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Abstract—This paper reports images of reproducible 
nanopatterns on hexagonal graphene flakes, produced by 
modulating the input power of a Near-Field Scanning Microwave 
Microscope, used at the same time for the characterization of the 
samples. We have studied the impact of different time exposures 
to the microwave field, and of different power levels. A possible 
explanation of the patterning mechanism  is given by the heating-
induced oxidation of the exposed graphene flakes. In order to 
confirm this assumption, we have developed a simplified model 
for the analysis of the heat distribution, and for the estimation of 
the temperature under the microscope probe. This effect could be 
the basis for an alternative nanolithographic technique. 

Keywords—component; Graphene; Nanolithography; 
Nanopatterning;  Scanning Probe Microscopy 

I.  INTRODUCTION  

During the last years, a wide variety of nanolithographic 
techniques have been applied to mono- and few-layers 
graphene, in order to manipulate and shape it. Graphene 
nanolithography is important not only for the realization of 
devices [1], but also for verifying and exploring properties and 
capabilities of this new material [2-6]. 

The most commonly used technique, sometimes considered 
as a standard for graphene applications, is the electron-beam 
(e-beam) lithography [7]. This can be combined with High-
Resolution Transmission Electron Microscopy (HRTEM) for 
simultaneous monitoring of the effect of electron sputtering. In 
order to lower the required electrons power, e-beam 
lithography has been combined with sharp tips, used as contact 
electrodes [8]. An “ice-assisted” e-beam lithography 
application has also been proposed [9], where a thin ice layer 
covers graphene and low-energy e-beam is used.  

The oxygen plasma etching [10], which can be coupled 
with optical lithography [11], is a common tool to create 
controlled patterns on graphene as well. Different kinds of ion 
etching, such as e.g., helium ion beam [12], or reactive ion 
etching [13], have also been successfully employed. Further, 

some works proposed block copolymer lithography [14] as 
well as the usage of metallic etchmasks [15]. 

Different kinds of photolithography have also been applied 
to graphene. In addition to [11], an example can be found in 
[16], where a confocal microscope was used. In [17] and [18] 
different lasers were exploited to directly write a pattern on a 
graphene flake. 

Chemically-aided techniques have been widely explored, 
by means of the substrate morphology [19], [20], or with the 
help of additional nanoparticles [21], [22], [23]. As a matter of 
fact, several kinds of nanostructures have been used: graphene 
patterning has been achieved by exploiting nanospheres [24], 
[25], nanowires [26], or a more generic nanoimprint 
lithography [27]. All these techniques are based on chemical 
modification of the graphene surface. The majority of them 
exploits heating to induce such modification. By the same 
token, some authors proposed high-temperature oxidation [28], 
thermo-chemical lithography [29], etc. Photochemical 
processes are also employed through UV radiation [30], and 
under extreme conditions [31]. 

A completely different class of techniques, relevant for the 
graphene nanopatterning, is usually labeled as Scanning Probe 
Lithography (SPL) [32]. Interestingly, such techniques are 
based on microscopy techniques, having imaging resolutions in 
the order of nanometers or better. For the sake of completeness 
we should stress that, although the HRTEM and Scanning 
Transmission Electron Microscope (STEM) [33] could be in 
principle classified in the SPL group, they are conventionally 
associated to e-beam technique, as a particular class of high-
energy lithography. Among the SPL methods, the most 
common are the Scanning Tunneling Lithography (STL) [34], 
the Atomic Force Lithography (AFL) [35], [36], [37], and the 
dip-pen lithography [38]. They can be collected together in a 
“tip-based” class of nanofabrication methods [39], where the 
nature of interaction between tip and graphene sample 
represents the peculiarity of a specific technique [40]. Tip and 
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samples can interact in very peculiar ways, as reported for 
some classes of conjugate polymers [41]. 

In this work we report imaging, characterization and some 
etching effects produced by the interaction between a 
microwave near-field probe and the sample of interest, partially 
reported in [42]. As a highly interesting application of the 
above effects, the patterning of graphene grown by Chemical 
Vapor Deposition (CVD) is demonstrated.  

While the exact physical mechanisms underlying the 
etching are still not completely clear, a detailed analysis of the 
possible thermal and electromagnetic phenomena involved in 
the process is presented and alternative possible explanations 
are addressed. 

II. MICROWAVE MICROSCOPY 

Our Scanning Microwave Microscope (SMM) was 
extensively described elsewhere [43], and already used by the 
Authors to measure some physical properties of the samples 
[44], according to past works [45]. Here we only report a brief 
summary of the working principles of the microscope as well 
as the nature of the electromagnetic interaction. 

The Near-Field (NF) SMM is a particular SPM technique 
based on the interaction between a scanning metallic probe and 
the sample, illuminated by an electromagnetic field at 
microwave frequency. Since the interacting field is in the 
reactive region (near-field), in order to overcome standard 
imaging limits related to the wavelength, it is necessary to keep 
the distance between tip and sample within the nanometric 
range. Typically this is ensured by a feedback system based on 
Atomic Force Microscope (AFM) [46], microwave signal [45], 
or Scanning Tunneling Microscope (STM), as in the present 
case. In our microscope, in fact, the same metallic sharp tip is 
shared with a STM system to record simultaneously both the 
tunneling current between tip and sample and the microwave 
complex reflection coefficient (Fig. 1). It is then possible to 
pick-up information on the electronic structure and topography 
from STM as well as on the electromagnetic features (e.g. 
dielectric permittivity, conductivity) of the sample. The two 
measurements are carried on two separated channels, without 
mutual interference. 
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Figure 1.  Scheme of the main elements of the NFSMM in use. The 
microwave field is guided from the source to the probe. A network analyzer 
records the reflected signal from the sample. Between tip and sample, an STM 
bias voltage is applied. The instrument performs STM imaging as well. 

The microwave signal is guided from the source to the 
scanning tip by a coaxial cable. The tip acts as a radiating 
antenna, but, since the sample is located within the reactive 
near-field region, the electromagnetic interaction can be 
approximately considered in a quasi-static regime. Due to the 
features of our microscope, the power of the microwave source 
can be arbitrary regulated within the limit of +5dBm in the 
present implementation, and still ensures a good coupling with 
the metallic probe. In this way, the electromagnetic field 
interacting with the sample is maximized and local lithographic 
effects of selected samples have been observed, as discussed in 
the following. For SMM imaging the typically used source 
power is -15dBm, while we have observed patterning effects 
nearby the maximum power limit of our instrument, namely 
+5dBm (3.16 mW). This happens within the range of 
frequencies where the microscope has the best imaging 
performances. Most of the results discussed here are obtained 
nearby 16 GHz, while our microscope usually operated 
efficiently up to 25 GHz.  

Remarkably, the minimum size of the patterned shapes is of 
the order of the resolution of the microscope itself. As a matter 
of fact, the maximum interaction is limited to a small volume 
of sample right under the apex of the tip, owing to the small 
curvature radius of the STM probe, creating a nearly singular 
electric field. Past works referred to this volume as a “sampling 
volume” [47] and it is essentially influenced by the size of the 
apex of the metallic tip. In principle it should be possible to 
obtain very narrow scratches with an optimized procedure, 
since SMM allows atomic resolution [48]. 

III. GRAPHENE SAMPLES 

The samples under analysis consist of single layer graphene 
flakes over polycrystalline copper substrate. They are prepared 
by a CVD procedure, extensively described elsewhere [49]. 
Due to the particular thermal and pressure conditions in use, 
the shape of the graphene flakes is hexagonal, making samples 
identification through SPM quite easy. Some flakes are 
composed of multiple layers, but the great majority consists of 
single layer sheets. In order to make them visible to traditional 
optical microscopes, the samples have been slightly oxidized in 
air, so that the copper free from the graphene is covered by a 
thin layer of copper oxide. As recently reported in literature, it 
is most likely that, due to the conservation in an environment 
with non-controlled pressure and temperature conditions, a thin 
layer of copper oxide is able to grow also under the graphene 
flakes [50], in spite of its passivation. Furthermore, parts of the 
samples appear as highly corrugated, probably because of the 
difference between the temperature strain coefficients between 
copper and graphene [51]. 

IV. MICROWAVE PATTERNING 

We have observed a first evidence of microwave induced 
patterns at extremely low power (-15 dBm); in Fig. 2 a 
sequence of scans, evidencing this phenomenon, is reported. It 
shows an isolated graphene flake before and after two 
following SMM scans. 

The scanned area measures 20 µm each side, containing a 
hexagonal flake of CVD graphene. The sample appeared as a 
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fairly smooth flake over a highly corrugated copper substrate. 
The first microscope scan took approximately 1 hour. Since the 
chosen resolution was 256x256 pixels, each spatial point of the 
square has been exposed to microwave power for about 55 ms. 
After that, the sample appeared modified, clearly showing two 
damages propagating from the edges of the hexagon. Then the 
sample area was exposed again to the same process, resulting 
in a deeper modification of the flake, at the destruction limit. 
The copper substrate underneath became visible. 

 

 

Figure 2.  From the top left corner (clockwise): STM image of a 
graphene flake before SMM scans; STM image after the first scan; STM 
image after the second scan. 

One should consider that, in addition to the microwave field, 
tunneling current flows between the metallic probe and the 
sample. Although the STM has been employed elsewhere for 
graphene patterning through selective oxidation [34], the 
voltage used for that purpose is significantly higher (several 

Volts) than our biasing values (  0.3 V). Therefore, while it is 
possible that STM and SMM impact may be concurring, from 
preliminary analysis (performing STM scans alone and scans 
with different microwave power) we ascertained that the main 
contribution comes from the microwave field. The fact that the 
phenomenon was observed with so modest microwave power 
was attributed to two special conditions: a) the flake lies over a 
very corrugated part of the copper substrate and b) the effect 
started from the flake edges, where unbound carbons can 
oxidize more easily.  

In order to separate the contributions of tunneling current 
and microwave field on the surface modification, a set of 
experiments was performed: changing the microwave exposure 
time and power, as well as the STM bias voltage and the 
scanning duration. We report in Fig.3 the effect of successive 
STM and SMM scans, with different source power. Analogous 
procedure has been adopted to understand the effect of 
changing STM set-point and bias voltage. This confirmed that 
the most relevant effect on samples is due to the increasing 
microwave power that is able to completely remove the 
graphene hexagons from the substrate. In the meanwhile the 
scans also modify the copper substrate, as reported in Fig.3. 

 

Figure 3.  First row: images related to the same area of the sample 
after  STM scans only.The white arrows highlight few changes in the Cu 
substrate. Second row (left) after a consecutive 1h10’ tunneling +  (-15dBm) 
microwave exposure; (right) after a consecutive 1h10’ tunneling+ (0dBm) 
microwave exposure; third row (left) after a consecutive 1h10’ tunneling+ 

(5dBm) microwave exposure. The white arrows highlight substantial changes 
both in the Cu substrate and in the graphene hexagons.In the bottom right 
image the highlighted area is the exposed one, seriously damaged with respect 
to the region nearby. 

 

Figure 4.  Sequence of STM images of a graphene hexagon: the 
patterning (a series of holes subsequently appearing in each image) has been 
created by (+5dBm) microwave exposure for 5’ for each hole. 
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Then we exploited the microwave exposure to selectively 
etch the graphene flake, as reported in Fig. 4 and 5. In some 
experiments the probe has been kept at a fixed position: with a 
longer exposure time a line pattern has been obtained (Fig. 5), 
due to the residual drift of the piezoelectric nanopositioner. 

 

 

Figure 5.  STM images of a flake before and after a (0dBm) 
microwave exposure for 1h. The drift of the instrument produced a line 
pattern. 

Before discussing possible explanation of the observed 
graphene modification, we note that it is known that the local 
heating of the graphene makes patterning possible owing to the 
chemical interaction of carbon atoms with water molecules in 
air (oxidation). At the same time, graphene can directly interact 
with environmental oxygen molecules. Therefore, as a possible 
explanation, it is likely that the graphene etching is caused by 
microwave heating and following chemical modification of the 
surface. The electromagnetic field increases the local 
temperature of the sample area right under the tip, where it is 
extremely focused. Since the experiments are performed in air, 
the temperature increase triggers the chemical modification of 
the surface. 

There are several observations, supporting this 
interpretation. Namely, depending on power level and exposure 
time, the effects can be modulated: in Fig. 3, as the whole area 
has been exposed, the graphene has been gradually removed, 
starting from the edges, where carbon atoms are weakly 
coupled. In the meanwhile, the copper substrate has been 
modified, probably increasing the surface oxide thickness. In 
this case, the exposure time was few tens of ms for each spatial 
point, during a raster scan. Each point is close to the other in 
both space and time, so the heating effects persist due to the 
proximity of the radiating source. In turn, in Fig. 4 and 5 the tip 
is kept in a fixed position (but the sample slightly moves 
underneath, because of the residual drift of the piezoelectric 
positioner) for a limited exposure time, respectively 5’ each 
holes and 1 hour for the entire line. The exposure time seems 
extremely important, since it is not possible to obtain neither a 
hole nor a scratch of the graphene flake, without waiting for a 
prolonged while. It points to a heating-induced oxidation effect. 
For the experiments shown in Fig. 4, exposures shorter than 5 
minutes did not cause any modification of the surface. The 
microwave power has a fundamental role in the etching process 

as well. Before obtaining the line pattern of Fig. 5, other parts 
of the same flakes have been exposed with lower power 
densities, without modifications. We conclude, that the 
mechanism needs a minimum kick-off power to start, and then 
a certain exposure time is necessary to clearly see the 
cumulating effect of the chemical changes. 

After patterning the graphene flake, we moved the tip on 
the area of the oxidized copper substrate highlighted in Fig. 6. 
The microwave exposure time and power being the same as for 
the graphene case, interestingly, the etching was successful 
also on copper oxide. 

 

Figure 6.  STM images before and after (+5dBm) microwave 
exposure for 5’ on the oxide surface (highlighted by the blue circle). 

V. SIMPLIFIED THERMAL MODEL 

In order to evaluate the level of magnitude of the local 
temperature increase of the sample, a simplified situation is 
analyzed [52]. All the power not reflected back to the vector 
network analyzer (microwave source) is considered to be 
absorbed by the sample. Due to the high focusing capability of 
the tip apex, we assume that the microwave power is 
distributed over a sphere, having the same curvature radius of 
the probe itself [42], inside of the heated material (red in Fig. 
7). Then, another external sphere (blue in Fig. 7) represents the 
volume of interaction with the surrounding material. Beyond 
this sphere the temperature is in equilibrium with the 
environment (in our case 300K). 

Since the heat transfer by the air is negligible with respect 
to the conduction through solid materials (i.e. copper oxides 
and copper), the difference of temperature between the inner 
and outer sphere could be approximated to 

∆T=Q[1/(4πkox ) (1/R1-1/R2)+1/(4πkCu ) (1/R2-1/R3)] 

where Q is the transferred power, kox and kCu are 
respectively the thermal conductivity of the copper oxide and 
copper, and R1, R2 and R3 are defined as in Fig. 7. The effect 
can be understood by considering a simple resistive equivalent 
circuit. If the transferred power is focused in a sphere having a 
radius smaller than the thickness of oxide layer, the heat is 
dissipated by the oxide firstly, and by copper then. In this 
particular situation, because of thermal properties of the two 
materials, and because of the very small size of the spheres of 
interaction, the temperature on the surface could reach in 
principle a very high value. It can be compared to a high 
“voltage” drop in the equivalent circuit across the larger 
resistance. 

For example, if we consider Q=1mW, kox=4Wm-1 K-1 [53], 
kCu=400 Wm-1 K-1 and R1, R2, R3 respectively equal to 25 nm, 
50 nm and 1µm, the rise in temperature is 404K. 
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Of course, this is a very rough approximation; if the power 
dissipated in the sample increases by a factor of 2, 3, 4…∆T  
increases by the same factor, letting the sample reach a very 
high temperature. On the other hand, if the curvature radius of 
the tip is not small enough, ∆T dramatically drops down and no 
chemical reactions occur. 

Due to the sample composition and because of the thin 
oxide layer probably formed right under the graphene flake, the 
same explanation could be extended to the holes formed on 
graphene. In this case the oxide layer is thinner, but the 
temperature needed to start chemical reactions should be lower 
[54]. 

 

Figure 7.  Schematic representation of the heating mechanism due to 
the microwave near-field. The probe (grey) focuses the power that dissipates 
into the sample, generating a heat gradient. 

Further calculation where performed using electromagnetic 
calculation (not reported here for space reasons), changing the 
electrical resistivity of copper oxides. The resistivity at room 
temperature is in fact 0.5Ωm for CuO and 5Ωm for Cu2O, 
those values going down to 0.05Ωm for CuO and 0.5Ωm for 
Cu2O for temperature up to 100°C. Hence, the temperature 
raise increases the electrical conductivity, and induces a self-
focusing effect in the electromagnetic power. Such a focusing 
effect induces a kind of positive feedback in the reaction, and 
could help start the patterning effect that we have observed. 

For the sake of completeness, we should mention that we 
have considered and excluded among possible explanations for 
the patterning effect, a more prosaic possibility, namely a 
mechanical scratching due to a possible intermittent contact of 
the tip with the sample. This could be due –for example- to 
parasitic contribution to the tunneling current by the 
microwave field at power higher than the commonly used.  
This explanation was however quickly ruled out, owing to 
three main indications: 

1)   the tip is able to perform following STM images 
keeping the same quality; this is generally not be possible with 
a tip damaged by occasional contact with the sample; 

2)  the etching takes a certain minimum time to occur, 
while modifications of the surface should be immediately 
visible in case of mechanical scratches; 

3)  the feedback signal has been accurately monitored, 
and the current set-point does not show anomalous noise or 
overshooting during the scan. 

VI. CONCLUSIONS 

In this work, we present high resolutions images of CVD 
graphene obtained by near-field microwave microscopy  and 
report experimental observation of microwave-induced 
nanopatterning of graphene flakes. The most likely explanation 
of the patterning effect is heating-induced oxidation of the 
exposed graphene flakes. Simple estimates and modeling show 
that high temperatures under the tip apex are in fact possible, 
considering self-focusing effects of the electromagnetic field in 
the copper oxide underneath graphene. 

Nonetheless, future work is needed to fully understand the 
underlying mechanism, and to definitely rule out alternative 
explanations. Moreover, in order to develop a practically viable 
microwave-based nanopatterning technique for graphene, 
different substrates (e.g. silicon oxides) have still to be studied. 
Finally, microwave power and time of exposure have to be 
optimized.  
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