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Monolayer and isotopically labelled bilayer graphene membranes were prepared on grids for transmission
electron microscopy (TEM). In order to create defects in the graphene layers in a controlled way, we studied
the sensitivity of the individual graphene layers to the oxygen plasma treatment. We tested samples with
different configurations by varying the order of the transfer of layers and changing the orientation of the
samples with respect to the plasma chamber. Using Raman spectroscopy, HRTEM and X-ray
photoelectron spectroscopy, we demonstrated defect formation and determined the quantity and
chemical composition of the defects. By keeping the sample structure and the setup of the experiment
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1 Introduction

The defects in graphene influence many important properties,
including reactivity, transport and strength." They can be used
to induce new functionality to graphene; for example, if they are
formed within the graphene membrane. Controlling the defects
in graphene layers is thus an important but still challenging
task.

Raman spectroscopy plays a key role in characterising
defects because it enables their fast and easy quantification.
The most prominent Raman modes in graphene are the D, G, D’
and 2D bands. The D and D' modes are associated with the
presence of sp® carbon atoms.? The G mode originates from the
doubly degenerate phonon mode in the centre of the Brillouin
zone, and the symmetry-allowed 2D mode originates from
a second-order process involving two transverse optical
phonons.? From the beginning of the study of graphene, the so-
called D mode in the Raman spectra has been used to evaluate
the number of defects. The D mode originates from a second-
order process which involves an intervalley phonon with
a large momentum and its interaction with the defect. The
intensity of the D mode corresponds to the number of defects,?
but provides only a little information about the defect quality.
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for the reactive species. Therefore, this effect can be used to control the degree of damage in each
layer, resulting in differing numbers of defects present on each side of the sample.

The D’ mode involves the interaction of an intravalley phonon
and the defect, and it has been suggested that its intensity
correlates with specific types of defects.*® Other spectroscopic
and microscopic approaches have been employed to comple-
ment the Raman spectroscopy data; including X-ray photo-
electron spectroscopy (XPS) and high-resolution transmission
electron microscopy (HRTEM). However, it is very difficult to
extract the information about defect content for the individual
layers of graphene from these latter methods, for samples
conatining more than one graphene layer. In contrast, Raman
spectroscopy combined with isotope labelling of graphene
layers can be used to evaluate the number of defects in gra-
phene bilayers or potentially even trilayers,® because the Raman
shift is dependent on the mass of the vibrating atom. Conse-
quently, the frequencies of the Raman modes of '*C graphene
are significantly downshifted from the frequencies of the *C
modes. This is also true for the D mode, and thus the D modes
of different isotopically labelled layers can be distinguished.® In
the case of AB stacked bilayers” the evaluation of the number of
defects can be significantly affected by scattering of the
phonons from one layer by defects in the second layer. Never-
theless, in non-interacting layers, the evaluation of the number
of defects is affected only a little.®

In the literature, defects in graphene induced by Ar ions have
been quantified by Raman spectroscopy, namely using the D/G
ratio.>® With increasing defect density (np), the D/G ratio
increases; however, at a certain defect density, the D/G ratio
reaches a maximum value and decreases with further increase
in np. Such a regime of high defect density is accompanied by
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an increasing D band width and disappearance of the 2D band.
The dependence of the D/G radio on np depends also on the
phenomenological parameters of the defects and the energy of
the excitation laser.

The defects in graphene can be created in different ways, for
example, above mentioned ion bombardment.'® Furthermore,
we recently demonstrated how the pulsed laser deposition of
ceria nanoparticles on graphene could induce the formation of
defects." Another method that leads to local defects is the
application of the electron beam in the HRTEM. These
approaches require relatively demanding instrumentation or
are not efficient for creating defects on a larger scale. Other
approaches involve UV-ozone or oxygen plasma treatment.? The
latter approach is very simple, fast, and efficient; it can be easily
applied on a large scale. The drawback of this approach is the
limited control of the process, which leads to variable results in
the literature.”™* Successfully addressing this issue can thus
enable or promote several applications of porous graphene
membranes.

The defect creation is closely connected with functionaliza-
tion of graphene by different functional groups because the
defects produced by plasma exposure can be not only structural
(i.e. missing carbon atom) but also functional (sp*-like defects
interacting with an external atom/molecule). Experimental and
theoretical studies showed that C-O-C epoxy groups are
dominant species formed on the graphene surfaces.’>'® On
more defective surfaces the interaction with oxygen atoms leads
to the formation of other functional groups such as carbonyl or
carboxyl groups.” When functional groups are present, the
carbon atoms which are in their close proximity may show
increased reactivity (like in the case of the oxygen).'®

In this study, we explored the effect of the positioning of the
graphene bilayers in the reaction chamber with respect to the
oxygen plasma on the number of created defects. In agreement
with previous studies, our results indicated that the creation of
defects in suspended graphene is more difficult than in gra-
phene on the substrate. In addition, the orientation of the TEM
grid with the graphene bilayer with respect to the plasma
chamber significantly affected the number of defects created in
the top and bottom layers of the graphene bilayer. The number
of defects was estimated by Raman spectroscopy, and the
samples were further characterised by XPS and HRTEM.

2 Experimental
2.1 Graphene synthesis and transfer

Graphene was grown by the chemical vapour deposition
method (CVD) as described in earlier work.” In brief, poly-
crystalline copper foil was annealed under 50 sccm flow of H,
for 20 minutes, then 1 sccm flow of ">*CH, (99.9995%, natural
isotopic composition, Air Liquide) or "*CH,4 (min 99 atom% *C,
Isotec) was introduced. The graphene growth was maintained
for 35 minutes and finally annealed again in a pure H, atmo-
sphere for five minutes. The pressure during the whole process
was 350 mTorr.

After cooling to room temperature, graphene was transferred
onto gold TEM grids (SPI Supplies, 2000 mesh) by the
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nitrocellulose assisted method.”* In brief, the graphene
remaining on the copper was covered by spin coating nitrocel-
lulose (Collodion solution, Sigma-Aldrich), followed by O,
plasma etching of the graphene exposed from the other side of
the copper foil. The sample was then cut into several pieces of
a suitable size for the transfer. All these pieces were allowed to
float on the surface of a copper etchant bath (FeCl; with HCI,
Transene) until no residual copper was visible under the
floating polymeric film. Using a piece of Si/SiO, wafer as
a support, the samples were recovered from the copper etchant
and moved into a 0.1 M solution of HCI in H,O as an initial
cleaning step, followed by multiple transfers in demineralised
water (MilliQ) to complete the cleaning. After the final water
bath, a gold grid for TEM (2000 mesh) was used to collect the
graphene from the water. Samples were then dried at a 45° angle
on a hotplate set at 60 °C for ten minutes* and subsequently
washed by multiple rinses with hot methanol. For a few
samples, we used a silicon wafer as the substrate; in that case,
the Si/SiO, wafer was used to collect the graphene from the
water. The samples were then dried by blowing Ar perpendic-
ularly to the surface and washed by rinsing the sample multiple
times in hot methanol.

In order to produce isotopically labelled graphene bilayers,
the transfer of graphene was performed twice for each grid. The
samples were prepared by transfer of the **>C graphene and then
13C graphene or vice versa (see sample designations in Fig. 2).

The freshly obtained free-standing bilayer graphene was
subsequently investigated by Raman spectroscopy, HRTEM and
XPS.

2.2 Oxygen plasma treatment

For the oxygen plasma treatment, we used an oxygen plasma
etcher (PICO, Diener Plasma-Surface Technology). First, the
chamber was pumped to low pressure (0.3 mbar), then
a controlled flow of oxygen (20 scem) was used to fill the
chamber with O, and to stabilise the pressure (0.77 mbar). At
this point, the plasma was turned on (350 W) for the duration of
the plasma treatment. Afterwards, the plasma chamber was
purged with nitrogen and finally opened to atmosphere. The
samples treated by O, plasma were then investigated by Raman
spectroscopy, HRTEM and XPS.

2.3 Raman spectroscopy

Raman spectroscopy measurements were performed with
a Witec Alpha300 R spectrometer equipped with a piezo stage
using a 532 nm excitation wavelength. The laser power was kept
below 1 mW in order to avoid any heating effects. The laser spot
was focused on the sample with a 100x objective and had
a diameter of approximately 500-1000 nm.

2.4 High resolution transmission electron microscopy
(HRTEM)

The HRTEM images were acquired on a JEOL JEM-2100Plus
microscope with an acceleration voltage of 100 kv.
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2.5 X-ray photoelectron spectroscopy (XPS)

The XPS measurements were performed in a Phoibos 150 Specs
spectrometer with a base pressure lower than 10~° mbar. A
monochromatic Al Ko radiation source with a spot size of 1
mm? was used to excite the electrons. The pass energy of the
electron energy analyser was set at 20 eV. The take-off angle
between the analysed photoelectrons and the substrate surface
was 90°.

3 Result and discussion

To find suitable conditions for the plasma treatment, several
single-layer graphene samples were tested before moving to the
bilayer graphene membranes (Fig. 1). As a starting point, we
used the same conditions as in ref. 1, but we observed that the
graphene supported by the TEM grid was less damaged by the
plasma than the graphene on the Si/SiO, substrate. The differ-
ence can be clearly seen in Fig. S1 (ESI{). Treatments with
a duration of ten seconds or less did not show sufficient
increases in the graphene D band, which we used to track the
number of defects induced to the graphene layer. As shown in
Fig. 1, a substantial increase in the D band of graphene was
obtained after 50 seconds of treatment, together with the
appearance of the D' band.*®

For the analysis of bilayer graphene samples, we labelled the
individual layers using two different kinds of graphene: one
grown from natural >C and one from carbon isotopically
enriched in >C (99%).° In this way, we were able to follow the
Raman bands of each layer independently because the Raman
peaks of the *C graphene layer are shifted with respect to the
2C positions. The G and 2D modes are found at around
1595 cm™ ' and 2670 cm ! for '*C and around 1535 cm™ ' and
2580 cm ! for *C. Similarly for the D and D’ band, which are
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Fig. 1 Raman spectra of plasma-treated single-layer graphene (*2C).
The samples were transferred onto a gold TEM grid and then treated

for 2, 10, 50 seconds (from bottom to top) in the plasma chamber at
0.77 mbar and 35% power (350 W).
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Fig. 2 Schematic representation of the orientation of the samples as
loaded in the plasma chamber.

located around 1350 cm ™" and 1625 cm™" for '*C and around
1300 cm ' and 1565 cm ™ * for *C.

The Raman spectroscopy of the samples before plasma
treatment confirmed the presence of graphene bilayers (Fig. S2
in ESIT) without any significant D bands. The samples were then
exposed to the oxygen plasma (i) horizontally while laying on
a Si/SiO, substrate or (ii) vertically while held in a pair of
tweezers (designated as Au-12-13-V-50s). We prepared four
horizontal samples (designated as Au-12-13-H-50s, 13-12-Au-H-
50s, 12-13-Au-H-50s, and Au-13-12-H-50s), varying both the
order of the individual graphene layers on the TEM grid and the
orientation of the whole grid in the plasma chamber (Fig. 2).

Typical Raman spectra of the graphene bilayer membranes
after oxygen plasma treatment are shown with fits in Fig. 3. It
can be seen that the spectra of 13-12-Au-H and 12-13-Au-H show
significant differences. For further analysis, median values with
dispersion described by the first and third quartile obtained
from Raman spatial maps were considered. Fig. S3 (in ESIf)
displays the spatial distribution of the D/G ratios in the Raman
maps, confirming a uniform distribution of defects within the
same graphene layer.
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Fig. 3 Typical spectra and fits of the samples (a) 13-12-Au-H and (b)
12-13-Au-H.
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Fig. 4 Parameters extracted from the fitted Raman maps. (a) The
intensity ratio between 2D and G bands. (b) The full width at half
maximum of the D band. (c) The intensity ratio between D and G
bands. Data from *2C and **C are labelled with blue and orange colours
respectively.
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The positioning of the graphene bilayer in plasma chamber
plays a crucial role in the degree of sample damage. The damage
to the vertically aligned sample Au-12-13-V-50s was so
substantial that no graphene was left on the grid after the
treatment. In order to better evaluate the influence of the
orientation in the plasma chamber, another set of two samples
that were plasma treated for only 20 seconds were prepared and
analysed (designated as Au-12-13-V-20s and 13-12-Au-H-20s).
The statistically relevant parameters for all the samples ob-
tained from Raman maps are summarised in Fig. 4.

In the samples with a treatment time of 50 s, all of the hori-
zontally placed samples show the similar results regardless of
their position relative to the gold grid. The top layers of all
samples show a higher density of defects than the bottom layers,
which is also evident because of a dramatic decrease of the 2D
band intensity. Because these top layers also exhibit wider D
bands, the defect density is not directly proportional to the D/G
intensity ratio.> With increasing defect density, the D/G ratio
starts to decrease at a certain point (Fig. 5(a)). According to this
dependence, two regimes can be distinguished: a low defect
density regime for defect density up to ~2.5 x 10" cm 2 and
a high defect density regime for defect density above 2.5 x 10"
cm 2. For samples treated by 50 seconds of plasma, the D/G ratio
for the top layer falls into the high defect density regime;
however, the D/G ratio for the second layer falls in the low defect
density regime. Direct comparison of the D/G ratio of both layers
can thus be confusing. Therefore, it is necessary to perform
defect evaluation after converting the D/G ratio to the defect
density. Following the phenomenological dependence of the D/G
ratio on the defect density and taking into account the width of
the D band and the intensity of the 2D band, the defect density
can finally be estimated (Fig. 5(b)).

In the samples treated for 20 s, the horizontal sample 13-12-
Au-H-20s shows much less oxygen plasma-induced damage
than the horizontal samples treated for 50 s (Fig. 4 and 5(b)).
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Fig. 5

(a) Phenomenological dependence of Ip/lg on the defect density, np, adapted from ref. 2. (b) The defect densities in individually labelled

layers of studied samples. Data from *2C and **C are labelled with blue and orange colours respectively.
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Vertical sample Au-12-13-V-20s contains almost the same
number of defects for both layers and for each of them the
defect density is much higher than the horizontal sample (note
that the samples were treated together). This increase can be
understood by considering that in the vertically placed sample
both graphene layers are accessible directly by the plasma and
defects are created in addition by the penetration of oxygen
reactive species through the first layer, and so are added to both
layers equally. For horizontally placed samples, only the top
layer is exposed directly, while the defects in bottom layer are
assumed to appear mainly from areas where large defects in the
top layer have already formed.

The horizontal and vertical samples exposed to oxygen
plasma for 20 s (Fig. 6) exhibit overall lower numbers of defects
and fall in the low defect density region (Fig. 5(a)). Therefore the
nature of the defects can be suggested from the D/D’ ratio
according to the existing literature.** The D/D’ ratio of Au-12-13-
V-20s sample is between 7-8 for both graphene layers. In the
horizontal sample 13-12-Au-H-20s, the top layer shows a slightly
higher D/D’ ratio, around 9, while the bottom layer shows the
ratio is around 7 (Fig. 6(b)). This value of the D/D’ ratio suggests
the presence of sp® carbon induced by vacancies in the gra-
phene structure. A higher ratio (~13) indicates the presence of
sp® carbon atoms induced by bonded species.** Our results,
therefore, indicate the presence of pores in both layers of the
graphene membrane.

HRTEM analysis of the as prepared bilayer graphene
membranes does not show any significant variation in contrast,
which suggests that the membrane is generally intact on the
larger scale. Furthermore, the difference in contrast along the
boundaries of mesoscopic defects in one of the graphene layers
is visible (Fig. S41). This means that possible pores in even one
layer of the bilayer graphene membrane would be observable. In
contrast to the as-transferred bilayer graphene (Fig. 7(a)),
HRTEM analysis of the plasma-treated membrane reveals
a series of randomly distributed small bright dots a few nano-
metres in diameter (Fig. 7(d), red lines). Such structures can be
attributed to holes, which represent the vacancy defects caused
by the oxygen plasma. It is not possible to determine from the
TEM analysis which layer is more affected by the oxygen plasma;
however, the presence of vacancy defects in the structure of the
plasma-treated membrane is apparent from the images ob-
tained. Fig. 7 shows the development of holes under irradiation
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Fig. 6 (a) Typical spectrum of Au-12-13-V-20s sample. (b) D/D’ ratio
of samples that were plasma treated for 20 s.
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Fig. 7 Comparison of HRTEM images of as-transferred and plasma-
treated bilayer graphene. In (a) the as-transferred sample, with time
evolution of the same area after (b) 3 minutes and (c) 9 minutes
exposure. In (d) the plasma-treated sample, with time evolution of the
same area after (e) 4 minutes and (f) 8 minutes exposure. All scale bars
are 10 nm. In (d) holes are marked with a red dashed line along the
edges.

by focusing the electron beam on the same point for several
minutes. Since this exposure results in beam induced damage
to the membrane, this condition was used only for few dedi-
cated samples to actually prove the possibility to visually
distinguish the holes by their contrast and their evolution in
time. For the as-transferred sample (Fig. 7(a—c)) it takes more
than three minutes of exposure for evidence of the beam-
induced formation of defects to become visible. In the sample
treated with oxygen plasma instead (Fig. 7(d-f)), the holes that
were already present at the beginning grow due to the effect of
the electron beam, it is in fact possible to track some of them
and follow their enlargement, confirming that they were actu-
ally holes and not artefacts.

The effects of the plasma treatment on the graphene
membranes were also investigated by XPS. The C 1s spectra of
the pristine and plasma-treated samples (Fig. 8) were fitted by
seven components: C1-C7. The component labelled C1 at
~284.38 eV was modelled using a simplified asymmetric peak
shape,” and it is assigned to the sp> hybridised carbon states.
The weak shake-up satellite peak (labelled as C7), which
corresponds to the C1 peak, was fitted at a fixed separation of
6.2 eV from the C1 component. Parameters used for the C1
asymmetric peak shape and the separation of the C7 peak were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fitted spectra of C 1s photoelectrons obtained for the sample
13-12-Au-H (a) before and (b) after plasma treatment.

determined by fitting data collected from an as-grown CVD
graphene on Cu foil. The component C2 at ~284.9 eV can be
attributed to sp* defects in graphene, non-aromatic C atoms or
CH bonding. The component C3 at ~286.5 €V is assigned to the
C-O functional group. The component C4 at ~287.2 eV is
attributed to the C-ONO, nitrate ester groups>*** The latter two
components belong mainly to carbon atoms in the residues of
nitrocellulose from the graphene transfer procedure (for
confirmation of the presence of nitrocellulose, see the N 1s
spectra in Fig. S51). The other smaller components, C5 and C6
at ~288.3 and ~289.45 eV, are related to the carbonyl (C=0)
and carboxyl groups (O=C-0O). The assignments of oxygen
functional groups are in qualitative agreement with the litera-
ture*?* even though there is some uncertainty in the exact
binding energy value for individual components. It should be
noted that the presence of impurities did not allowed reason-
able evaluation of O 1s spectra.

The plasma treatment resulted in partial nitrocellulose
decomposition indicated by a substantial decrease in the
intensity of the N 1s photoelectrons (see Fig. S5t) and the C4
component in the C 1s spectrum (Fig. 8(b)). The main impact of
the plasma treatment on graphene is the decrease of the C1
component (sp*) by about 50% together with a more than
double increase of the C2 component. This change can be
explained by an increase in the population of sp® carbon atoms,
non-aromatic carbon atoms and/or hydrogenated carbon atoms
to the detriment of the sp® carbon atoms. Despite the continued
presence of nitrocellulose residues (see Fig. S5f) and conse-
quently the occurrence of their components in the C 1s spec-
trum, the presence of oxygen-containing C-O and O=C-O
functional groups on the graphene can be judged by the relative
increase of C3 and C6 components (Fig. 8).

4 Conclusions

We prepared monolayer and isotopically labelled bilayer gra-
phene membranes on TEM grids, studied the sensitivity of the
individual graphene layers to oxygen plasma treatment and
proposed a more controlled method to create defects in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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graphene layers. For samples held parallel to the plasma base,
the bottom graphene layers have fewer defects than the top
layers. If the sample is oriented perpendicular to the plasma
chamber base (so both sites are accessible) the number of
defects is similar for both the top and bottom graphene layers.
Simultaneously, the defects are created more efficiently for the
latter samples than in the former ones. The defects created in
the graphene bilayers were imaged using HRTEM, and it was
demonstrated that the defects increase in size with increasing
duration of the imaging in the HRTEM. X-ray photoelectron
spectroscopy showed that the oxygen plasma treatment
contributes to cleaning residues from the transfer of the sample
(nitrocellulose) and at the same time, confirmed the presence of
oxygen-containing C-O and O=C-O functional groups on the
graphene. We demonstrated the importance of the control of
the sample positioning during the oxygen plasma treatment,
which can be used as a simple yet very effective tool for creating
defects in graphene multilayers. Also, the defect creation was
reproducible and thus the method was reliable. Due to this
approach, it is possible to control the relative number of defects
generated in each layer of a bilayer graphene membrane,
resulting in a controlled method for tuning the density of
defects present on the chosen side of the sample.
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