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ABSTRACT: An anisotropic etching mode is commonly
known for perfect crystalline materials, generally leading to
simple Euclidean geometric patterns. This principle has
also proved to apply to the etching of the thinnest
crystalline material, graphene, resulting in hexagonal holes
with zigzag edge structures. Here we demonstrate for the
first time that the graphene etching mode can deviate
significantly from simple anisotropic etching. Using an as-
grown graphene film on a liquid copper surface as a model
system, we show that the etched graphene pattern can be
modulated from a simple hexagonal pattern to complex
fractal geometric patterns with sixfold symmetry by varying
the Ar/H, flow rate ratio. The etched fractal patterns are
formed by the repeated construction of a basic identical
motif, and the physical origin of the pattern formation is
consistent with a diffusion-controlled process. The fractal
etching mode of graphene presents an intriguing case for
the fundamental study of material etching.

aterial etching refers to the spontaneous removal of
building blocks from a material matrix by physical or
chemical approaches, and in many cases it can be considered as
the reverse of the growth process from the microscopic point of
view. Understanding the etching process is essential for the
design of materials and the realization of their useful
functionality. Both material growth and etching require a high-
energy-barrier nucleation process and then an easier pathway for
enlarging the formed nuclei. In general, controlling the process
parameters can result in the spontaneous formation of
thermodynamically stable ordered structures and can also afford
various kinetically controlled metastable structures with high-
energy crystalline facets or edges. This control has been verified
for many material growth systems with a length scale from the
nanometer to micrometer to macroscopic scale.' > The family of
snowflakes is a fascinating example with rich patterns formed by a
nonlinear process provided by nature.* In contrast, it is
commonly accepted that perfect crystalline materials (e.g,
single-crystal Si) are etched through a simple anisotropic rule,”
leading to simple thermodynamically stable etched patterns with
Euclidean geometries. The underlying physical mechanism
originates from the different etching rates along different
crystallographic surfaces or directions associated with different
free energies. However, etched structures of materials beyond
simple Euclidean geometries have not been proposed and
demonstrated.
Graphene, which can be viewed as a perfect two-dimensional
(2D) single-layer atomic crystal, has attracted much attention
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because of its superstability under ambient conditions and its
excellent physical properties.>” The single layer of C atoms with
good crystallinity provides the simplest model system to study
fundamental growth and etching processes. Intensive efforts have
been devoted to the development of strategies to grow high-
quality graphene with controlled size, crystallinity, and edge
structures® "' by the chemical vapor deposition (CVD) method.
On the other hand, many studies of graphene etching have
concluded that it essentially follows a similar anisotropic rule
regardless of the use of different etchants such as hydrogen
plasma,">™"* H,'®"” or metal nanoparticles.'®™>' This etching
mode leads to preferential etching along the zigzag direction" in
the graphene lattice, producing either hexagonal holes or line
patterns with an angle of 60° between them.'®*° We recently
discovered a full spectrum of graphene crystal patterns that can
be finely controlled simply by tuning the composition of an inert
gas and H, during the growth.** In view of the similarity between
the growth and etching processes, these findings inspired us to
re-examine the fundamental issue of the graphene etching mode.

Here we report the first observation of a collection of
previously unrevealed etched graphene patterns with sixfold
symmetry, ranging from a simple Euclidean hexagon to complex
fractal shapes. Our experimental results strongly indicate that the
universal diffusion-controlled mode that is well-known in the
crystal growth of various material systems' *** is also
responsible for the formation of etched graphene patterns,
providing a generally effective approach for engineering of the
final etched patterns of other 2D or 3D materials. To test the
intrinsic graphene etching behavior, we started by preparing
graphene monolayer films or separated individual graphene
flakes on a liquid copper surface using a recently developed
method."" Briefly, a Cu/W substrate was heated to a temperature
higher than the melting point of Cu (1080 °C; we explored
temperatures in the range 1100—1160 °C) and then annealed for
20 min in pure H,. A monolayer graphene film was then grown
on the surface of the liquid copper using CH, in Ar/H, as the
carrier gas at ambient pressure for ~30 min. In the normal
experiments on graphene film growth, the CH, source was then
switched off, and the system was cooled to room temperature. In
the etching experiments, after the CH, source was turned off, the
Ar/H, flow was continued for a period of time at a particular flow
rate ratio while keeping the temperature the same. Various Ar/H,
flow rate ratios were explored to study the effect of the flow rate
ratio on the etched graphene pattern. Finally, the furnace was
opened, allowing the system to cool rapidly to room temperature
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Figure 1. Schematic showing the process of graphene growth on a liquid
copper surface by CH, CVD and subsequent etching using H, in Ar.

Figure 2. Typical SEM images of a series of etched graphene patterns
with different shapes obtained using various Ar/H, flow rate ratios. The
different conditions are summarized in Table S1. It should be noted that
all of the structures show hexagonal symmetry. All scale bars are S pm.

(~100 °C/min). The whole process is illustrated schematically
in Figure 1.

Figure 2 shows a series of scanning electron microscopy
(SEM) images of typical individual etched patterns obtained at
various Ar/H, flow rate ratios [see Table S1 in the Supporting
Information (SI)]. In all these cases, the monolayer graphene
film was grown on a liquid Cu surface using CH, at 0.3 standard
cubic centimeters per minute (sccm), 20 sccm H,, and 800 sccm
Ar for 30 min at 1160 °C at ambient pressure. These conditions
ensured the formation of a monolayer graphene film. When a low
Ar/H, flow rate ratio (800 sccm/100 sccm) was used in the
etching stage, hexagonal holes (white area in Figure 2a) were
observed on the as-grown graphene film (dark area in Figure 2;
also see the characterization below). This observation is
consistent with those reported previously.””™"” As the Ar/H,
flow rate ratio gradually increased, the edge of hexagonal etched
area started to curve toward the center (Figure 2b). The trend is
remarkably analogous to the evolution of the graphene crystal
shape when the similar modulating method is used.”” Further
increasing Ar/H, ratio led to hexagon-shaped etched structure
with six protruding arms (Figure 2c), and these arms gradually
became more prominent with the whole structure more opened
(Figure 2d). It should be noted that the detailed structures in
Figure 2c,d are quite different from those observed in graphene
crystal growth patterns.”” At a flow rate ratio of 800 sccm/20
sccm, a very finely carved fractal structure similar to a snowflake
morphology was produced (Figure 2e). The main features of this
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Figure 3. Characterizations of etched graphene structures. (a) Typical
optical image of an etched fractal pattern on a Cu surface. The optical
contrast between the snowflake-like etched region and the graphene
region is due to oxidation of the Cu surface in air. (b, c) Typical SEM
images of separated etched hexagonal holes in a graphene film (b) before
and (c) after the film was transferred onto a 300 nm SiO,/Si substrate.
Labels A and B in (c) indicate etched and graphene film regions,
respectively. (d) Raman spectra of regions A and B in (c). All scale bars
are 10 ym.

kind of etched structure essentially remained the same until a
strikingly different structure appeared at a very high flow rate
ratio of 800 sccm/3 sccm (Figure 2i). In this case, all of the
etched lines in each of the six triangles of the hexagon are aligned
along one direction. It is worth mentioning that in each case the
individual etched structures were formed in a high yield and
uniformly dispersed on the surface (Figure S1 in the SI),
demonstrating the high reproducibility of the etching behavior.

The above etched patterns were confirmed by further
characterizations. An optical image of a snowflake-like etched
structure (Figure 3a) shows the commonly observed contrast
between monolayer graphene (brighter region) and the Cu
surface (darker region) due to the oxidation of Cu surface in air.”
Graphene films with etched patterns were also transferred onto
300 nm SiO,/Si substrates. Figure 3b,c shows SEM images of a
film before and after transfer using an electrochemical method**
(see Methods in the SI), respectively. Figure 3d displays Raman
spectra of the areas labeled B and A in Figure 3c. The spectrum of
B is characteristic of single-layer graphene [a symmetric 2D peak
located at 2698 cm ™" with a full width at half-maximum of 35—40
cm™" and a large intensity ratio of the 2D and G bands (I,p/I; =
2.5—4)], whereas the spectrum of A contains no graphene signal.
The small peak located at 1452 cm™ in the spectrum of A comes
from the SiO, substrate, as confirmed by the presence of the
same peak in the Raman spectrum of the bare substrate. These
measurements provide direct evidence of the graphene etching
during the process and are also consistent with the experimental
fact that a longer etching time (10—20 min) eventually led to the
complete removal of the graphene film in all cases.

From Figure 2 and the above analysis, it is intriguing that
different etched patterns clearly exhibit the evolution from
simplicity to complexity or Euclidean to fractal geometry in a real
system. The pattern family is an exception to the simple
anisotropic etching behavior previously observed for other
crystalline materials® and graphene.'>™>' To test the generality of
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Figure 4. Evolution of etched graphene patterns recorded on the same
sample under the conditions for Figure 2e shown in Table S1. All scale
bars are 5 ym.

this graphene etching mode and its physical origin, we further
explored the roles of temperature, etching time, and catalyst type
in the process. Changing the temperature over the range from
1100 to 1160 °C essentially resulted in the same etching behavior
(Figure S2). When brass (copper alloy, 30% Zn and 70% Cu) was
used as the liquid catalyst, we also found a similar evolution of
etching patterns at an etching temperature of 1100 °C. These
investigations provided strong evidence for the generality of this
etching mode.

From the geometric point of view, the etched patterns can be
described by fractal geometry. Indeed, fractals are universal in
natural and societal phenomena and occur on all length scales
from galactic to nanometer.** Developed complex structures can
be considered to form simply by repeated construction of a basic
identical motif. As the initial etching points did not start
simultaneously in the case of graphene etching, the set of separate
etched patterns on the same sample actually represented a
collection developed at different stages. Different structures in
Figure 4 recorded on the same sample thus showed how the
simple structure developed into the complex fractal as a function
of time. The etched pattern at the early stage contained simple
branched lines (Figure 4a), and then a similar line structure was
repeatedly constructed into the existing structure, gradually
forming a fractal one (Figure 4b—d). The anisotropic etching
rule for the basic motif (Figure 4a) was not strictly followed, as
reflected by the deviations from straight lines and the angles of
120° or 60° between etched lines. However, the symmetry and
self-similarity of the patterns indicate that the etching did occur
along the preferential crystalline direction, but with a detectable
uncertainty. The fractal dimensions of the patterns in Figure 4
apparently fall between 1 and 2.

Despite the complexity of the etched pattern family, the
general physical origin of the pattern formation and evolution
can be understood in a qualitative way. The shape features,
including branching, self-similarity between the part and the
whole, negative edge curvature, and protrudin§ 2parts, are
characteristic of a diffusion-controlled process.'~*** Suppose
that graphene etching events start at random points by removal
of C atoms from graphene lattice, thus developing a small hole in
graphene film. Subsequent etching pathways mainly depend on
two competing rates:*° the rate of etching along the perimeter of
the etched holes to find the most energetically favorable sites and
the rate of etchant diffusion to the etched area. In general, fast
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diffusion of the etchant impedes the most energetically favorable
removal of C atoms, leading to a branched structure. The degree
of branching or curvature is directly related to the relative ratio of
the two rates.

Under the guidance of this general picture, we can analyze the
real etching system in a simplified manner and provide possible
explanations for detailed observations in the graphene etching
experiments. Suppose that H, or dissociated H radicals are active
etchants for graphene. A high Ar/H, flow rate ratio leads to less
coverage of the active etchants on a supported surface, possibly
favoring fast surface diffusion and fractal etched patterns. There
are two possible surfaces for etchant diffusion: graphene and
liquid Cu. Because of higher surface free energy of liquid Cu,
etchants are expected to be more readily adsorbed and diffused
on the liquid Cu surface than on the graphene surface. In fact,
different experimental results for etching on boundaries of the
graphene film and within the graphene film revealed that it was
necessary for the active etchants to diffuse on the liquid Cu
surface to start effective etching. For example, we found that
etching preferentially occurred at the rugged edge locations of
graphene film and then extended a line structure into the
graphene region (Figure S3). However, as shown in Figures 2
and 4, etched patterns started from a point within the graphene
film and then developed into the entire symmetric structure.
Moreover, the length of the etched lines starting from the edge of
the graphene (>100 ym with an estimated etching rate of 20—30
pum/min; Figure S3) was usually longer than that within the film
(several tens of micrometers with an estimated etching rate of S—
12 ym/min in a diagonal direction), indicating the etching rate
difference in these two cases. If the etchants around the area of
the initial etched holes are supplied by diffusion on the graphene
surface or directly from free space in the reaction chamber, no
difference would be expected in the two cases (also see the
schematic diagram of etchant diffusion on surfaces in Figure S4).
In the case of etching occurring within the graphene film, the low
etching rate is likely due to low etchant concentration and
hindered surface diffusion within the confined space between the
Cu surface and the graphene film. Etchant diffusion on an
isotropic liquid Cu surface further provides the physical origin of
the high symmetry of the etched fractal patterns. It is also
important to point out that the etched line structure due to
diffusion-controlled etching is different from that of nanoparticle
etching."* ™' In that case, the line width is related to the
nanoparticle size, and the nanoparticle’s motion results in the
etched profile. In addition, the small hexagonal holes observed at
the edges of the patterns shown in Figure 2g—i appeared to be
different from their corresponding main structures. It should be
noted that these hexagonal holes were formed during the end of
etching process. The formation of these hexagonal holes may
have involved complicated non-steady-state conditions as the
system was rapidly cooling down.

The etching of individual graphene domains revealed several
interesting points. First, the etched hexagonal holes are within
single graphene flakes (Figure SS). Different etched patterns are
clearly oriented, and the edges are parallel to the edges of the
graphene flake. Transmission electron microscopy (TEM)
measurements (Figure S6) were also performed on a transferred
graphene film, and large single-crystalline regions in the film were
found, consistent with the previous observation that the
continuous film was formed by the connection of individual
single domain graphene flakes."" These results can explain
frequent observations of aligned etched patterns within graphene
films (Figures 3b and S1). This technique could be very useful for
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Figure S. Evolution of etched patterns on individual graphene flakes
recorded as a function of etching time: (a) 0 min; (b) 3 min; (c) S min;
(d) 8 min. Etching conditions: Ar/H, (800 sccm/20 sccm) at 1100 °C.
All scale bars are 10 ym.

identifying the graphene crystallinity and edge structure since it
has been proven that the edge of an etched hexagon has a zigzag
structure.® Second, Figure 5 shows the etching behavior of
individual graphene flakes grown on a liquid brass surface as a
function of etching time. Etching from the edge is clearly the
dominant pathway for individual flakes, consistent with the above
analysis that the process of surface diffusion of the etchants
determines the etching pathway and etching rate. As the etching
time increased, the individual graphene flake was gradually
etched away, forming snowflake-like graphene patterns similar to
the graphene crystal patterns supposed to be formed during the
growth reported in our previous work.”> Although the
temperatures used to grow snowflake-like graphene crystal
patterns (1050—1080 °C)** were lower than those in this study,
the etching may indeed play an important role in shaping the
graphene morphology in this very complicated growth and
etching system. This speculation is expected to be experimentally
tested when the technique for in situ observation of graphene
growth is developed in the future.

In summary, previous studies have shown that graphene
etching using various etchants, including hydrogen plasma, H,,
or metal nanoparticles, follows an anisotropic rule, leading to
either hexagonal holes or line patterns with 60° angles between
them. The resulting etched patterns have characteristics of
simple Euclidean geometry. Here we have demonstrated for the
first time that etched graphene patterns can be complex and
fractal instead of commonly accepted simple and Euclidean. The
experimental results provide evidence of a diffusion-controlled
etching mode. This discovery represents an unrevealed intrinsic
graphene etching mode that may apply to a wide range of other
2D or 3D material systems.
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