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In this paper, we studied the influence of edge morphology evolution during the chemical vapor deposition
cooling process on H, etching of graphene domains. Hexagonal graphene domains were synthesized on
a Cu substrate and etched with H, at atmospheric pressure. After etching, two kinds of graphene edge

morphologies were observed, which were closely associated with the cooling process. A visible
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Accepted 28th January 2019 curvature was observed at the graphene edges via an atomic force microscope, indicating that the

graphene edges sank into the Cu surface during the cooling process, which protected the graphene
edges from etching. This work demonstrates the changes in graphene edges during cooling and sheds
light on the etching mechanism of graphene edges on a Cu substrate.
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Introduction

Graphene as a 2D one-atom-thick sheet of carbon has drawn
significant attention for future opto-electronic applications'*
because of its novel properties.®” Excellent graphene-based
photoelectric devices require graphene processing techniques,
such as optimized synthesis methods,**® evolved etching tech-
niques,”™* and surface modifications." In terms of synthesis,
graphene grown on a Cu substrate via chemical vapor deposi-
tion (CVD) has the distinct advantages of extremely large area,
homogeneity, high quality, and monolayer graphene films.*>**

The effects of CVD cooling on Cu-based graphene should not
be neglected. A continuous CH, flow during cooling influences
the nucleation and the domain size of as-grown graphene.*
Mismatch in the thermal expansion coefficients of graphene
and the Cu substrate causes the formation of wrinkles during
cooling, which is revealed through H, (ref. 21 and 22) and O,
etching of graphene.”® G. H. Han** reported that the Cu surface
is reconstructed and forms stripes during cooling, which are
associated with graphene wrinkles.” Lu et al. reported that the
surface morphology of the Cu substrate changes with the
cooling rate after graphene growth.>

However, information about the effects of cooling on the
graphene edges is limited. In our present work, edge
morphology evolution during CVD cooling was revealed though
the H, etching of graphene domains. The graphene edges sank
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into the Cu substrate during cooling. As a result, the cooling-
induced edge evolution protected the graphene from edge
etching until the etching temperature reached 1000 °C.

H, etching is an effective method for investigating the
growth mechanism of CVD graphene. The morphology and the
distribution of wrinkles are clearly observed®** and a specific
crystallographic edge is achieved via H, etching.”®*” In this
work, we revealed that differently etched morphologies of gra-
phene domains depended on H, etching conditions. In addi-
tion, the effect of CVD cooling on the graphene edge
morphology evolution was emphasized though H, etching.

Experimental

CVD graphene was synthesized by using a Cu foil (99.8%, 2 cm
x 2 cm strips) as the substrate. Prior to the growth process, the
Cu foil was electrochemically polished in H3PO, to reduce the
surface roughness. The Cu substrate was heated to 1050 °C with
a flow of 1000 sccm Ar (purity, 99.999%) at atmospheric pres-
sure and was annealed at 1050 °C for 60 min with 1000 sccm Ar
and 200 sccm H,, (purity, 99.999%). After annealing, 1000 sccm
Ar, 10 sccm H,, and 1 scem dilute CH, (mixed with Ar) were
introduced to the CVD system for the graphene growth. The
growth time was 40 min. After the growth, the samples were
naturally cooled down to room temperature with a flow of 1000
sccm Ar. The thermal hydrogen etching conditions (time,
temperature, and gas flow rate) for each sample are described in
the corresponding section.

Results and discussion

Hexagonal graphene domains were synthesized using a copper-
catalyzed CVD method using Ar, H,, and Ar-diluted CH, in
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a ratio of 1000 : 10 : 1 at 1050 °C for 40 min. Fig. 1a shows the
scanning electron microscopy (SEM) image of the synthesized
hexagonal graphene domain. All hexagonal sides are straight, as
shown by the red dotted line. Fig. 1b displays the Raman
spectrum of the domain region A. The value of typical I, was
twice that of I over the whole area within the graphene domain.
A negligible D band signal was observed, indicating that the
graphene domain was a single-layer graphene domain with low
defect content. In the Raman spectrum of the domain edge B
(Fig. 1c), pronounced I was observed, which indicated high
structural defect content on the domain edge.

Our H, etching experiment on graphene domains was
bifurcated. One was directly etched at 1050 °C for 30 min in the
same chamber immediately after the growth process (Fig. 1d).
The other one was naturally cooled to room temperature and
reheated to 950 °C for 30 min to initiate H, etching (Fig. 1e). The
H, etching was conducted with 2:5 H,-Ar gas flow rate
(HAGFR) at atmospheric pressure. Fig. 1d presents the SEM
image of graphene etched directly after the growth process
(GED). A small amount of etched hexagons was observed on
GED as a result of point defects.”® Some etched hexagons were
enlarged to form a contiguous area. The straight domain edges
were etched to an arc shape (please see the red dotted arc line in
Fig. 1d), resulting in graphene with round shape and small size.
Fig. 1e presents the SEM image of graphene etched after cooling
and reheating (GECRP). Only a small amount of etched trenches
was observed on the hexagonal graphene surface; these
trenches were associated with the wrinkles formed on graphene
during cooling to room temperature.”* The hexagonal shape was
maintained over the full range of the domain size; the domain
size did not change, and the hexagonal edges were still straight,
as indicated by the red dotted line. This finding revealed that
the graphene domain edges were not etched under this
condition.

Fig. 1f shows a simple view of the growth and etching of the
two kinds of graphene etching processes in our experiment.
Given the different etching processes, GED displayed edge
etching, a round shape, and etched hexagons inside. In
contrast, GECRP maintained its shape and showed etched
trenches. Thus, the different etching morphologies indicated
that graphene has considerably evolved since cooling and
reheating.

|
|

1 ThrC.
3| | onpeocEseen
2| G

Graphene Domain A
GED

G

D Growth | Etching

Intensity(a.u.)

a at
T i it 1050°C { 1050°C
Raman Shift (cm?) Raman Shift (cm!)

(] Umin

Growth

1050°C

t/min

Fig. 1 (a) SEM image of the synthesized hexagonal graphene domain.
(b and c) Raman spectra of domain region A and edge B, respectively.
(d) SEM image of the graphene domain etched directly after growth. (e)
SEM image of the graphene domain etched after cooling and
reheating. (f) Simple view of the growth and etching process of the two
kinds of samples.
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In addition, H, etching was conducted on graphene domains
with jagged edges (GDJE). This kind of graphene domain also
underwent the cooling and reheating process. The etching
condition was similar to that of GECRP. Fig. S1f shows that the
etching trenches are also observed on the GDJE surface after
etching, and the jagged edges are not etched away (the red
dotted line region corresponds to the jagged edges), which
indicate that edge etching is not related to the morphology of
the edge.

The etched trench was caused by hydrogenation on the
wrinkles formed during cooling. The density and the shape of
wrinkles were associated with Cu crystal orientation.*® We
conducted a verification experiment to determine whether the
edge etching is also associated with the Cu crystal orientation.
Fig. S2af displays an optical microscopy image of the two types
of etched trenches ((A) striated and (B) reticular) corresponding
to different Cu crystal orientations. The etched trenches with
different morphologies were observed via SEM images (Fig. S2b
and ct). However, the etching from the edge was not observed.
Thus, edge etching is independent of Cu crystal orientation.

We studied the influence of etching parameters such as time
and temperature on the H, etching degree of the graphene
domain. The gas flow rate of etching did not change (200 sccm
H, and 500 sccm Ar).

First, a series of H, etching was conducted on graphene at
incremental time intervals of 30, 120, and 240 min with the
etching temperature of 200 °C. The etching was random, and
the etching trenches originally appeared to be narrow, as shown
in the optical microscopy image in Fig. 2a. After prolonging the
etching time to 120 min, we observed that the trenches
exhibited minimal change (Fig. 2b). When the etching time was
further increased to 240 min, the density and the width of
trenches evidently increased compared with those of the
trenches etched for 30 min (Fig. 2c).

Then, the effects of temperature on H, etching of graphene
were further investigated by increasing the etching temperature
from 100 to 950 °C for 10 min. Initially, the etching trenches
were not visible (etching temperature was 100 °C, Fig. 2d).
When the temperature was increased to 500 °C, the etching

(a) 200°C,, 30min

50um

10min, 100°C 10min, 500°C

50um £
2

Fig.2 Optical microscopy images of graphene domains after etching.
(a—c) Degree of etching depending on the etching times of 30, 120,
and 240 min, respectively. The etching temperature was 200 °C. (d—f)
Degree of etching depending on the etching temperatures of 100,
500, and 950 °C. The etching time was 10 min. The gas flow rate of
etching was 2 : 5 (200 sccm Hy and 500 sccm Ar).
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trenches appeared and resulted in imperfections of the gra-
phene surface (Fig. 2e). When the temperature was increased to
950 °C, the width of preceding trenches increased to a certain
extent, and some other small trenches appeared (Fig. 2f). The
etching degree for this etching condition (10 min, 950 °C) was
similar to that for the previous condition (240 min, 200 °C).
Thus, the etching temperature is a more significant factor for
the H, etching of graphene than the etching time. We
concluded that edge etching mainly depends on the etching
temperature.

We conducted a verification experiment to determine
whether edge etching is associated with a higher etching
temperature. After cooling down to room temperature, the as-
grown graphene domains were reheated up to 1000 °C in Ar.
The etching was performed with 20 scem H, and 500 sccm Ar for
10 and 15 min. Considering that the H, etching of graphene was
too fast to control at a temperature higher than 1000 °C with
high HAGFR, the HAGFR from 2 : 5 to 2 : 50 and 1000 °C were
selected as the etching conditions. Fig. 3a-c show the optical
microscopy images of the etched graphene domains. The
etching mode significantly changed. The graphene domains
were etched from the wrinkles and edges. As shown in Fig. 3b,
an individual graphene domain was inwardly etched to
a distance of about AL, which was perpendicular to the corre-
sponding edge, whereas the graphene edges remained straight.
A few etched trenches were observed at the graphene surface.
The same result was observed on coterminous graphene
domains (Fig. 3a). All edges were inwardly etched with
a uniform degree compared with the diversely etched trenches
on the graphene surface. Fig. 3c shows the optical microscopy
image of a graphene domain etched for 15 min. The edges were
inwardly etched to a greater degree, which resulted in the
formation of a graphene island. Compared with the etching
morphologies of GECRP, the etched arc-shaped edges and the
hexagonal openings inside were significantly observed in the
optical microscopy image of GED (Fig. 3d). Fig. 3e and f exhibit
the distinction of etching results between GECRP and GED with
a schematic. For GECPR etched at 1000 °C, the inward etching

Fig. 3 Optical microscopy images of graphene domains after etching
at 1000 °C for (a and b) 10 and (c) 15 min. The gas flow rate of etching
was 2 :50 (20 sccm H, and 500 sccm Ar). (d) Optical microscopy
image of GED at 1050 °C. (e and f) Schematics of different etching
results between GECRP and GED.
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was perpendicular to the corresponding edge with a uniform
etching rate (indicated by the red arrows in Fig. 3e). Thus, the
graphene domain maintained its hexagonal shape. On the
contrary, the inward etching of GED was non-isotropic. The
inward etching direction had a certain angular interval (indi-
cated by the red arrows in Fig. 3f), and the etching rate of
hexagonal angles was faster than that of the edges. As a result,
the graphene domain was etched from a hexagonal shape to an
oval shape. Thus, edge etching was associated with a higher
etching temperature although the etching modes were
distinguished.

AFM analysis was conducted to elucidate the evolution of the
graphene edge after cooling. Fig. 4a displays the AFM image of
a hexagonal graphene domain grown on a Cu substrate. The
discernible brown hexagon indicated that the graphene edges
were sinking into the Cu substrate. An incurvation was detected
at the edges of the graphene domain, corresponding to AB and
CD directions in the AFM height image (Fig. 4b). The incurva-
tion trace further revealed the sinking of graphene edges into
the Cu substrate with an approximate depth of 15 nm. The
protrusion along the direction CD (indicated by the red arrow in
Fig. 4b) was the accumulation of silicon-containing particles.”
The bending of the graphene edge towards the Cu substrate (<1
nm) at the growth stage has been reported before.**** Single-
layer graphene has a negative thermal expansion coefficient
and is strongly dependent on the temperature (—8 x 10 ° K " at
room temperature, reported by Yoon et al.,** and —4.8 x 10°°
K~ in the range of 0-300 K, reported by Zakharchenko et al.**).
Considering the difference between the thermal expansion
coefficients of graphene and the Cu substrate (17.5 x 10 ° K1),
the graphene expands, and the Cu substrate shrinks during
cooling. The shrinking of the Cu substrate enhanced the
bending configurations of graphene edges, which resulted in
sinking of the graphene edges into the Cu substrate during
cooling. Thus, the sunken edge C atoms were enfolded and
protected by the surrounding shrinking Cu atoms, which
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Fig. 4 (a) AFM image of the synthesized hexagonal graphene domain.
(b) Corresponding line profiles taken along the AB and CD arrows in (a).
(c and d) 3D images of (a).
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Fig. 5 Schematic of the entire morphological variation of graphene
during cooling and etching. (a) Process of graphene growth and direct
etching; the graphene edge sinks into the Cu substrate during cooling.
(b) Optical microscopy image of GED at 1050 °C. (c) Schematic of the
distinction between etching at 950 and 1000 °C. (d and e) Optical
microscopy images of GECRP at 950 and 1000 °C. The scale bar is 20
um.

limited the edge etching of GECPR at 950 °C. On the contrary,
the edges of GED did not sink into the Cu substrate and
exhibited weak protection for Cu atoms. Thus, GED was etched
from the edges. Fig. 4c and d show the 3D image of the gra-
phene domain (Fig. 4d has a pitch of 50°). The sunken graphene
edges are shown in Fig. 4d, which provides visual evidence for
our analysis.

Fig. 5 displays the model of the entire morphological varia-
tion of graphene during cooling and etching. As shown in
Fig. 5a, C atoms were deposited on the Cu surface to form
graphene domains, and the domain edges bent into the Cu
substrate at the growth stage.’**'** After the growth, when
graphene was directly etched at 1050 °C, the etching occurred at
the defect positions and the domain edges, which resulted in
edge etching, round shape, and etched hexagons inside
(Fig. 5b). After the growth, when graphene was cooled down to
room temperature, wrinkle structures formed on the graphene
surface, and the domain edges sank into the Cu substrate.
Fig. 5c illustrates the distinction between etching at 950 and
1000 °C. When graphene was etched at 950 °C, the etching
primarily occurred at the wrinkle positions, and the etching at
point defects was not evident. Thus, the graphene surface dis-
played different morphologies of etched trenches (Fig. 5d).
When graphene was further reheated to 1000 °C, the expansion
and sublimation of the Cu substrate were stronger than those of
graphene at 950 °C. Thus, the edge C atoms enfolded by Cu
atoms were re-exposed to the hydrogen atmosphere, and the
protective effect of Cu atoms weakened, which resulted in edge
etching of the graphene domain (Fig. 5e).

Conclusions

The cooling process induced wrinkle formation on the surface
of graphene and resulted in morphology evolution of graphene
edges. The influence of cooling-induced edge morphology
evolution on H, etching of graphene edges was studied. The
results showed that edge etching was independent of edge
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morphology or Cu crystal orientation, and it was related to the
etching temperature. The visible curvature detected at the gra-
phene edge via AFM indicated the sinking of graphene edge into
the Cu surface during CVD cooling. Thus, the edge C atoms
were enfolded and protected by the surrounding Cu atoms. As
a result, the edge etching of graphene was limited until the
etching temperature was increased to 1000 °C. Conclusively, the
whole morphological variation of graphene during cooling and
etching was illustrated. Our work further elucidated the growth
and etching mechanism of CVD graphene on a Cu substrate.
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