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Abstract: Catalytic cutting by metal particles under an atmosphere environment is a promising
method for patterning graphene. Here, long straight micro-trenches are produced by the sliding
of metal particles (Ag and In) on epitaxial graphene (EG) substrate under the ultra-high vacuum
(UHV) annealing. The morphology and orientation relationship of the micro-trenches are observed
by scanning electron microscopy (SEM), and the damage effect is confirmed by Raman scattering.
Atomic force microscopy (AFM) and scanning tunneling microscopy (STM) are further adopted to
atomically characterize the sliding behavior of metal particles, which resembles a similar etching
method and can be used to make graphene nano-trenches. The study provides us with more
understanding about the mutual effects between metals on EG, which hopes to pave the way for the
applications of graphene-based devices.
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1. Introduction

Due to the unique properties and practical potential applications [1-3], research involving
graphene has become a fast developing field since its discovery in 2004 [4]. For that purpose,
the patterning of graphene sheets is necessary as it is a fundamental step for the device applications
in integrated circuits. Commonly, there are two kinds of approaches to make structured graphene:
bottom-up synthesis [5] and top-down cutting [6]. Similar to lithography, the method of top-down
cutting exhibits better scalability and controllability on size, shape and position during patterning [7].
Meanwhile, catalystic etching by metal particles, another top-down cutting method, is much more
simple and direct than lithography in the fabrication process [8,9]. Various metal nano-particles,
such as silver (Ag), nickel (Ni), cobalt (Co), platinum (Pt) and iron (Fe), can be used as catalysts to
etch graphene sheets or highly oriented pyrolytic graphite (HOPG) at hydrogen (H;) or oxygen
(Oy) annealing environment [10-14]. The mechanism of catalysict etching has been discussed
accordingly through experiments, and further demonstrated by computational simulations [15,16].
Along with hydrogenation or oxidation of carbon atoms in Hy or O, gas environments, metal particles
can be activated as catalysts to move forward and scissor graphene sheets gradually at elevated
temperatures [17,18]. As a result, graphene patterns with different shapes can be achieved. The etching
of graphene by metal catalysts demonstrates a significant research area between metals and graphene.

In fact, there are many studies focused on the influence of metals on graphene by both
experiments and calculations. Usually, defects such as edges were considered as the preferred
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locations for the nucleation of metal particles on graphene or HOPG due to the high absorption
energy [19-21]. Selective growth of metal particles on epitaxial graphene (EG)/SiC substrate was
discovered, indicating the interaction between EG and metal particles [22,23]. Metals absorbed on
graphene could act as doping source to modify the electronic structures as well as the magnetic property
of graphene [24-27]. The migration of metal atoms adsorbed on graphene have been observed by
electron microscopy and also been confirmed by first-principles calculation [28-31]. Although the
production of large-scale uniform EG sheets as well as high electron mobility has been reported in
many experiments [32-34], few studies have focused on the behavior of metals on graphene under
vacuum annealing conditions. In this work, silver (Ag) and indium (In) were fabricated on the perfect
EG substrate. The micro- and nano-trenches on EG layer formed through ultra-high vacuum (UHV)
annealing are investigated by scanning electron microscopy (SEM), Raman scattering, atomic force
microscopy (AFM) and scanning tunneling microscopy (STM). The study paves the way for the
applications of graphene-based devices.

2. Experiments

Si-terminated 6H-5iC(0001) wafers purchased from Tianke Blue Semiconductor Co. Ltd. (Beijing,
China) were degassed at ~820 K for at least 8 h by direct-current heating to obtain clean surface.
EG samples were prepared through thermal annealing of SiC substrate at temperature of 1570 K
in UHV (5.0 x 10719 Torr) environment, which could be used as the substrate for metal growth.
The growth of metals and annealing procedure were conducted in a molecular beam epitaxy system
(MBE, USM-1400 from Unisoku Co., Osaka, Japan) at a base pressure of 1071° Torr. The growth
condition of Ag (In) flux was ~5 ML/min (~4.5 ML/min) controlled by the source temperature at
~1120 K (~1020 K), and the duration time for the growth was 16 min. After that EG substrate were
fully covered by metal films. Then, samples were annealed at ~570 K in UHV environment for 30 min.
SEM (JSM 6335f), AFM and STM were used to characterize the morphologies of metal particles on
EG after annealing. Raman scattering (Nanofinder 30 system, Tokyo Instruments, INC., Nishikasai,
Edogawa-ku, Tokyo, Japan) was also used to measure the influence of metal particles sliding on EG.
A laser power of 1-5 mW and an integration time of 2-5 s were used. STM images were acquired with
electrochemically etched W tips at ~77.2 K. The topographic images were taken at constant current
(100 pA) mode.

3. Results and Discussions

Figure 1 shows the results of the Ag/EG system observed by SEM and AFM. The formation of
trenches is only motivated by sliding of Ag particles during high vacuum annealing. According to
the hexagonal structure of the EG substrate, the angle between two armchair/zigzag directions is 60°,
and the angle between an armchair and a zigzag is 30° [35]. Similarly, the slipping of metal particles is
strictly along some particular directions, which are 30° or 60° with respect to one another. As marked
by the green and blue arrows in Figure 1a,b, the slipping directions can be parallel to each other or
intersect, and the width is in several microns. As shown in Figure 1a, the white dashed line is marked,
from which the green arrow deviates by about ~66°. It indicates the directions of these trenches along
the green arrow. The intersected trenches with an angle of ~127° from the green arrow are marked
by the green arrow. Some trenches are identified with other directions as marked by the blue arrows,
which deviate from the green arrows by ~36° and ~150°. The angle between the two blue arrows in
Figure 1a is ~63°. Figure 1b shows another region of the same sample on which the trench directions
are parallel to each other. There is an including angle of 35° between the blue arrow and the white
dashed line, and the sliding direction can be swerved (~127°) into another one across some defects [36].
Apparently, all these micro-trenches are long and straight. Most of these trenches are parallel and
stay in one direction when sliding happens, and the sliding directions might correspond to the some
crystallographic orientations of graphene [37].
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Figure 1. (a,b) macro view of Ag trenches after UHV annealing. (c) swerved and branched particle due
to the defective point. (d) the details of Ag trench heads. (e) surface morphology of Ag thin film on EG
without sliding trenches. (f) AFM image of trench after the sliding of Ag particles. (g) corresponding
3D image. The scale bars are marked in each image.

Figure 1c,d show more details of trenches in an enlarged area by SEM images. Some particles
can be swerved or branched into two as indicated by the dashed green and white arrows in Figure 1c.
The marked angle of 128° means the diversion of the trenches, and the moving particle can also
introduce the parallel sliding of another Ag particle, as shown under the white dashed arrow. Figure 1d
displays the head of Ag trench in a magnified area. The large bright particles on the trench is the
aggregation of metal particles during sliding, and the wrinkles caused by push and press are clearly
evidenced. It rightly demonstrates the sliding direction. That is to say, vacuum annealing can induce
the migration of metal particles, because the annealing temperature (~570 K) is much smaller than
that of the melting point of Ag (1234 K); it can be deduced that some small Ag particles would be
melted partly at such high vacuum annealing [38], and a tiny perturbation would push Ag particles to
move forward and form a trench on graphene sheets. Moreover, the small Ag particles would merge
into larger ones gradually as a result of a snowballing effect during sliding as shown in Figure 1d.
After that, the large particle with wrinkles ahead of the trench can be clearly visible in the SEM images.
Figure le displays the surface area without trenches, only showing the morphology of Ag thin films
on EG after annealing. The sliding of Ag particles breaks the continuity of Ag films. Figure 1f,g show
the AFM morphology and corresponding 3D image, from which SiC steps inside the trench is clearly
observed. The straight trench is in depth of ~8.0 nm and in width of ~4.0 um as marked by the green
profile. Even across SiC steps, the vacuum annealing is still enough to make the sliding of Ag particles.

Similarly, trenches can be produced by the sliding of In particles, too. Figure 2a,b display the
macroscopic morphology of trenches on EG, in which the white dashed lines are also used to denote
one direction. Figure 2a shows large numbers of paralleling trenches with an angle of ~7° from the
white dashed line, and the distance between each channel is randomly. The trenches with the direction
highlighted by the green arrow in Figure 2b deviates from the white dashed line by an angle of ~67°,
other trenches have an angle of 116°-118° with the green arrow. Meanwhile, some trenches are formed
with an angle of ~35° using the green arrow. Figure 2c shows the enlarged image of the paralleling and
straight channels, in which the clean substrate after sliding can be observed. As shown in Figure 2d,
the sliding can be also swerved at some defects. Figure le displays the surface area without trenches,
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only showing the morphology of In particles on EG. Because the annealing temperature (~570 K) is
higher than the melting point (430 K) of In, which is enough to melt In islands on EG, the migration of
In particles is extremely easy, and they will be solidified into ball-shaped morphology after annealing.
As a result, the sliding of In particles is much easier and a few randomly orientated trenches will be
observed as marked by the dashed cycles in Figure 2b. Moreover, the morphology of the In trench
head is greatly different from those of Ag trenches. Many small In particles instead of one large
particle are scattered around the trench heads. The bright and small particles shown in Figure 2e
are the starting sites for particle sliding for the formation of In trenches. Figure 1f,g show the AFM
morphology and corresponding 3D image, from which the trench as well as In partilces are clearly
observed. As exhibited by the green height profile, the depth and width of In trench are is ~10 nm and
~2.0 pm. It indicates that vacuum annealing is enough to move the In particles to form macro-trenches.

5
Length /um

Figure 2. (a,b) Macro view of In trenches. (c—e) Magnified image showing more details about In
trenches. (f) AFM image of one trench after the sliding of In particles. (g) Corresponding 3D image.
The scale bars are marked in each image.

At first sight, the micro-trenches should be surface scratches. Actually, they are produced through
the sliding of metal particles which happens only though high vacuum annealing. In previous
reports, nano-particles induced etching of graphene was commonly under catalytic gas. For example,
particle cutting happens in H, gas after annealing, and the etching can be controlled along zigzag or
armchair directions [37], but most of the cutting direction is uncontrollable and randomly distributed,
especially under O, gas, owing to the anisotropic interactions [36]. However, the formation of
micro-trenches in this research is only through high vacuum annealing without any catalytic gas. It is
extremely simple for the sliding of metal particles regardless of graphene pits or SiC steps, and most of
the trenches are highly orientated and parallel. As shown by the image of Figure 3a tested through
optical microscopy (OM), the trenches are stable even exposed under atmosphere for many days.
Figure 3b displays the Raman mapping of 2D-band measured from the dashed black rectangle region
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in Figure 3a. For the Raman mapping tested inside the trench, the intensity of 2D-band is much weaker
than of the flat area. It is indicated that graphene sheets are damaged by the friction and a similar
etching effect is achieved.

SL“I @ S0 2 s
Figure 3. (a) The morphology of EG under optical microscopy. (b) Raman mapping of 2D-band
measured from the dashed black rectangle region in (a).

Figure 4 shows more details about the two types of trenches by enlarged SEM images and
corresponding Raman spectra. As shown in Figure 4a, there are three different regions, inside trench,
Ag film without sliding and the trench head, which are marked as A1, B; and C;, respectively. As shown
in the lower part of Figure 4a, elemental analysis (EDS) is conducted to prove Ag particles which is
measured from the red point marked in Figure 4a. Figure 4b shows the Raman spectra detected from
each site, and a big difference can be distinguished. On region (B;) covered by Ag films without any
sliding, it exhibits the classical Raman peaks of EG located at ~1350 cm ™!, ~1590 cm ! and ~2700 cm .
The enhanced intensity around 1200 cm~! to 1800 cm~! represents the surface enhanced Raman
spectra (SERS) by Ag particles, which is commonly observed [39-41]. There are big difference inside
trench (A1) and on Ag trench head (C;). Raman peaks of graphene nearly disappears inside trench,
only showing fairly weak Raman peaks of SiC substrate. The Raman peak on Ag trench head exhibits
a typical structure of diamond-like carbon (DLC), which means amorphous carbon (x-C) is merged
into Ag particle [42,43]. The difference of Raman spectra rightly demonstrates that graphene sheets
can be damaged during the sliding of Ag particles. Carbon atoms can transform to amorphous carbon
and merge into Ag particles. Figure 4c,d display the similar phenomenon on In/EG system. As shown
in Figure 4c, inside trench, In particles without sliding and the trench head are also marked by A,,
B, and C, respectively. As shown in the lower part of Figure 4c, EDS analysis measured from the red
point marked in Figure 4c can prove In particles on EG sheets. As shown in Figure 4d, normal Raman
feature of EG is observed on the region of In particles without sliding. The Raman spectra of A2 and
B2 do not differ strongly between each other. The peaks located at 1550 and 1700 cm~! in A2 and B2
are related to the SiC substrate. Different from Ag particles, there is no enhanced intensity observed in
In/SiC system due to special metals for SERS detection. hence, the graphene peaks are weak, and the
1350 cm~! peak is very close to the noise threshold, it is not clearly visible in either A2 and B2 spectrum.
But, the graphene peaks in A2 spectrum is much weaker than that in B2 one, which also indicates the
damage influence of sliding In particles to EG sheets. Therefore, the sliding behavior of metal particles
on EG is only motivated by high vacuum annealing resembles the catalystic etching effect, by which
EG can be easily patterned.

It is also found that the EG layer tends to be etched by the metal particles in the process of long
time annealing in UHV, and nano-trenches are formed. Figure 5a,b displays the macro-morphology
of EG, on which all the metals have been evaporated. Meanwhile, there exist a narrow channel
originating from the edge of pits. It is deduced that EG has been scratched and broken by the sliding
metal particles even during long term annealing (more than 24 h). The etching always happens
at the high energy sites of edges and defective points. Figure 5c shows an enlarged image of one
etched channel, and Figure 5d shows the atomic structure of the etched channel zoomed in from
the green square in Figure 5b. As exhibited by the height profiles in Figure 5e,f acquired from the
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green lines in Figure 5c,d, the depth of the channel is about 0.5 nm, consistent with the interlayer
distance of graphene. Meanwhile, the edge region is higher than the flat EG, indicating the edge
structure caused by the broken of EG sheet. As shown in Figure 5d, there exist interference scattering
patterns along the channel [44], meaning that a broken of continuity of EG layer and new edge has
been formed. The profile heights and the atomically resolved structures prove that only the top EG
layer has been etched.
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Figure 4. SEM image and corresponding Raman spectroscopy. (a,b) For Ag/EG system, inside trench,
Ag film without sliding and the trench head are marked by A1, Bl and C1, respectively. (c,d) for In/EG
system, inside trench, In particles without sliding and the trench head are marked by A2, B2 and C2,
respectively. EDS results are displayed in the insets.
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Figure 5. (a,b) The macro-morphology of EG with etched channels. (¢) An enlarged image about one
etched channel. (d) The atomic structure of the etched channel. (e,f) The height profiles acquired from
the green lines in (c,d).

The formation mechanism of nano-trenches on EG layers is complex, but the most possible reason
may also be related to oxidation of carbon atoms, and metal particles can be activated to move forward
and scissor graphene sheets gradually at elevated temperatures [17,18]. Oxygen may be released
from the chamber or the sample surface, and only a very small amount is contained. That is why
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the etching cannot be commonly observed, and happens only around the edges or defective sites
because of high energy dangling bonds. The etching also happens on the terrace and the defective
point is considered as the triggered sites. The formation mechanism of nano-trenches is helpful for the
patterning of graphene.

4. Conclusions

In summary, an interesting sliding behavior of metal particles (Ag and In) and long straight
micro-trenches on EG induced by UHV annealing are investigated. Most of the micro-trenches are
highly orientated and parallel to each other. Meanwhile, the EG structure can be scratched and
erased easily because of friction during sliding and confirmed by Raman mapping and spectra.
Combined with the characterization of atomically resolved STM, a similar etching effect can be
evidenced and achieved. The finding will help us to understand more properties about the mutual
effect of metals on EG, and might provide us a new and easy way to make structured EG.
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