM measurements on CVD-graphene irradiated by 18
MeV Cu beam, when the fluence was kept constant (@ = 5x10'? ions/cm?), but the angle of
irradiation was varied. It is clearly shown that with increasing angle, the nanostructure formation

is less efficient, and already at angle « = 8° there are no apparent changes to the graphene sheet.
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Figure 3. 18 MeV Cu irradiated graphene with the fluence @ = 5x10'? ions/cm? at varying angles

of incidence: (a) «=0.5°% (b) @=2° (c) a=4° (d) a=8° (e) a=15%and (f) o= 45°.

Fig. 4 shows how the nanostructuring of CVD-graphene evolves with the applied SHI
fluence. In this case, we used an 18 MeV Cu beam, and all samples were irradiated at the same
grazing incidence angle « = 1.5°. We found nanostructures after low SHI fluence (@ = 1x10%?
ions/cm?) was applied, which corresponds to ~250 impacts per pm?2. However, such nanostructures
were not observed on samples irradiated with even lower fluences (for example @ = 4x10!
ions/cm?, corresponding to ~100 impacts per pm?). Although not every single ion impact produces

an ion track when close to the ion track threshold [26,27], it is more likely that the observed
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nanostructures are result of multiple ion impacts, as suggested by the observed incubation fluence
[28]. SHI impacts initially weaken the graphene, by introducing vacancies and other point-like
defects into its structure. This leads to fracturing and ultimately perforation of the graphene at a
later stage, if suitable conditions are met. We also note that by increasing the SHI fluence,
nanostructures evolve further, in a manner that resembles curling of graphene, leaving less and
less unaltered graphene. It appears that this process ends at sufficiently high fluence, as not much
difference is observed for graphene samples irradiated at highest fluences (@ = 5x10'? ions/cm?

and @ = 5x10' ions/cm?).

-

Figure 4. 18 MeV Cu irradiated graphene at an angle « = 1.5° with varying fluences: (a) @ =
2x10* jons/cm?, (b) @ = 4x10 jons/cm?, (c) @ = 1x10*2 jons/cm?, (d) @ = 2x10'? jons/cm?, (e) @
= 5x10% jons/cm?, (f) @ = 5x103 ions/cm?.

Next, in Fig. 5 we present results of the AFM investigation on 12 MeV Si irradiated CVD-
graphene. Besides the highest value of electronic stopping for which perforation does not occur,
this beam (together with the 18 MeV Cu beam) has the lowest value of nuclear stopping, thus
possible contribution from elastic collisions can be excluded. The observed ripples are not related
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to the SHI irradiation, as they are result of the transfer process, and are also visible on the
unirradiated sample. The 12 MeV Si beam is below the threshold for perforation of graphene, and
therefore, all irradiated samples resemble unirradiated graphene. Nanostructures were not
observed for any irradiation angle, nor for any applied fluence. Only for the highest fluence, the
surface appears different, but this is most probably related to the response of the substrate to such

a high fluence.

Figure 5. 12 MeV Si irradiated graphene, top row: fluence of 5x10'? jons/cm?, at an angle
(@) a=0.5° (b) @=2°and (c) a = 4° bottom row: irradiated at an angle « = 1.5° with the fluence:
(d) @ = 2x10% ions/cm?, (e) @ = 2x10" ions/cm? and (f) @ = 2x10'* ions/cm?



18MeV Cu 1 x 102

18MeV Cu 5 x 102

Figure 6. Sequentially irradiated graphene, first by normal (e = 90°) incidence 1.8 MeV | (middle
column @ = 1x10% ions/cm? and right column @, = 1x10* ions/cm?), then by grazing (o = 1.5°)
incidence 18 MeV Cu (middle row @, = 1x10'? ions/cm? and bottom row @, = 5x10'? ions/cm?).

In the upper left corner is the image of the unirradiated graphene.

Finally, in Fig. 6, we present results of AFM investigations on sequentially irradiated CVD-
graphene. In this case, graphene was initially irradiated with 1.8 MeV | at normal incidence, to the

fluence of @ = 1x10*® ions/cm? (middle column) or @; = 1x10'* ions/cm? (right column). Then,
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in the next step, these samples were irradiated by 18 MeV Cu beam at the grazing incidence angle
a = 1.5° to the fluence of @ = 1x10' ions/cm? (middle row) or @, = 5x10'? ions/cm? (bottom
row). These results indicate that the damage introduced by the high fluence irradiation using 1.8
MeV | beam significantly affects the process of perforation and folding of graphene. The resulting
nanostructures are smaller and there are only a few of them. On the other hand, pre-irradiation
with 1.8 MeV I at low fluence doesn’t lead to noticeable change in the response of graphene to 18
MeV Cu irradiation at grazing incidence. We also noticed that graphene irradiated only with 1.8

MeV | show no noticeable changes on the surface.

In the following, as shown in Fig. 7, we present spectra obtained by the Raman
spectroscopy of irradiated graphene samples. We focused our attention to the samples irradiated
by 18 MeV Cu (when perforation of graphene occurs) and 12 MeV Si (when perforation does not
occur), so that we can correlate obtained AFM images with the measured Raman spectra.
Additional Raman spectra from monolayer graphene irradiated by these same ion beams, but at

normal incidence angle can be found in Ref. [29].

The primary information about the changes in the graphene due to SHI irradiation was
obtained from the intensity ratio 1o/l of D (positioned around 1350 cm™) and G peak (positioned
around 1580 cm™). According to the Lucchese model [7,14,15], amount of damage in the graphene
is proportional to Ip/lg until the damage due to individual SHI impacts starts to overlap at high
fluences. Additional information can be obtained from the intensity ratio Ip/lp: of D and D’ peak
(positioned around 1620 cm™). When this ratio takes values above 10, it is usually assigned to sp*-
type defects, between 5 and 10 to vacancies, and below 5 to boundary-type defects [9,30]. Raman
spectra shown in Fig. 7 have been analyzed (after background subtraction, all peaks have been
fitted with the Lorentzian function) and the results are shown in Fig. 8, where intensity ratios Ip/lc

and Ip/lp- are shown as a function of the applied SHI fluence.
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Figure 7. Raman spectra of graphene irradiated by 18 MeV Cu for (a) different angles and fixed

fluence of @ =5x10%2 ions/cm?and (b) different fluences while keeping angle of irradiation fixed
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at o = 1.5°. Raman spectra of graphene irradiated by 12 MeV Si for (c) different angles and fixed
fluence of @ =5x10% ions/cm? and (d) different fluences while keeping angle of irradiation fixed
at o= 1.5°. (e) Raman spectra obtained after 1.8 MeV I irradiation and after sequential irradiation

with 1.8 MeV | at normal incidence (a=90°) and 18 MeV Cu ions at grazing incidence (= 1.5°).
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Figure 8. Peak intensity ratios (a) Io/lc and (b) Io/lp- for Raman spectra obtained from graphene
irradiated by 18 MeV Cu (black symbols) and 12 MeV Si (red symbols), for a fixed applied fluence
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(@ =5x%10'? cm) and various angles of irradiation. Peak intensity ratios (c) Io/lg and (d) Io/Ip for
Raman spectra obtained from graphene irradiated by 18 MeV Cu (black symbols) and 12 MeV Si
(red symbols), for a fixed angle of irradiation « = 1.5° and various fluences. Peak intensity ratios
(e) In/lc and (f) Io/lp- for Raman spectra obtained from graphene irradiated by 1.8 MeV | (black
symbols) and sequentially irradiated graphene (1.8 MeV | + 18 MeV Cu, red symbols), for various
fluences of 1.8 MeV I. In case of sequential irradiations, applied ion fluence of 18 MeV Cu was

5x10% jons/cm?.

Fig. 8(a) shows the peak intensity ratio Ip/lc as a function of angle of irradiation, both for
18 MeV Cu and 12 MeV Si beams. Since the applied fluence has been kept constant at @ = 5x10'?
ions/cm?, the larger Ip/lg values for the 18 MeV Cu beam than for the 12 MeV Si indicate that the
former beam is producing much more damage than the latter. This is consistent with the AFM
data, as the 18 MeV Cu beam is able to perforate graphene, while 12 MeV Si cannot. The Raman
data also suggest that graphene sustains a lot of damage by 18 MeV Cu beam at angles above « =
4°, even though perforation does not occur. Another feature of interest is related to the decrease of
the Ip/lc ratio when the angle of irradiation increases. Namely, grazing incidence SHI irradiation
produces long surface ion tracks, whose length | can be related to the angle of irradiation via | ~
1/tan(c) [31]. On the other hand, the number of SHI impacts per unit surface area increases with
the angle, proportionally to sin(a). Therefore, the amount of damage, which is a product of the
number of SHI impacts and the ion track length, should exhibit a cosine behavior, at least for small
angles. However, the efficiency for damage formation as a function of angle is also a factor that
should play a role, and could explain the highest levels of damage detected on samples irradiated
by 18 MeV Cu at the smallest irradiation angles.

We also observe that the trend of decreasing Io/lc intensity ratio with increase of the angle
of irradiation o is similar for both 18 MeV Cu and 12 MeV Si. Furthermore, this trend shows no
discontinuity when perforation of graphene by 18 MeV Cu is no longer active at « = 8°. For this
reason, we analyzed the Ip/lp- ratio for 18 MeV Cu irradiated graphene, with intention to determine
the type of defects which are predominant in perforated graphene. The results are shown in Fig.
8(b), and could be interpreted in the following manner. Under the irradiation conditions that lead
to perforation of graphene, i.e. for 18 MeV Cu irradiations at incidence angles between « = 0.5° -

4°, vacancies are the majority of the defects produced. This is consistent with previous
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observations that vacancies are required as a precursor for graphene perforation and folding [8,9].
For irradiations with 18 MeV Cu at higher angles (8° - 30°) when perforation of graphene doesn’t
occur, the Ip/lp- ratio indicates the presence of sp3-defects. In case of 12 MeV Si irradiation, the
D’ peak is very small which again leads to the higher values of Ip/Ip- ratio (data not shown in Fig.
8), resulting in the characteristic values for sp3-defects. The only case in which 1o/l ratio indicates
vacancies while perforation has not been observed was the case of very high irradiation angles («
=45°,90°) by 18 MeV Cu beam. In these cases, we consider it is possible that for sufficiently high
applied fluence (in this case @ = 5x10'2 ions/cm?), the overlap of the ion impact areas occured,
and consequently vacancies were formed. However, the low amount of energy deposited on the
place of the SHI impact due to the large irradiation angle results in damage accumulation occuring
without graphene perforation. A similar observation can be made in Fig. 8(d), when the
overlapping of the 18 MeV Cu surface tracks at the highest fluences results in transformation of
vacancies into boundary-type defects like dislocations. Again, the D’ peak was found to be very
small after 12 MeV Si irradiation, hence its Ip/lp- ratio was not plotted.

Raman spectroscopy of damage accumulation leading to perforation and folding of
graphene, as shown in the AFM images presented in Fig. 4, indicates an incerasing Ip/lg ratio with
increasing fluence for the @ = 10*2 - 10 jons/cm? range, as shown in Fig. 8(c). Only at the highest
fluences Ip/lg ratio reaches maximum, followed by a slight decrease. This indicates that the entire
graphene surface has been affected by the 18 MeV Cu irradiation at a fluence of @ = 5x10%
ions/cm?, when observed curling of the graphene has been finished. At present, further analysis
similar to one used within Lucchese model is not possible due to the stretched morphology of the
surface ion tracks (i.e. they are not round-shaped). Although irradiation with the 12 MeV Si beam
at grazing incidence does not result in perforation of graphene (Fig. 5), it results in damage
accumulation as shown by red symbols in Fig. 8(c). The accumulated damage which is
predominantly sp3-type, is also smaller than the damage produced by 18 MeV Cu because
maximum Ip/lg ratio has not been achieved even for highest 2x10'* ions/cm? fluence.

Finally, the results of the Raman spectroscopy of sequentially irradiated graphene are
shown in Fig. 8(e,f) and the corresponding AFM images are shown in Fig. 6. Irradiation by 1.8
MeV | beam at normal incidence, introduces many defects in the impact areas that are heavily
overlapping, which can be concluded from the decreasing Ip/lg ratio in Fig. 8(e). Therefore, the

slight increase of the Ip/lg ratio after the exposure to 18 MeV Cu beam at grazing incidence
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suggests damage recovery, but by a rather small amount. The Ip/lp- ratio shown in Fig. 8(f)
indicates vacancy formation after 1.8 MeV | beam irradiation. Raman spectra obtained after
subsequent irradiation by 18 MeV Cu show that defects of the same type are produced. Although,
for the sample irradiated by the highest fluence of 1.8 MeV 1, and subsequently by 5x10*2 ions/cm?
of 18 MeV Cu, transition from vacancies to the boundary-type of defects could be present. Such
transformation might be needed to accommodate high damage levels, as the graphene's ability to
reconstruct itself easily is well known [32]. In any case, absence of perforation and folding of
graphene upon sequential irradiation at the highest doses indicates that both the density of defects

and their type could play an important role in nanoscale perforation of graphene by SHI beams.

IV. CONCLUSION

In this work, we have investigated the perforation of CVD-graphene by grazing incidence swift
heavy ion beams. By means of AFM, we have established threshold for the graphene perforation
at 4.8 keV/nm (10 MeV Cu, irradiated at angle « = 1.5°). However, the threshold also depends on
the angle of irradiation, since 6.7 keV/nm (18 MeV Cu) was insufficient to perforate graphene
when applied at the angle of « = 8°. The perforation of graphene is most likely multi-ion impact
process, which evolves with applied fluence, as curling of graphene was observed at high fluences.
Raman spectroscopy indicated vacancies as a requirement for graphene perforation by swift heavy
ions, in agreement with previous findings [9]. The role of defect density should be considered in

the future, as pre-damaged graphene was found to be less susceptible to perforation.
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