Nanographene device fabrication using atomic force microscope
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A report is presented on the local anodic oxidation of graphene film prepared by chemical vapour deposition using contact mode atomic force
microscopy. Raman spectroscopy was used to check the uniformity and thickness of large area graphene film. Various kinds of patterns such as
lines, ribbons and further, more complex structures, such as hexagons, two-terminal bar-like devices, were written by varying the tip voltage
from —6to —12 V and the tip speed from 60 to 200 nm/s. It was found that one can easily write any kind of patterns by just manipulating the
tip voltage and tip speed instead of concentrating on other factors such as controlled humidity conditions, applied force on the tip and tip
current. Also, it is confirmed that with an increase in tip voltage and by slowing the tip movement during lithography, one can write very
narrow and sharp patterns which are important factors for the fabrication of graphene-based electronic devices.

1. Introduction: Graphene is a potential candidate as a
replacement for traditional silicon in next generation electronic
devices [1-3], because of its tremendous range of properties such
as extremely high mobility [4, 5], high mechanical strength
[6, 7], flexibility and stability at room temperature in spite of the
atomic thickness [8, 9]. Therefore it can be used to develop
highly efficient carbon-based electronics, but the lack of band gap
has made its application challenging, especially for switching
devices such as transistors [10, 11]. Conventional electron-beam
lithography combined with plasma etching techniques were used
to scale down its dimensions to nanoscale but plasma etching
introduces defects in graphene, which cause localisation of charge
carriers [12, 13]. Therefore we need a new lithography technique
which will allow performing atomic resolution patterning without
damaging the graphene layer. The scanning probe lithography
(SPL), also referred to as atomic force microscopy (AFM)-based
local anodic oxidation (LAO), provided a better option because it
offers resist-free lithography, thus avoiding contamination of the
graphene layer [14-17]. In the beginning, it was applied to
silicon [18] and later on used to manipulate metal [19] and
graphite [20] surfaces. For graphene nanolithography, already
many groups such as Puddy et al. [21] and Weng et al. [22] have
shown precisely written different kinds of patterns by LAO
lithography wusing AFM which can be wused to make
graphene-based electronic devices. However, many important
factors that determine the consistency and resolution of LAO
lithography such as tip voltage, tip speed, current, controlled
humidity conditions and applied force on the tip are not well
established yet for graphene. Especially, the tip voltage for which
there is a range (-5 to —35V) available for graphene
nanolithography, is still not standardised [23, 24]. Hence, for
realisation of this technique to make graphene-based future
nanodevices, more LAO lithographic experiments need to be
conducted.

In this reported work, we performed SPM-based lithography using
AFM at ambient conditions to precisely write various kinds of patterns
such as lines or ribbons, hexagons and two-terminal bar-like devices.
The graphene samples used for nanolithography were prepared by the
chemical vapour deposition (CVD) technique. In writing these pat-
terns, we manipulated only two key factors, the tip voltage and tip
speed, instead of concentrating on other factors such as tip current,
controlled humidity conditions and applied force on the tip.
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2. Experimental details: Graphene films were grown by the CVD
technique on copper foil (25 um thick, 99.8% purity, Alfa Aesar,
item no. 13382) at 950°C in vacuum at a base pressure better than
1 x 102 Torr, with a 22 mm inner diameter fused silica tube. The
total flow rate of Ar:H, was maintained at 250:100 SCCM (cubic
centimetre per minute at STP) and 50 SCCM of CH, was adopted
as the carbon source for all samples. After graphene film deposition,
poly (methyl methacrylate) (PMMA) was spin-coated on top of the
graphene layer formed on the Cu foil, which was then dissolved in
1 M iron chloride (FeClz). The resulting graphene/PMMA layer was
transferred on to Si/SiO, substrates for Raman spectroscopy and
LAO lithographic experiments. Raman spectroscopy was conducted
using a Renishaw Raman microscope with a laser wavelength of
514 nm. Nanoscale resolution lithography was performed using the
commercial AFM (n-Tracer, NanoFocus Inc., South Korea) in
contact mode. Electrically conductive Pt/Cr (Multi75E-G) coated
probes with spring constant of 3 N/m and resonant frequency of
75 kHz were employed in contact mode for both imaging and
lithography purposes. The graphene sample and substrate were
grounded and the negative voltage was applied to the tip. Ranges of
tip voltages (—6 to —12V) and tip speeds (60-200 nm/s) were
selected for the nanolithography. To apply external negative tip
voltage, we used an Advantest-R6144 Programmable DC voltage/
current generator. The load on the tip was kept constant as 10 nN in
all the measurements and the humidity conditions at room
temperature were recorded as 34-40%.

3. Results and discussion: As described above, LAO-based
lithography using AFM in contact mode is a better technique
than traditional e-beam lithography. Generally, the LAO is
performed in air at room temperature with a water meniscus
formed between the AFM tip and the sample/substrate as shown
in the schematic diagram (Fig. 1a). The applied voltage creates
an electric field between the tip and the substrate (the substrate
needs to be conductive in order to generate the current between
the AFM tip and itself), which separates water molecules into H"
(hydrogen) and OH™ (hydroxyl) ions. When a negative voltage
(V,) is applied to the tip with respect to the sample or substrate
which is grounded to the common ground, the graphene surface
is oxidised with the help of OH™ ions, which leads to
nanopatterning of the graphene [25]. The oxidised graphene
surface looks like bumps or holes depending on the voltage. The
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Figure 1 Fig. la: Schematic diagram used to perform LAO lithography.
The voltage was applied to the tip in contact mode and the sample/substrate
was grounded to the common ground. Fig. 1b: Topography map showing
large area CVD grown film with grain boundaries (black) and wrinkles
(sky blue) indicated by respective arrows. Fig. Ic: Line profile correspond-
ing to area indicated by black line on topography map of Fig. 1b, giving
average thickness of film less than 1 nm

topography image in Fig. 15 obtained by using the setup in Fig. la
shows the large area CVD grown graphene film having average
thickness of less than 1 nm, which confirms the single layer as can
be observed in the line profile (Fig. lc). The line profile
corresponds to the area indicated by the black line on the
topography map (Fig. 1b). Some high peaks in the line profile may
correspond to the dirt particles (white spots) present on the
graphene surface as the measurements were performed at ambient
conditions. The different sized domain regions (black arrows) and
ripples (sky blue arrows) which are typical features of large area
CVD grown graphene film can also be observed on the
topography image (Fig. 10).

Fig. 2 shows the line or ribbon-like patterns obtained by perform-
ing LAO-based lithography with graphene film on Si/SiO, sub-
strate. The written patterns that can be seen in the topography
map (Fig. 2a) as well as clearly distinguishable in the lateral
force microscopy image (Fig. 2b) were obtained using only the
single voltage of —6V, and the tip speed was 200 nm/s. The
width of the obtained patterns indicated by black arrows on the
topography map (Fig. 2a) is around 110 nm. Some lines specified
by sky blue arrows in the topography map (Fig. 2a) do not look
properly written and appear as just indentations or scratches. To
make proper bumps on the selected part of the graphene film
during lithography, or in other words, for complete electrical
isolation of each line pattern from one another and also to reduce
the width of the graphene trench (unpatterned part) than that in
the map (Fig. 2a), we increased the tip bias to —8 V and reduced
the tip speed as 100 nm/s. The topography map in Fig. 2¢ presents
the produced patterns under the changed parameters. The selected
pattern is well written and the sharp insulating bumps are visible
on the oxidised part adjacent to each graphene trench of the pat-
terned graphene. As indicated by black arrows on the topography
map (Fig. 2¢), the width of the patterned trenches of the graphene
is reduced by a factor of 44 nm, compared with the width in the
topography map (Fig. 2a), which is good enough to laterally
confine the charge carrier for the opening band gap in the graphene
as mentioned by some groups [26, 27]. The line profile in Fig. 2d is
drawn on the area indicated by the black line on the topography map
(Fig. 2¢) and has maxima and minima that correspond to the bumps
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Figure 2 Fig. 2a: Topography of partially oxidised lines or ribbon patterns
obtained by LAO lithography with applied bias —6 V and tip speed 200 nm.
Width of graphene trench indicated by black arrows is around 110 nm.
Fig. 2b: LFM image taken simultaneously with the topography shows oxi-
dised graphene bumps. Fig. 2c: Topography map illustrating completely
oxidised bumps written with increased tip voltage —8 V and by slowing
tip movement to 100 nm/s during lithography. Width of graphene trench
reduced to 66 nm as indicated by black arrows on topography map of
Fig. 2c. Fig. 2d: Line profile corresponds to bumps and trenches created
on graphene film along black line on topography map of Fig. Ic

and trenches, respectively, created because of LAO of the graphene.
Thus, we found that one can easily reduce the dimensions of the
graphene trenches and make sharp bumps because of graphene
oxidation by just manipulating the tip voltage and tip speed at
ambient conditions instead of concentrating on other parameters
such as humidity, tip current or force on the tip as mentioned by
Puddy et al. [21].

Then, we tried LAO to write horizontal lines or ribbons blocked
from one end alternatively and intentionally as indicated by the sky
blue arrows on the LFM map (Fig. 3b) and topography map
(Fig. 3¢) in Fig. 3. The tip voltage and tip speed used to write
these patterns was —7 V and 100 nm/s, respectively. As can be
observed from the topography map (Fig. 3a), there is no visible
sign of a written pattern but in the LFM image (Fig. 3b) scratches
like lines can be observed, which might be because of partial oxi-
dation of the selected region of the graphene film for lithography.
To make proper oxidised graphene bumps, we again tried a similar
kind of pattern by increasing the tip bias to —9 V and keeping the
same speed as that in the LFM map (Fig. 3b). We can see sharp
written patterns having bumps created on the oxidised part
clearly distinguishable on both the topography (Fig. 3¢) as well
as LFM (Fig. 3d) maps. This kind of narrow width lithographic
patterns of graphene can also be used as channels blocked from
one end to confine the charge carriers to nanodimensions for
surface conductivity studies at the defect sites of nanosize [28].
One important thing to be noted here is that, for use of graphene
in device fabrication by LAO, AFM height imaging is not
enough to establish the difference between electrically isolated
bumps of oxidised graphene and the trenches which correspond
to the graphene devices. For this purpose, we need to perform
either the charge transport measurements or conductive AFM
studies. This is because the ability to differentiate between actual
electrical isolation and just scratches is very important for device
fabrication of graphene.

Next, we write some complex patterns such as hexagons, two-
terminal bar-shaped devices and so on. For this task, we increased
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Figure 3 Horizontal lines or ribbon patterns closed from one end alterna-
tively were selected to write in topography map

a As slightly patterned lines can be seen in LFM map

b Produced during LAO lithography performed with applied bias —7 V and
tip speed 100 nm/s

¢ Topography map and LFM map

d Clearly distinguish thick patterns written with increased voltage —9 V and
tip speed 100 nm/s

Sky blue arrows in LFM map of Fig. 3b as well as in topography map of
Fig. 3¢ point towards intentionally alternatively written closed ends

the tip voltage to —10 V and the tip speed was slowed down to 60
nm/s for reliable writing of complicated patterns. First, we selected
a hexagon-like structure as presented in the topography map.
Fig. 4a is not well visible maybe because of the low resolution of
the image, but the LFM map (Fig. 4b) shows a clearly written
pattern as the frictional forces are more sensitive than AFM [29].
We increased the number of hexagons connected together to
write more complex patterns simultaneously by using the same
voltage and tip speed as used for the pattern map of Fig. 4a and
the developed pattern is presented in the topography map of
Fig. 4c. Almost all the selected portion is oxidised except at
some points (indicated by black arrows) as the bumps because of
oxidation are not properly distinguishable. This may have happened
owing to the applied bias not being enough for this more complex
structure because of which graphene is partially oxidised which
leads to just scratches on some parts, or may be because of the
low resolution of the oxidised bumps as a lot of dirt particles
(white spots) are present on the graphene surface. However, if we
look at the LFM map (Fig. 4d), all the hexagons appear well devel-
oped because of LAO-based lithography. Subsequently, we selected
to write a two-terminal bar-like device pattern which can directly be
used for electrical measurements. The tip voltage was increased to
—12'V, and with the same tip speed 60 nm/s, the two-terminal
bar-like device written can be seen in the topography map
(Fig. 4e). The bumps and trenches produced on the graphene film
are clearly distinguishable in both the topography (Fig. 4e) and
the LFM (Fig. 4f) images. The width of the device is around 36
nm, as indicated by black arrows on the topography map
(Fig. 4e). The device looks blocked from the right side indicated
by the sky blue arrow on the topography map (Fig. 4e) as the un-
wanted graphene portion is oxidised unintentionally. This may
have happened because of the uncontrolled movement of the tip
during lithography as the voltage source used for this pattern was
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Figure 4 Figs. 4a and b: Topography and LFM maps, respectively, present-
ing hexagon-like complex pattern written by LAO lithography with applied
bias —10 V and tip speed 60 nm/s. More hexagons were written simultan-
eously as presented in topography (partially visible) map of Fig. 4c and
are clearly distinguishable in LEM map of Fig. 4d. Voltage and tip speed
used to write these hexagons was same as for topography map of Fig. 4d.
Two-terminal device-like pattern was written having device width 36 nm
(indicated by black arrows) with applied voltage —12 V and tip speed
60 nm/s as presented in topography map of Fig. 4e as well as in LFM

map of Fig. 4f
Sky blue arrow on right of image indicates unintentional blocking of device

external voltage source, instead of internal source (maximum
limit —10 V) from within the system as for earlier patterns which
is synchronised with the tip movement. The range of voltages
(=6 to —12V) selected for our experiments was below the
middle range in comparison to the values (—6 to —35 V) reported
by other groups as discussed in the Introduction Section. Hence,
by using a moderate voltage range, we have shown that any kind
of pattern can be simply obtained at room temperature. The import-
ant thing to take care of in making stable cuts regarding tip voltage
is that the voltage levels to be used for LAO lithography should be
sufficiently high, because the trenches made with small voltages
will fade away with time and recover the original shape [21].
Finally, we confirm that the promise of the LAO lithography tech-
nique described here is well suited for the fabrication of nanoscale
resolution graphene-based electronic devices. The convenience of
performing the LAO lithography we proposed in this Letter, is
that by just manipulating the tip bias and tip speed, one can
simply write any kind of pattern at room temperature instead of con-
centrating on other factors as addressed by some authors discussed
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above. Our findings will hopefully contribute to the designing of
graphene-based electronic devices by LAO-based lithography
using AFM.

4. Conclusion: We have performed LAO lithography on single
layer graphene prepared by CVD using AFM. By writing many
patterns such as lines, ribbons and more complex structures, such
as hexagons, two-terminal bar-like devices, we have shown that
any kind of lithographic pattern for the lateral confinement of
charge carriers in graphene can be written by just manipulating
the tip voltage and tip speed instead of concentrating on other
parameters. We have shown that the narrowing of the graphene
trench and the sharpness of oxidised insulating bumps can be
achieved by increasing the tip voltage and lowering the tip speed.
The experimental results presented in this Letter regarding
LAO-based patterning using AFM confirm that it is an effective
technique for fabricating graphene-based future electronic devices.
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