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Abstract
In this work, we clarify the features of the lateral damage of line defects in single layer
graphene. The line defects were produced through well-controlled etching of graphene using a
Ga+ focused ion beam. The lateral damage length was obtained from both the integrated
intensity of the disorder induced Raman D band and the minimum ion fluence. Also, the line
defects were characterized by polarized Raman spectroscopy. It was found that graphene is
resilient under the etching conditions since the intensity of the defect induced Raman D peak
exhibits a dependence on the direction of the lines relative to the crystalline lattice and also on
the direction of the laser polarization relative to the lines. In addition, electrical measurements
of the modified graphene were performed. Different ion fluences were used in order to obtain
a completely insulating defect line in graphene, which was determined experimentally by
means of charge injection and electric force microscopy measurements. These studies
demonstrate that a Ga+ ion column combined with Raman spectroscopy is a powerful
technique to produce and understand well-defined periodic arrays of defects in graphene,
opening possibilities for better control of nanocarbon devices.

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene, a two-dimensional carbon structure, is a model
system that comprises exciting possibilities to demonstrate
new physics and novel electronic applications [1–3],
many of which can be appreciated only by means of
nanoscale modifications to its structure [4, 5]. The study
of defects, impurities and spatial confinement in single
layer graphene is of great importance for understanding
the behavior of this material and also tuning its properties
for different applications [4, 6, 7]. Graphene samples
produced via mechanical exfoliation have sizes in the range

of ∼5 nm up to the micrometer scale. Some promising
applications can be found in ballistic room-temperature
transistors [8–10], carbon-based spintronic devices [11, 12],
and permeation membranes [13]. Graphene nanostructures
have already been fabricated by electron beam lithography
followed by reactive ion etching [14–20], scanning tunneling
microscopy lithography [21], atomic force microscopy anodic
oxidation [22], and chemically derived techniques [23, 24].
Further modification of these structures is mainly performed
by electron and ion radiation [25, 26] where focused ion
beams have the advantage of achieving well-controlled
modification at the nanometer scale [25, 27, 28].
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Raman spectroscopy (RS) is one of the most used
techniques to probe the presence of defects and even to
quantify the amount of disorder generated by ion implantation
on graphitic materials [7, 25, 29–33]. The first order Raman
spectrum of any sp2 carbon material is comprised by one peak
around 1580 cm−1, called the G band, which is related to the
in-plane stretching mode of the C–C bonds [29]. However,
when there is a symmetry breaking in the graphene lattice due
to the presence of a defect such as a vacancy or an edge, it
is possible to observe two new features around 1360 cm−1

and 1620 cm−1, called D and D′ bands, respectively. The
ratio between the intensities of the D and G bands (ID/IG)

is commonly used to monitor the density of defects [29]. The
D band intensity also depends on the atomic structure of the
edges as well as on the laser polarization direction related to
the edge: the D band is stronger for polarization parallel to the
edge and minimum for the perpendicular direction. In the case
of an ideal edge, when the polarization is perpendicular to the
border, the D peak intensity is weaker for zigzag orientation
and stronger for armchair orientation [34, 35].

In this work we use a dual beam microscope equipped
with a focused Ga+ ion beam source (FIB source) with an
electron field emission gun (FEG) to modify single layer
graphene samples. The modifications are further characterized
using Raman spectroscopy, electrical measurements (EMs),
electric force microscopy (EFM) and atomic force microscopy
(AFM). Full characterization of the use of FIB for graphene
patterning is presented, allowing the determination of
the minimum ion dose that generates an insulating line
in a graphene single layer. Spectroscopic and electrical
measurements of the behavior of a periodical array of lines
generated by Ga+ FIB in a low fluence are investigated. Our
motivation relies on proving suitable characteristics of Ga+

FIB sources. This is a well established commercial technique
accessible to many laboratories and, in addition, there is no
need to deposit and remove materials as one frequently does
in lithography related techniques.

2. Experimental details

The graphene samples used here were deposited on Si wafers
with a 300 nm SiO2 top layer by a mechanical exfoliation
technique as described in [2]. The samples were localized
with an optical microscope and the numbers of layers were
identified by both Raman spectroscopy [36] and AFM. The
ion bombardment and the FEG-SEM images were performed
using respectively a Nova Nanolab dual beam platform and
a Magellan 400, both from FEI Company, where the SEM
images were acquired using a 1 keV accelerating energy
and a 13 pA electron current. For the ion bombardment, a
two-lens UHV magnum Ga+ ion column working at 30 keV
accelerating energy was used, with an ion current of about
0.8 pA and different dwell times (writing speeds), which could
go down to 100 ns per dot providing 5–7 nm final resolution.
A Nanoscope IV MultiMode SPM, from Veeco Instruments,
and a Nano Wizard AFM (JPK) were employed for structural
and morphological analysis. SPM measurements were carried
out in air or under dry nitrogen atmosphere with the help

Figure 1. A graphene single layer with six bombarded lines using
different ion doses. The dose increases from left to right. (a) SEM
image. (b) Top: Raman map of the integrated intensity of the D
band. Bottom: line profile of the Raman map. (c) AFM image of the
sample topography. (d) Electric force microscopy image of the
graphene sample after charging, showing that there is no charge
after the fifth line (V = 1 V, lift height = 50 nm).

of homemade environmental control chambers. Gold-covered
silicon cantilevers with nominal spring constant of k ∼
0.25–2 N m−1, nominal curvature radius of R ∼ 25 nm and
resonant frequency of ω0 ∼ 20–80 kHz were employed for
atomic force microscopy (AFM) imaging (intermittent contact
mode) and EFM (electric force microscopy) experiments.
More accurate estimations of k and R were carried out
by using Sader’s method [37] and by imaging reference
samples, respectively. The micro-Raman images and spectra
were acquired using a Witec Alpha300 AR atomic force and
confocal Raman microscopy system with an excitation energy
of 2.33 eV (532 nm) and a Jobin Yvon T64000 spectrometer
in backscattering configuration with an excitation energy of
2.41 eV (514.5 nm).

3. Results and discussion

In order to modify graphene-based devices in a controlled
way, one of the first steps is to determine the ion dose for
which the graphene sheet can have a totally insulating line,
as well as the lateral damaged area for different ion doses.
In order to do that, we made linear patterns with different
ion doses in a single layer graphene sample, as shown in
figure 1(a). Each line was formed by a set of 10 nm spots. The
beam stayed in each spot for a controlled time (dwell time),
which was related to the writing speed of the bombardment.
The dwell time was changed from 1 µs up to 1 ms (from
left to right in figure 1(a)), and the ion dose was varied from
6 × 1012 to 6 × 1015 ions cm−2 accordingly. Table 1 shows
the dwell time, ion dose and lateral profile for each line made
in the graphene sample. The dwell time, and consequently the
ion dose, was increased from left to right and, as expected,
a higher dose led to a broader line, as can been seen
from the two-dimensional map of Raman D peak intensity
shown in figure 1(b). The lateral damage was obtained from
the profile depicted in the bottom part of figure 1(b) as
discussed below.

To address the problem of the minimum dose necessary
to generate an insulating line, we performed charge injection
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Table 1. A summary of FIB dwell time, ion dose and lateral line width taken from different techniques for each bombarded line.

Line 1 2 3 4 5 6

Dwell time (µs) 1 10 50 100 500 1000
Dose (ions cm−2) 6× 1012 6× 1013 3× 1014 6× 1014 3× 1015 6× 1015

Profile widtha (nm) 23 ± 2 35 ± 4 40 ± 4 40 ± 4 49 ± 5 72 ± 7
Profile widthb (µm) 0.65 ± 0.06 0.65 ± 0.06 0.68 ± 0.07 0.63 ± 0.06 0.74 ± 0.07 1.0 ± 0.1

a Profile width obtained directly from the SEM image.
b Profile width obtained from the profile plot in figure 1(b).

experiments using EFM. The graphene slice was charged
through contact with a properly biased AFM tip in a dry
atmosphere [38]. No bias was applied between the tip and the
sample during the second pass (EFM) imaging after charge
injection. The extra charges injected in the sample induced
image charges of opposite sign in the EFM tip during the
second pass, leading to an attractive tip–sample interaction
which shifted the cantilever oscillation frequency to a lower
value. Figures 1(c) and (d) show the AFM and EFM images,
respectively. In the sequence, a bias of 1 V was applied at the
AFM tip, which generated charge injection in the left side of
the sample. As shown in figure 1(d), no charge was transferred
through the fifth line. Hence, as shown in table 1, we find that
3× 1015 ions cm−2 is the minimum dose needed to create an
insulating edge in the graphene layer.

In general, the experimentally determined values for
a-C:H sputter yield for Ga+ ion sources working at 30 kV fall
between 2.3 and 2.8 carbon atoms per incident ion. However,
theoretical models such as transport of ions in matter (TRIM)
or linear cascade collision (LCC) indicate values for carbon
sputter yield in the range of 1.2–1.7 [39]. On the other hand,
due to its two-dimensional character, graphene has presented
experimentally determined yield values between 0.3 and 0.4
for Ga+ ion sources working at 30 kV [39]. Furthermore,
theoretical calculations for suspended graphene [40, 41] show
that 35% of the carbon atoms are removed leading to an
amorphization level of 95% using a 3 × 1015 ions cm−2

dose. For a two times higher dose, (experimental results
shown in the sixth line of table 1), the simulation predicts
about 56% of removed carbon atoms and almost 99% of
amorphization. Given that a single layer of graphene has
3.8 × 1015 carbon atoms cm−2, and since the dose of the
fifth line (table 1) is enough to create an insulating line, we
conclude that one Ga+ ion at 30 keV per carbon atom is
enough to generate a sufficient amount of defects in order
to obtain an insulating carbon layer. Therefore, we conclude
that it is not necessary to remove all carbon atoms to create
an insulating structure inside a single layer of graphene.
This is actually expected since other types of defect such
as amorphization and foreign and carbon adatoms have a
strong influence on the electrical conductivity. Such adatoms
come from the atmosphere inside the FIB chamber, the
substrate, and impurities on the graphene layer. In addition,
the effect of the substrate substantially increases the damage
probability by enlarging the damaged width due to plastic
deformation for low fluence and amorphization and sputtering
for high fluence. By taking into account that the graphene
amorphization is substantially enhanced by these impurities

and the substrate, we conclude that both experimental [39]
and theoretical [40, 41] results are in good agreement with
our experiment.

In [42] we showed that Raman spectroscopy is the most
sensitive technique as it is able to measure the effects of
ion bombardment in graphite structure for fluences down to
1011 ions cm−2. Therefore, we used this suitable sensitivity
to obtain the lateral damaged width of a bombarded line and
compared it to the line width directly obtained from the SEM
image (table 1). Therefore we analyzed the intensity profile
of the D peak across the defect lines. Since the four first
lines have a width (≤40 nm from table 1) much smaller
than the laser focus diameter, the D band intensity profile
obtained from these lines was used in order to estimate
the intensity profile (point spread function) of the incident
laser line used in the Raman experiments. By deconvoluting
the D band response and the point spread function of the
incident laser from the D band intensity profile, we were
able to estimate the lateral damaged widths in the fifth and
sixth lines as 90 ± 20 nm and 350 ± 70 nm, respectively.
Although the FIB diameter is expected to have nominally
7 nm, the smaller measured line width obtained from the
SEM image is about 23 nm. Besides, from the fifth to sixth
lines the lateral damaged width increases significantly when
comparing the SEM line width, showing that the influence of
the experimental parameters such as imperfect high vacuum
and impurities due to backscattered atoms from the substrate
play an important role in the study of sharpness of an edge
produced via focused ion beam bombardment in single layer
graphene. In the case of the highest dose used here (6 ×
1015 ions cm−2)which, according the [39], is close to the dose
needed to completely remove the graphene layer, we show
that we have a line width (extracted from the SEM image)
of 72 ± 7 nm and a lateral damaged width of 350 ± 70 nm.
This is an important result for the development of graphene
nanostructures using Ga+ FIB, since it shows that one must
consider this lateral damaged width in order to obtain the
correct shape when making an insulating region or completely
removing graphene areas.

In order to study defects at low modification levels,
we generated patterns using ion doses lower than 6 ×
1013 ions cm−2. For such low fluence, previous theoretical
studies [40, 41] predict 1% of lost atoms and 6%
amorphization in the graphene structure inside the bombarded
line. We have created patterns with parallel lines on a single
layer of graphene, obtaining a periodic structure as shown
in figures 2(a) and (b). This new bombardment configuration
allowed us to have a better understanding about the structural
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Figure 2. (a) SEM image and (b) atomic force microscopy phase
image showing a graphene single layer with square patterns having
bombarded lines at different orientations spaced by 200 nm.
(c) Higher magnification of a selected area of (b). (d) Raman map of
the integrated intensity of the D band.

damage via polarized Raman spectroscopy analysis. The
bombarded sample was analyzed by atomic force microscopy
and polarized micro-Raman spectroscopy in order to verify
the amount of defects created. In figure 2(a) we show an SEM
image of single layer graphene on a silicon dioxide substrate.
The darker shades on the left and right sides of the flake
indicate the presence of more than one layer in these regions.
The brighter part in the middle is a large area (∼500 µm2)

where single layer graphene is present. We performed the ion
bombardment with patterned lines spaced from each other
by 200 nm inside a square of 5 × 5 µm2. All six squares
patterned in the sample were rotated by 10◦ relative to their
respective neighbor, as can be seen from figure 2(b) where an
AFM phase image is shown. Figure 2(c) is a magnified view
of the region marked by a white square in figure 2(b). In this
magnified phase image one can see that the lines have a width
of around 30 nm, which is in agreement with results from our
previous work [42] showing the topographic changes due to
single bombarded spots. This image also reveals that the lines
are well defined, suggesting that only a small amount of ions

may fall outside the patterned lines. After ion bombardment,
the sample was baked in argon atmosphere for 24 h at 400 ◦C
in order to remove amorphous carbon deposited during the
bombardment process, or adatoms physically adsorbed during
the manipulation inside the electron microscope chamber. The
micro-Raman maps of the integrated intensity of the D band
can be seen in figure 2(d). It can be seen from D band map that
the defects are concentrated in the specific bombarded area
and almost no defects are found outside this area, showing
that an FIB can pattern a specific area of a device without
generating considerable damage in neighboring regions.

In order to study the spatial spreading and orientation
of the defects in the patterned lines the polarization of
the incident laser during micro-Raman experiments was
changed [34, 35]. The Raman spectra of the graphene sheet
for the laser polarization parallel and perpendicular to the
patterned lines of one of the squares can be seen in figure 3(a).
The intensity ratios ID/IG are slightly different for parallel and
perpendicular laser polarization, suggesting that the patterned
lines may present edge behavior. Theoretically, we would
expect that a perfect armchair (zigzag) graphene edge would
show a stronger (null) D band when the incident laser
polarization was parallel to it [34, 35]. In figure 3(b) we show
the Raman spectra with incident light polarization parallel to
the edges of two different squares, which in turn are rotated
by 20◦ from each other. As depicted in the graphics, different
intensity ratios are observed, showing that the bottom right
pattern has a higher percentage of armchair sites than the
bottom left pattern. However, the polarization effect is rather
weak and we believe it can be improved in future experiments
by using a higher resolution ion source.

To show the applicability of an FIB in generating
periodical defects in graphene we used a graphene Hall
bar and studied the changes in the electrical properties of
a bombarded area. The Hall bar shown in figure 4(a) was
built by electron beam lithography with the materials and
methods discussed in a previous work [20]. The bombardment
was performed using the same ion current as before with a
dwell time of 6 µs or a spot dose of 4 × 1013 ions cm−2

(approximately 30 ions per dot). The pattern was a periodical
array of lines spaced by 80 nm with the lines perpendicular
to the direction of current flow. In figure 4(a) the white
square highlights the bombarded area. In figures 4(b) and

Figure 3. Raman spectra showing D and G bands (a) for parallel and perpendicular laser polarizations for one set of parallel lines and
(b) for parallel laser polarization at two different sets of parallel lines rotated by 20◦.
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Figure 4. (a) SEM image showing a graphene Hall bar built using
electron beam lithography. (b)–(d) Raman maps of the integrated
intensities of (b) the G band before bombardment, (c) the D band
before bombardment and (d) the D band after ion bombardment. (e)
Plots contrasting the differences in Raman spectra of the pristine,
non-bombarded (point A in (d)) and bombarded (point B in (d))
regions. (f) Conductivity versus gate voltage of the pristine and
bombarded regions.

(c), we respectively show two-dimensional maps of Raman
G and D peak intensities prior to the ion bombardment. The
image in figure 4(c) demonstrates the good quality of the
graphene layer even after the lift-off process, since there
are defects only in the etched borders. In figure 4(d) we
show a two-dimensional map of Raman D peak intensity
of the same device after ion bombardment confirming that
the defective area is on the left side as it was intended
in the ion bombardment blind step. Analyzing the Raman
spectra of pristine (before bombardment), bombarded and
non-bombarded regions in figure 4(e), we see that no shifts
are observed in the Raman bands. However, after ion exposure
even the non-bombarded region presents a low intensity D
band. We believe that this small amount of defects is due
to electron beam imaging and some unwanted non-focused
ions, showing how sensitive single layer graphene is to
such procedures. Comparing the conductivity versus gate

voltage (figure 4(f)) of the bombarded graphene and
non-bombarded graphene, we observe a general trend of
decrease in conductivity after bombardment. These results
agree with other works where the bombarded pattern was not
periodical [43–45]. They show that the defects decrease the
mobility of the sample and also cause a shift of the Fermi
level which is related to doping, shifting the position of the
Dirac point to positive values. Using only σVgσ = µeαVg,
where σ is the conductivity, µ is the mobility, e is the electron
charge, α = 7.2 × 1010 cm−2 V−1 is a constant found from
the device gate capacitance and Vg is the gate voltage, it can
be seen, though, that the σVg measured curves are sublinear.
Therefore, to extract the mobility, we linearized the curves
using a procedure described by Morozov et al [46] and
then we made the linear fit. Using this method we extracted
mobilities of 1200 cm2 V−1 s−1 for the pristine part of the
device and 120 cm2 V−1 s−1 for the irradiated part of the
device.

Currently we are further investigating the effect of the
periodicity of the bombardment pattern on the electrical
behavior of graphene.

4. Conclusions

Using the Ga+ FIB technique, we generated defects along
lines and periodic arrays of lines on single layer graphene. We
studied the morphological, electrical and optical properties
of the graphene area affected by the defects, demonstrating
the accuracy of an FIB in patterning and creating defects
in single layer graphene, and showing that this tool can be
applied in building and modifying graphene nanodevices. We
have shown that the size of the lateral damaged area generated
by an FIB is an important parameter that determines whether
the defect forms an electrical insulating line or not. For lines
created with a low fluence, we observed interesting properties
in polarized micro-Raman experiments, showing that defects
along lines behave similarly to graphene edges, opening new
possibilities in generating and analyzing periodic defects
at the nanoscale range. We have also shown an electrical
measurement in order to exemplify the applicability of an FIB
in changing the electrical properties of a graphene device. In
short, we demonstrate in this study that the direct writing of
patterns on graphene via Ga+ FIB can provide new results in
graphene-based electronics.
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