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Abstract

Tapping mode atomic force microscopy (AFM) is employed for dynamic plowing lithography
of exfoliated graphene on silicon dioxide substrates. The shape of the graphene sheet is
determined by the movement of the vibrating AFM probe. There are two possibilities for
lithography depending on the applied force. At moderate forces, the AFM tip only deforms the
graphene and generates local strain of the order of 0.1%. For sufficiently large forces the AFM
tip can hook graphene and then pull it, thus cutting the graphene along the direction of the tip
motion. Electrical characterization by AFM based electric force microscopy, Kelvin probe
force microscopy and conductive AFM allows us to distinguish between the truly separated

islands and those still connected to the surrounding graphene.

Online supplementary data available from stacks.iop.org/Nano/24/015303/mmedia

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

1. Introduction

Tailoring the geometry of graphene sheets is important for
applications as well as for fundamental research. Cutting
graphene into various nanostructures such as ribbons, dots
and anti-dot lattices [1-6] enables an opening of its
electronic band gap which is important for applications in
nanoelectronics. On the other hand, mechanical deformation
of graphene generates local strain which can strongly
influence its electronic [7, 8], optical [9] and even magnetic
properties [10, 11]. Both modifications could be realized by
atomic force microscopy (AFM) based lithography [12, 13].
So far, AFM lithography has been used only for
cutting graphene utilizing local anodic oxidation (LAO) based
on either conductive AFM (C-AFM) [14-22] or scanning
tunneling microscopy [23]. However, these techniques require
broad ranges of the applied voltages, either metallic contacts

0957-4484/13/015303+09$33.00

on the graphene flakes or conductive substrates, and increased
humidity for LAO. In some cases, LAO could be initiated
only at the edges of graphene [14]. Additionally, the process
of making metallic contacts can lead to contamination,
unintentional doping and shifting of the graphene Fermi level.
In order to avoid the use of conductive parts in graphene
lithography, a method based on a pure mechanical interaction
is desirable. So far, only the scratching of graphene by
an AFM tip operated in contact mode (static plowing) has
been investigated [14, 24]. Problems with static plowing are
uncontrollable crumbling or the undesired dragging, ripping
and folding of large parts of the graphene flake along the
silicon dioxide substrate by the AFM tip.

In this work we investigate the AFM based manipulation
of graphene by dynamic plowing lithography (DPL). In
contrast to the previously described AFM lithographic
methods, which are solely dedicated to cutting, DPL enables

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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both types of mechanical manipulation: cutting or local
deformation of graphene. In DPL, which was initially
proposed for polymer and semiconductor structuring [25-28],
the vibrating AFM tip is moved along the graphene in the
so-called tapping mode. Opposite to the scratching in contact
mode, the vibrating AFM tip is not in continuous contact with
the graphene and the cantilever is essentially free from torsion,
and thus not pushing/pulling the graphene laterally. This
enables controllable deformation of graphene along arbitrarily
shaped trenches without crumbling and dragging it along the
substrate. We demonstrate that it is even possible to cut the
graphene. However, in this case one cannot avoid pulling of
the graphene by the AFM tip along the direction of tip motion,
although the effect is less prominent than with static plowing.
Electrical characterization of the cut graphene nanostructures
was done by electric force microscopy (EFM), Kelvin probe
force microscopy (KPFM) and C-AFM.

2. Experimental details
2.1. Sample preparation

Graphene samples were obtained by mechanical exfoliation
of graphite [29] and transferred onto SiO;/Si substrates
(the SiO, thickness was 300 nm). The samples were
then visualized by optical microscopy whereas Raman
spectroscopy was used in order to confirm the presence
of single layer graphene. Metallic contacts were made
using a simple home-made setup for photolithography using
polymethylmethacrylate (PMMA) photoresist and a direct
contact mask, followed by gold evaporation and lift off.
We want to emphasize that the metallic contacts are not
necessary for DPL but are needed for the subsequent electrical
characterization by AFM based techniques.

2.2. AFM: scanning and tip calibration

All AFM measurements were performed at room temperature
and under ambient conditions. AFM imaging and lithography
were done using the NTEGRA Prima system from NT-MDT.
In order to avoid significant tip damage during the lithography,
we used V-shaped DCP20 cantilevers from NT-MDT with
diamond coated tips. These cantilevers are sufficiently stiff
with a typical force constant of 48 N m~! and a typical
tip curvature radius of 50-70 nm. The calibration of the
cantilevers was performed via the thermal noise method [30],
employing an MFP 3D AFM system from Asylum Research.
The applied method was originally developed for rectangular
cantilever beams and enables calibration within an accuracy
of 10% [31]. Due to the V-shape of the DCP20 cantilever,
the real value of the force constant can be expected to be
about 7% smaller than what is obtained from the thermal noise
method [32]. Thus, the force constant was determined to be
(59 £ 6) N m~!. For high-resolution AFM imaging of the
patterned structures, we used NSGO1 probes from NT-MDT
with a much smaller tip curvature radius of about 6 nm and a
typical force constant of S N m™!.

In order to convert the set-point values into real force
values, we calibrated the forces by comparing the penetration
depths obtained from classical force displacement indentation
experiments and DPL using a procedure successfully applied
to the DPL of polymer layers [33]. For the reader
interested in the basics of dynamic AFM we refer to the
supplementary information (available at stacks.iop.org/Nano/
24/015303/mmedia).

2.3. AFM dynamic plowing lithography

In order to increase the tip—sample interaction during dynamic
plowing, the free-oscillation amplitude of the cantilever was
increased by 10 times compared to ordinary scanning. Then,
two amplitude set-point values were defined for lithography.
The first value SP; was the same as for normal imaging and it
was applied during the motion of the tip between lines aimed
to be patterned. This prevented unwanted lithography in these
areas of the tip motion. The second set-point SP; was 10—100
times smaller than SPj, meaning a significantly increased
tip—sample interaction, and was applied for the patterning.
Finally, fine tuning of SP, was done in order to obtain the
desired depth of graphene deformation. Even though set-point
values and set-point ratios in AFM are practical to work
with, the authors are aware of the fact that these values do
not impart an impression of the forces really acting between
the tip and surface. Moreover, these values are generally
not directly transferable between different AFM systems.
Within this work, the corresponding force values are given
where appropriate but otherwise we stay with the established
set-point nomenclature. The velocity of the AFM tip motion

during the lithography is 0.3-0.5 um s~ .

2.4. AFM based electrical characterization

Figure 1 illustrates the setups for comprehensive AFM
based electrical characterization. EFM was done utilizing
the two-pass technique [34] for imaging of surface electric
charges in graphene. We used the NTEGRA Prima AFM
system and NT-MDT NSGOI tips with a conductive TiN
coating. In the first pass, a topographic line was measured in
tapping mode. Then, the tip was lifted by 30 nm and moved
across the surface following the topographic contour from the
first scan. During the second pass, the silicon substrate was

grounded and a tip bias voltage, VB%, was applied between
the substrate and the tip, as shown in figure 1(a). Electrostatic
tip—sample interactions cause a phase lag which is recorded
as a function of the position. Charging of graphene was done
by bringing the graphene flake into contact with a biased tip
for several minutes [35]. After that, EFM was used to measure
the present surface charges.

KPFM was done using the two-pass technique [36] for
imaging of the contact potential difference (CPD) between the
graphene sample and the AFM tip. For these measurements,
we employed an Asylum MFP-3D AFM and NT-MDT
DCPI11 probes with a nitrogen doped diamond coating.
During the first pass, a topographic profile is acquired
in tapping mode. In the second pass, the tip follows the
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(c)

Figure 1. The experimental setups for the electrical
characterization: (a) EFM, (b) KPFM, (c) C-AFM.

topographic profile at a preset lift height. During the second
pass, the cantilever is electrically excited by the sum of a

variable DC voltage V]glé, and an AC voltage, VRE, with a
frequency close to the cantilever resonance as depicted in

figure 1(b). Vg% is adjusted to nullify the force component

at the frequency of Vzlé. The value of Vgl(): is then equal to the
CPD [37]. The tip was lifted by just a few nanometers in order
to ensure that the tip—sample capacitance was dominant over
the cantilever—sample capacitance. In our setup, we grounded
the graphene and applied a bias voltage VSiC to the silicon
substrate. The substrate served as a back-gate in order to
provide external control on the graphene surface potential.
For C-AFM, the conductive tip was scanned in contact
mode across the biased sample. Topography and current were
acquired simultaneously [38—41]. The C-AFM measurements
of graphene were performed using the Asylum MFP-3D
system and a Keithley 2636A dual source meter, as
schematically shown in figure 1(c). For the measurements,
DCPI11 conductive diamond coated probes from NT-MDT
with a typical force constant of 11.5 N m~!' were used.
Since C-AFM operates in contact mode this is problematic
for the measurement of graphene. The graphene can easily
stick to the moving tip when scanning across the flake’s edge,

©
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Figure 2. Morphological analysis of trenches made from the
bottom to the top by DPL: (a) AFM topographic image, (b) the
corresponding height profile along the dashed line in (a), (c) 3D
AFM image of trench 3, (d) 3D AFM image of trench 7. The
numbers 1-7 denote the trenches, the arrows denote the step-heights
which represent the transitions from the substrate to graphene, and
vice versa. Graphene thickness is denoted with GT, D is trench
depth, W is trench width, B stands for bulges, BH stands for the
bulge height, S denotes the smooth parts beside the trenches which
correspond to the substrate. R denotes the graphene picked by the
AFM tip, pulled and/or rolled and finally left at the end of the
plowed trench.

ripping graphene parts off. Therefore, we started with local
I-V characterization, where the conductive AFM tip is put
in a fixed position on the flake and a linear voltage ramp
V%rélphene in the range of 10 V is applied to the graphene. The
resulting current through the tip is then measured as a function
of V]g)r(a:lphene. Afterwards, the graphene is scanned in tapping
mode to determine the flake’s shape and position. From the
latter measurement we could select a scan area on the flake for
C-AFM in such a way that we did not risk scanning across its
edges. Finally, a two-dimensional current map of the selected

h
area was recorded at constant V]g)rép ene.

3. Results and discussion

In order to determine the proper SP; value for DPL, seven
parallel trenches were plowed with decreasing SP,, where
the following values of the relative set-point SPr = SP;/SP;
were applied: 10, 13.3, 16, 20, 26.6, 40 and 80. Figure 2(a)
shows the AFM topographic image of the plowed trenches,
whereas figure 2(b) shows a corresponding cross-sectional
height profile. The SPgrs for trenches 1 and 2 were not large
enough for noticeable deformation. Trench 3 is 1 nm deep and
40 nm wide and there were no bulges beside the trench. The
corresponding force for the plowing of trench 3 was 41 uN.
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Figure 3. Phase image of the trenches from figure 2(a). The inset
shows the phase image of trench 7. The dashed lines emphasize the
observed phase contrast. This corresponds to the smooth parts at the
sides of trench 7 in figures 2(a), (b) and (d). The white contrast of
the bulges is mainly a topographic artifact.

A three-dimensional (3D) AFM image of trench 3 is shown in
figure 2(c). It reveals smooth topographic contours indicating
that the graphene and the substrate underneath were only
deformed. The next four trenches (4-7) were 3—4 nm deep
and 50 nm wide. The corresponding force for plowing these
trenches was in the range of 59-68 uN. The large bulges at
the right side of the trenches were formed by material which
was displaced during the plowing. Due to the irregularly
shaped tip, the bulges are always formed at one side, leading
to asymmetric profiles [27]. The bumps were 4-8 nm high.
To the left and right of trenches 5, 6 and 7 in figure 2(b),
there are smooth parts separated from the graphene surface by
steps with heights of around 1 nm. This is better visualized
in figure 2(d) where a 3D topographic image of trench 7
is shown. It seems that the smooth parts correspond to the
substrate where graphene was removed by the AFM tip. The
removed graphene was pulled and/or rolled and left at the top
end of the trench where the tip finished plowing. The observed
step-heights correspond to the transitions from the substrate to
the graphene and vice versa.

Simultaneously with the topographic imaging, the phase
lag of the cantilever oscillations was recorded. The phase
imaging can give a material contrast of heterogeneous samples
independently of topographic features [42]. The phase image
of the trenches is depicted in figure 3. The phase contrast
between the graphene flake and the SiO; substrate is around
1°. At the left and right sides of trenches 5, 6 and 7, there is
a phase contrast different from the rest of the graphene flake.
This phase contrast corresponds exactly to the smooth parts
beside the trenches in the topographic image in figure 2. This
is highlighted in the inset of figure 3 where the phase image
of trench 7 is shown. In order to check that the observed
phase contrast was not a topographic artifact, the phase was
measured in forward and backward scan directions. They were
the same in both scans, thus confirming the material contrast.
Therefore, we conclude that graphene was removed from the
adjacent areas on both sides of trenches 5, 6 and 7 exposing
the SiO; substrate.

Applying the set-point parameters determined from the
previous procedure, we fabricated closed circular trenches,
thus forming individual graphene islands in order to
investigate their electrical properties. An AFM topographic
image of the two graphene islands prepared via DPL of one

‘ iﬂnm

nm] (b
1 (b)
4 4 h
2 2 A,
% 200 400 600°% 100 200 300 400
[nm]
14
0

Figure 4. Graphene islands plowed with extremely high values of
SPr: (a) AFM topographic image, (b) and (c) the corresponding
height profiles for the dashed lines in (a), and (d) the phase image.
The islands are denoted with numbers 1 and 2. The bright, small
dots in the image are photoresist residuals left from the metallic
contact fabrication.

flake is shown in figure 4(a). The bright rims on both sides of
the graphene flake are just its rolled-up edges. Both graphene
islands consist of two concentric rings. Island 1 was plowed
with SPr = 80 whereas island 2 was plowed with SPr = 100.
These two SPr values were chosen in order to produce one
island which is not completely separated from the flake in the
former case, and one isolated island in the latter case. The
depths of the resulting trenches were 3—4 nm, corresponding
to forces in the range of 59-68 uN. The cross-sectional
height profiles across the outer trenches (figures 4(b) and (c))
show that at both sides of the trenches there are first smooth
parts adjacent to 1 nm steps similar to the height profiles
obtained for trenches 5-7 in figure 2(b). Again, the smooth
parts correspond to the bare SiO; substrate, whereas the steps
indicate the transition to graphene. The corresponding phase
image is depicted in figure 4(d). For both islands, parts with
a phase contrast different from the graphene but similar to
the substrate phase contrast can be found. Comparison with
the corresponding topographic image reveals that these parts
coincide with the graphene free areas. The phase image of
island 1 suggests that it is still connected to the flake at the
upper-right part. For island 2, the phase contrast is different
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Figure 5. EFM images of the graphene islands: (a) V]l)i% =-3V,(b) Vg‘é =+3V,(c) Vg% = +1 V, before charging, and (d) V]l)i% =41V,
after the charging with the AFM tip biased with —8 V in the contact with island 1.

from the flake along the whole circumference of the island,
indicating that it was completely isolated from the rest of the
flake.

The islands have been further investigated using AFM
based electrical characterization techniques. The EFM phase
image of the graphene islands for tip bias voltages of V];Ié =

—3 V and VB% = 43 V are shown in figures 5(a) and (b),
respectively. For island 1, there is no difference in the EFM
phase contrast between the island and the graphene. This
means that they are not differently charged, indicating that
the island is still connected to the surrounding graphene.
However, island 2 shows a noticeable difference in the EFM
phase contrast from the surrounding graphene The phase
contrast is reversed when the bias voltage V bc s changed
from plus to minus confirming the electrostatic nature of the
tip—island interaction. On island 2, positive (negative) phase
shifts are measured for negative (positive) V, DC, meaning that
island 2 is positively charged compared to the rest of the
graphene flake. This permanent storage of charges reveals that
island 2 is really separated from the rest of the graphene [43].

In order to explore the charge transfer between the
graphene islands and the flake, an attempt was made to charge
the islands upon contact with the biased AFM tip. An EFM
image of the graphene sample before charging and recorded
at VB% = 41 V is presented in figure 5(c). The phase contrast
between island 2 and the rest of the graphene sample is around
1.5°. The tip was then brought into contact with the center of
island 1 and biased at —8 V for 10 min. Subsequently, the tip
was lifted, switched to EFM mode and biased to the initial
value of VB% = +1 V. The EFM image after the charging is

shown in figure 5(d). The phase contrast between island 2 and
the rest of the graphene has been increased to around 24°. The
observed positive phase shift is the result of the additional
negative charge of the graphene and the detection with the
positive VDC which produced an additional attractive force
component. The negative charges from the biased tip were
transferred to island 1. Since it was electrically connected to
the rest of the flake at its upper-right part, the charges were
distributed over the graphene except in island 2 which was
disconnected from the flake. This proves that the deformation
of the graphene in the upper-right part of island 1 does not
affect the charge transfer.

The KPFM results obtained for the circular graphene
nanostructures are presented in figure 6(a) for both grounded
silicon substrate and graphene flake (The images are rotated
by 90° clockwise compared to the previously shown images,
because a different AFM system was used for measurement.).
KPFM reveals that the CPD for island 2 is larger compared
to the rest of the graphene flake. This means that the island’s
work function is higher and its Fermi level is lower compared
to the graphene flake so the island is positively charged with
respect to the flake. This is in accordance with the EFM
measurements. Next, we applied VS‘C = -5V and Vg‘c =
+5 V to the silicon substrate which served as a back-gate.
The CPD images for these two cases are shown in figures 6(b)
and (c), respectively. The CPD in the grounded graphene flake
changes due to the electric field effect from the back-gate:
the negative (positive) VBC results in hole (electron) doping
of the flake, which lowers (raises) its Fermi level, increases
(decreases) its work function and thus increases the CPD
towards negative (positive) values. On the other hand, the
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Figure 6. KPFM images of the graphene islands: (a) Vgic =0V,

(b) V. = =5V, (¢) VS&. = +5 V. The range of the CPD scales
was adjusted to improve the image contrast for the reader and does
not resemble the full +5 V range.

CPD of island 2 just follows the bias voltage applied to the
back-gate. Since this island was disconnected from the flake
and from the ground, charging of the island by the electric
field effect is not possible so island 2 was just polarized by
VL.

Current—voltage (I-V) curves were measured utilizing
C-AFM in points within three different areas: island 1, island
2 and the graphene flake (the corresponding points are denoted
in figure 7(a)). Measurements at each point were repeated
several times in order to prove the reproducibility. The results
are shown in figure 7(b). The current from island 2 was zero
in the whole range of the applied voltage, confirming its
electric isolation from the rest of the flake. The /-V curves
at two different positions on island 1 and the surrounding
graphene flake were quite similar, confirming their electrical
connection. This showed that under the applied conditions
the DPL did not alter the electrical transport in island 1. The
I-V curves were quite symmetric and nonlinear, suggesting
formation of a potential barrier between the AFM tip and
the graphene sample. The deviation of the /-V curve for
point 3 for negative bias in figure 7(b) is most probably
caused by a contact instability between the AFM tip and the
surface and is therefore not related to the current transport
within the graphene. After the measurement of the /-V curves,
two-dimensional (2D) current maps were recorded on the

selected areas on both islands indicated in figure 7(a). For
Vgraphene _
DC

these measurements the graphene was biased by
—0.2 V. The results for islands 1 and 2 are shown in figures

*_ island 2’

e

—_
o
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Figure 7. C-AFM results of graphene nanostructures: (a) tapping
mode image to illustrate the location of /-V curves and 2D C-AFM
images, (b) I-V curves, (c) 2D current maps for island 1, (d) 2D
current maps for island 2 with 0.2 V bias applied to the graphene
flake. The selected points for the -V curves are denoted with 1, 2, 3
and 4.

7(c) and (d), respectively. In accordance with the previous
conclusions, the current is zero within island 2 and about
—3 nA for island 1.

The electrical analysis was also applied to other patterned
graphene structures (not shown here) leading to comparable
results. At an extremely low set-point SP, for lithography
it was possible to cut graphene, thus producing electrically
isolated graphene islands. At the same time, the DPL with
insufficiently high SPr did not alter the electrical properties
of the graphene as observed for island 1 whose electrical
properties stayed the same as for the unpatterned graphene:
I-V characteristics as shown in figure 7(b), electric charge
transfer as shown in figure 5(d) and the possibility of an
electric field effect in figures 6(b) and (c). Since graphene
is a mechanically very strong material [44], cutting requires
very large mechanical forces and therefore low amplitude
set-points. At extremely low set-points, the graphene sample
is brought in very close proximity to the tip while the
oscillations of the AFM probe are extremely small. In this
case, dynamic plowing is rather like static plowing. During
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DPL at low set-points, occasionally the AFM tip sticks to the
graphene pulling it along the path of the tip movement thus
ripping it off instead of cutting a trench. This could result
in irregularly defined edges of the plowed structure. For this
reason, the structures in figure 4 look more like polygons
than circles. This might be a consequence of the fact that
the cutting process mainly yields straight zig-zag or armchair
edges which is an advantage since both edges are well defined
not only in terms of crystallographic direction (no kinks or
other defects) but also in terms of electrical properties.

Even though DPL exhibits qualitatively similar problems
as known from static plowing the drawbacks are less
pronounced. For static plowing the ‘cutting width’ has been
reported to be up to 1 um [14]. Smaller cutting widths were
also reported but just for cuts along straight lines [24]. In
addition, pronounced folding of large flake parts occurred
when moving the tip in contact mode over the flake [14, 24].
Here, the circular islands were cut out from the middle of a
graphene ribbon of just 2 um width. The maximum cutting
width in this case was 500 nm. Even though the DPL result
is far from being perfect, the ribbon stayed essentially intact
and the two structures are detached. Therefore, we believe that
DPL application on graphene is useful when metallic contacts
and/or substrates for LAO have to be avoided. Further, DPL is
well applicable when the length scale of the edge irregularities
is much smaller than the dimension of the graphene structure
as we obtained here.

For a moderately low set-point SP», DPL can be used
for local deformation of the graphene without cutting it. In
figure 8, AFM topographic images of different geometric
structures plowed with SPR = 16 are shown. The examples
demonstrates that DPL can be used for patterns composed
of straight trenches (figure 8(a)), straight and closed trenches
(figure 8(b)), circular trenches (figure 8(c)) and even for
arbitrary geometries such as the word ‘NANQO’ (figure 8(d)).
The topographic contours of the trenches are continuous and
without abrupt steps and bulges, indicating that graphene
was only deformed along the trenches. The deformation
of graphene does not require such high mechanical forces
as for cutting. Since there is no ripping, the formation of
well defined geometric shapes within a graphene sheet is
possible. The main benefit of DPL over static plowing is
the reduction of lateral forces acting on the graphene sheet.
In static plowing, friction forces with components normal
to the cantilever’s long axis yield torsion of the cantilever,
resulting in irregular edges of the plowed structures. In
dynamic plowing, friction and torsion are avoided since the
tip is vibrating and therefore is not in continuous contact with
the surface. This enables plowing at any angle to the cantilever
long axis with well defined edges of the patterned structures.

Dynamic plowing of graphene at a moderately low set-
point SP, enables controllable deformation of the graphene
which is stretched along the bottom of the plowed trench. In
this way it is possible to introduce local strain in graphene.
The strain in the deformed graphene can be roughly estimated
as (L — Lo)/Lo x 100%, where Ly and L are the lengths of the
graphene before and after the deformation [45]. The graphene
length before deformation can be approximated as the trench

3[nm]

4[nm]

4[nm]

5[nm]

0

Figure 8. 3D AFM topographic images of structures fabricated by
DPL in graphene: (a) lines, (b) squares, (c) circles, (d) the word
‘NANO’.

width, whereas the graphene length after the deformation
can be approximated as the circumference of the trench as
sketched in figure 9. From the recorded AFM topographic
images in figure 8, we could determine the values for Ly and
L. For the average trench width of 50 nm and a trench depth
in the range of 1-2 nm (the corresponding deformation force
was in the range of 41-50 uN), the estimated tensile strain is
in the range of 0.08% to 0.32%. An increase of strain can be
achieved via the creation of deeper and narrower trenches by
employing sharper AFM tips.

Scanning electron microscopy images (not shown here)
of the used probes reveal little tip blunting. However, after
extensive DPL at very low set-points pronounced degradation
can occur. In general, a degraded tip demands far higher
contact forces in order to cut/deform the graphene. Higher
contact forces can simply be provided by lowering the
set-point and/or increasing of the free-oscillation amplitude.
Practically, a significant change of the plowing parameters
is only necessary for strongly degraded tips. The enlarged
tip radius sets limits to the trench width and therefore limits
the achievable strain in the graphene. Strongly degraded
tips might also lead to increased sticking of the graphene
to the tip during DPL, resulting in enhanced graphene
ripping. Such problems due to tip wear can be avoided by
occasional evaluation of the condition of the tip, which can
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Figure 9. Sketch of the graphene locally strained by the AFM tip.

be accomplished with reasonable expenditure of time using a
tip characterizer [46].

4. Conclusion

DPL was applied to graphene the first time and extends the
possibilities for AFM based manipulation of graphene due to
its twofold action: (1) cutting of graphene or (2) graphene
deformation and generation of local strain. For the AFM
probes used in this study (DCP20: diamond coated, force
constant k = 59 + 6 N m~!, tip curvature radius 50-70 nm),
cutting of graphene requires extremely low values of SP;
corresponding to forces above 60 uN. Under these conditions,
the AFM cantilever oscillations are greatly suppressed and
dynamic plowing is similar to static plowing (scratching).
Sometimes, the graphene sticks to the tip and is practically
torn, resulting in irregular edges of the carved structures.
However, these drawbacks are less pronounced than with
static plowing, enabling the cutting of curved shapes even in
narrow ribbons. Therefore, the use of DPL for the fabrication
of graphene nanostructures is limited, but it can serve as a
useful tool for the fabrication of graphene structures where
the influence of the edge irregularities can be neglected. EFM,
KPFM and C-AFM proved the electrical isolation of a circular
island which is laterally disconnected from the rest of the
graphene flake by DPL. The electrical properties of islands,
where the separation by DPL was incomplete, were kept the
same as in the rest of the flake, indicating that the DPL process
did not alter the local electrical properties of the patterned
graphene structure.

At moderately low SP, corresponding to forces below
50 uN, the graphene was only deformed without cutting.
This process is well controlled thus giving a new tool for the
generation of local strain in graphene. For the typical widths
and depths of the plowed trenches, the generated local strain
in graphene has been estimated to be about 0.1%. In contrast
to scratching (static plowing) where the occurring cantilever
torsion limits the plowing directions to rather small angles
with respect to the cantilever’s long axis, the vibrating AFM
cantilever in DPL does not suffer from torsion during plowing.
Therefore, the plowing direction in DPL is not restricted
to small scan angles (with respect to the cantilever’s long
axis). This allows the fabrication of regular trenches with well
defined edges irrespective of their orientation or shape. The
use of sharper AFM tips will result in narrower trenches, thus
increasing the resolution of the lithography and/or generating
larger local strain. There is still space for further optimization

of the method for increased control of the plowing and higher
resolution.

Strain in graphene results in a shifting of the phonon
frequencies which was observed by Raman spectroscopy [45,
47]. The spatial resolution to measure sub-100 nm structures
is provided by tip-enhanced Raman spectroscopy which
has already been applied for the measurement of strain in
carbon nanotubes and Cgn molecules which were deformed
by AFM nanoindentation [48]. Therefore, we propose that
tip-enhanced Raman spectroscopy is the proper tool to
measure strain in plowed graphene trenches in the future.
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