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hydrogen etching. We observe parallel stripes on some single-crystal domains and these stripes are associated with

graphene wrinkles. The etched trenches in graphene are always perpendicular to the stripes, thereby suggesting the

suppressed formation of wrinkles along the stripe direction. Results indicate that the stripes help release the internal

stress of graphene to reduce its wrinkle density. Furthermore, these stripes are due to Cu surface reconstruction and

relate to two main factors, namely, the distribution of Cu grains and the cooling rate after graphene growth. Continuous

graphene films which is synthesized by slow cooling exhibit high stripe area coverage and low sheet resistance because of

the low wrinkle density.

Introduction

Graphene is a two-dimensional atomic layer of sz_
hybridized carbon atoms. This material is gaining substantial
attention because of its distinct band structure and physical
propertiesl. Graphene grown on Cu foils by chemical vapor
deposition (CVD) has been studied because of its cost
efficiency and large monolayer coverageM. The mechanisms
underlying graphene growth on Cu via CVD were determined®.
Previous studies have focused on graphene nucleation® 7,
growth rates, and domain shapeg'“. CVD graphene often
exhibits inferior electrical properties compared with exfoliated
graphenez' 2 hecause of their boundarieslg, defects™ 1 and
wrinkles'®. The grain size has been increased to avoid the
adverse effects of the boundaries of the graphene domain and
improve the film quality. When the size of CVD graphene
domains achieves the millimeter scale'” 16'18, the density of the
domain boundaries on the CVD graphene reduces and results
in a weakened impact of graphene boundaries on graphene
properties. Graphene wrinkles can cause relatively low
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transport mobility in CVD graphene. Therefore, the wrinkles in
graphene should be importantly removed.

Graphite has a negative thermal expansion coefficient in
the temperaturerange of 0-700K™. The thermal expansion
coefficient of single-layer graphene is strongly dependent on
temperature and sometimes it is even negative (—4.8><10'6K"1 in
the range 0-300K reported by Zakharchenko et al.zo, -8.0x10
k™ at room temperature by Yoon et a/.21). Mismatches of the
thermal expansion coefficient between graphene and Cu
substrate (17.5><10'6K"1) expand the graphene lattice and shrink
Cu during cooling, thereby increasing the internal stress in
graphene. The internal stress of graphene causes wrinkle
formation®? %, Parallel stripes (height, approximately 1A) have
been induced by the stress and observed by scanning
tunneling microscopy (STM)“. Moreover, these stripes
undergo thermal strain engineering on graphene flakes grown
on liquid Cu surface®. However, none of these studies have
investigated the association of the stripes with graphene
wrinkles. In this study, we find these stripes (height, 5 nm to
100 nm) are caused by Cu surface reconstruction (CSR) and
associated with graphene wrinkles. Noting that the graphene
wrinkles were indeed graphene ridges while the stripes were
wrinkles in papers on surface instabilities®®. However, such
definitions were inconsistent with the expressions in most
literatures for graphene. Here, we defined the periodic surface
structures as “stripes” and the high ridges as “wrinkles” in this
text, corresponding to the previous literatures for graphene.

Hydrogen etching can be used to reveal the wrinkle
distribution®’. High-resolution microscopic techniques, such as
atomic force microscopy (AFM), scanning electron microscopy
(SEM), and STM** have been utilized to analyze the
morphology of the wrinkles. However, large-scale information
on the distribution and density of wrinkles is difficult to obtain
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Fig 1.0Optical images of (a) common hexagonal single-crystal
domains and (b) those with parallel stripes. Scale bar: 50 um.
(c-d) AFM images show one corner of the hexagonal domains.
Scale bar: 2 um. (e) The corresponding line profile taken along
the A-B arrow in (c) and (d).

because of their size (in nanometers). A previous study used
hydrogen etching to conveniently detect the distribution and
morphology of wrinkles in graphene27. In that work, numerous
trenches were observed on the initial graphene domains after
etching. They proved that the trenches were bound with the
formed wrinkles. In this work, graphene domains with parallel
stripes are etched by hydrogen and the result reveals that the
stripes suppress the formation of wrinkles along the stripes’
direction. The distribution of Cu grains and the cooling rate
during CVD mainly influences the stripe formation.
Importantly, the sheet resistances of continuous graphene
films are reduced by enlarging the coverage area of the stripe.
The stripes help to release the internal strain between
graphene and the Cu substrate, thereby contributing to the
low wrinkle density in graphene.

Results and discussion

Hexagonal single-crystal graphene domains were
synthesized (Figure 1a). Parallel stripes form on some of the
hexagonal domains (see Figure 1b; the rugged Cu surface will
be discussed later). The AFM results indicate that graphene
domains with parallel stripes exhibit different surface
morphology (Figure 1c: one corner of the hexagonal domain
with stripes; and Figure 1d: common graphene domain). The
common graphene surface is flat but the stripes (we call them
CSR stripes) area is undulate. The stripes cover the whole
graphene domain with their heights ranging from 5 nm to 100
nm (see Figure Sla and S1b). Even though these stripes were
previously observed®® 29, the height range in this study is 100
times higher than those in those published work?,

The CSR stripes are associated with graphene wrinkles. The
wrinkle distribution difference was revealed by hydrogen
etching. The graphene domains were etched with hydrogen at
900°C for 30 min. After the wrinkles areas were destroyed,
etched trenches formed at the wrinkles position (Figure 2a).
The trenches are either reticulate or approximately parallel
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Fig 2.(a)
graphene domains were etched by hydrogen. (b) Magnified
image of the rectangular area in the distribution of etched
trenches that are always perpendicular to the stripes. (c)
Distribution of etched trenches. (d) Dark-field image of the
graphene domains to illustrate the CSR area, which is the same
region in (c). Scale bar: 50 um

(Figure 2b, the magnified image of a selected area in Figure 2c).
The CSR area (the area full of parallel CSR stripes) can easily be
discerned in a dark-field image because dark-field images
provides an enhanced contrast to detect the graphene
morphology and surface undulation®. According to Figures 2c
and 2d, reticulate trenches are observed on common
graphene (the upper left corner in Figures 2c and 2d) but the
trenches are approximately parallel on the CSR area and
perpendicular to the CSR stripes (the lower right corner). More
evidences are provided in Figures S2a to S2d.

Further observation of the relationship between graphene
wrinkles and CSR stripes is investigated on hexagonal single-
crystal domains. Hexagonal graphene domains in Figures 3a
and 3b are obtained at the different position of one sample
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Fig 3. SEM images show (a) reticulate etched trenches on
common hexagonal single-crystal domains and (b) the
approximately parallel etched trenches on graphene with CSR
stripes. Scale bar: 10 um. (c) Schematic diagram reveals
reticulate and parallel etched trenches formation.
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Fig 4.Images of the partially etched domains (a) without and (b) with stripes; fully etched domains (c) without and (d) with
stripes. (e) Schematic of the etching process. (f) The formation of hexagonal Cu areas. (g) Raman results of the hexagonal areas

of (b) and (d). Scale bar: 25 um.

(both the domains were synthesized and etched in the same
growth and etching condition). The common graphene domain
exhibits reticulate etched trenches (Figure 3a) while graphene
domain with CSR stripes shows approximately parallel etched
trenches (perpendicular to the CSR stripes; Figure 3b).
Graphene domain with CSR stripes displays lower etched
trenches density than common domain, suggesting a lower
graphene wrinkle density. Figure 3c illustrates the difference
between common and CSR area domains. Wrinkle areas can be
easily destroyed by etching, leaving the etched trenches which
represent the wrinkle distribution on graphenezs’ 27;
Mismatches of the thermal expansion coefficients between
graphene and its substrate contribute to the internal stress of
graphene, which will result in anisotropic graphene wrinkles
formation®. Reticular etched trenches in the common
hexagonal single-crystal domains suggest the anisotropic
wrinkles or wrinkle—dependent defects. However, the trenches
are approximately parallel and perpendicular to the CSR
stripes, meaning that the graphene wrinkles are perpendicular
to CSR stripes. CSR deformation only happens in the
perpendicular direction to wrinkles, suggesting the CSR stripes
formation facilitate the release of the perpendicularly internal
stress. The Cu surface is prone to deformation for
temperatures near the melting point. In addition, graphene

This journal is © The Royal Society of Chemistry 20xx

coatings could influence the deformation by limiting Cu
sublimation and atom migration. The parallel stripes are
formed when the graphene-coated surface shrunk during
cooling. The internal stress is released by the production of
undulate contracture, especially in the direction perpendicular
to the stripes. Hence, the formation of wrinkles in this
direction is avoided.

The CSR stripes are formed during cooling . However,
information about their formation remains few. Our results
imply that the CSR stripes are comprised by reconstructed
regular Cu. The graphene domains on the Cu-reconstructed
area were etched by introducing hydrogen gas at 1050°C for 5
min. The results show that both the common and CSR area
domains are etched from the edge to the center with few
graphene residues (Figures 4a and 4b). The etched trenches
are spread on the graphene surface, but are reduced upon
approaching the hexagon edge. The partially etched domains
(Figures 4a and 4b) were then transferred on the SiO,/Si
substrate (Figure S3). Raman tests were used to distinguish
between graphene and Cu. The results verify that the
hexagonal regions are Cu (Figure 4g; transferred samples are
shown in Figure S3d). Figures 4c and 4d indicate that graphene
are completely etched where hexagonal Cu regions are formed.
In the CSR area, the stripes are observed on the hexagonal Cu

24, 30
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Fig 5. (a) Image of the stripes on graphene domains for
different Cu grains. (b) CSR stripes that are cut off by the Cu
boundary. (c) EBSD results showing Cu grain facet index in the
same region as (b). Scale bar: 25 um.

regions (Figure 4d). The absence of graphene suggests the
stripes are the reconstructed Cu. The differences in hexagonal
Cu regions and the external rough and rugged surface are
caused by different cooling rates (as Figure 4f shown). We find
samples experienced fast cooling result in flat surface (Figure
S4a) while the ones experienced slow cooling exhibits rugged
surface (Figure S4b). The rugged surface is covered with
dendrite-like structures (see Figure S4c and S4d). The dendrite-
like structures may cause by small perturbation in the course
of solidification due to the thermal quenching on the unstable
solid-melt interface at such high temperaturegl. The whole
etching process can be concluded as follows. First, graphene
domains were prepared (stage |, Figures 4e and 4f). Slow
cooling was then introduced after these domains were
synthesized. The Cu surface was highly damaged, resulting in a
rugged construction (stage Il, Figures 4e and 4f)*'. The
graphene-coated Cu was protected, and the flat hexagonal Cu
regions were maintained until the graphene domains were
etched. Graphene was then etched from the edges and the
wrinkles area, which yielded irregular graphene edges and
etched trenches (stage lll, Figure 4f). Finally, the graphene
domains were rapidly cooled to inhibit the rugged construction
(stage IV, Figure 4f). Thus, the new exposed Cu surface was
kept flat where graphene was etched away.

The growth of graphene is markedly influenced by Cu
substrates pretreatment32' 3 and the crystallographic
orientation®” *>. The substrate surface affects the distribution
of CSR stripes. Figure 5a illustrates the hexagonal single-crystal
graphene domains separated by a Cu line boundary with two
types of stripes at different directions (areas B and C). The
stripes are always parallel in the same Cu grain regardless of
the graphene domains (area B); some Cu grains are unsuitable
for stripe formation (area A). The electron back-scattered

4| J. Name., 2012, 00, 1-3
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Fig 6. Dark-field images of CSR on graphene films at (a)
approximately 200°C /min and (b) 2°C/min. Scale bar: 200 um.

diffraction (EBSD) was applied for flower-like graphene
domains to determine the types of Cu grains which can form
CSR stripes (Figures 5b and5c). Clear images of CSR stripes are
obtained on Cu grains [e.g., Cu (104)].Different Cu orientations
possess different surface energy, resulting in different Cu
surface atom migration ability and restructure possibility.
When the sample was cooled down, the differences in thermal
expansion and Cu surface—graphene reaction shrunk graphene
and Cu, thereby produce wrinkles. The formation of CSR
stripes is another way to release the internal stress in
graphene. The formation of wrinkles and CSR stripes are
competing. Graphene wrinkles can cause relatively low
transport mobility in CVD graphene and they are hard to
remove. However, CSR stripes formation can be controlled
because it is substrate-dependent different from the wrinkles.
We can promote CSR stripes formation thereby limiting
wrinkle density in graphene films.

Different cooling rates during CVD were used to analyze
the formation of CSR stripes. These stripes do not run through
the whole grain (Figures S6a and S6b) during slow cooling; this
result is not mentioned in other studies. Partial CSR stripes
occurred in one graphene domain. EBSD tests prove that this
graphene domain with partial CSR stripes were located in one
Cu grain (Figure S7). Partial stripes are formed in Cu grains
where CSR is easily formed, and the slow cooling rate provided
enough time for the surface to shrink and form stripes. The
cooling rate is another important factor aside from the Cu
grain crystallographic orientation.
created small-area CSR (Figure 6a); hence, the CSR coverage

Fast cooling processes

increases in the continuous graphene film via slow cooling
(Figure 6b).

Four samples were prepared to verify the effects of cooling
rate on the properties of the continuous graphene films that
were synthesized in the same CVD growth condition but
different cooling rates. Samples A and B were synthesized at a
slow cooling rate (about 2°C/min) to increase the CSR area,
whereas the other samples were rapidly cooled at
approximately 200°C /min. Samples A and B exhibit higher CSR
coverage areas than samples C and D (Table 1).

Table 1. CSR area coverage and the average sheet resistance
for continuous graphene films at various cooling rates

Cooling rate CSR area Average sheet
Sample o . f
(°C/min) coverage (%) resistance (Q)
A ~2 76 578.9
B ~2 71 698.2
C ~200 15 964.1
D ~200 17 817.4

This journal is © The Royal Society of Chemistry 20xx
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All the continuous graphene film samples were transferred
on the SiO,/Si substrate for electrical properties testing.
Results show the CSR coverage area and the sheet resistance
are markedly correlated (tested by the four- point probe tester,
RTS-9). The tests were repeated several times on different
areas of each sample to reduce the test error. Samples A and B
exhibit lower average sheet resistances (approximately 550-
700 Q) than samples C and D (approximately 800-1000 Q). CSR
stripes improve the electrical properties of graphene by
releasing internal stress and reducing wrinkles. The resistance
of the graphene film can be reduced by increasing the CSR
area. Our etching work suggests that the CSR area contains a
few wrinkles because the stripe formation reduces the internal
stress and the number of wrinkles in the film. Hence, the sheet
resistance is decreasing.

Conclusions

Cu stripes in graphene domains were verified by
experimental analyses. The stripes bound to the etched
trenches indicated the distribution of wrinkles in graphene,
based on the results of thermal hydrogen etching. The stripes
originated from Cu reconstruction and were affected by the
distribution of Cu grains and cooling rate after the growth
period. The stripes reduce the internal stress of graphene and
the wrinkle density. The resistance of the graphene films can
be reduced by increasing CSR area.

Experimental

Graphene was synthesized on Cu foils (purity, 99.8%;
thickness, 100 um) in a horizontal quartz tube furnace via
atmospheric pressure chemical vapor deposition. The samples
were then annealed for 1 h under Ar/H, flow (ratio, 5:1) at
1050 C prior to graphene growth to remove surface
contamination and increase the size of Cu grains. Then argon,
hydrogen and argon diluted methane (CH,/Ar = 0.5:100) gases
were fed at different flow rates into the reaction chamber at
1050°C. The graphene domains were synthesized for 30 min at
gases ratio of 1000: 20: 1.5 and the graphene continuous film
were synthesized in two steps (step one, 1000: 20: 1.5 for
60min; and step two, 1000: 20: 10 for 30min). Upon graphene
synthesis, the samples were cooled down to room
temperature at different cooling rates. Hydrogen etching was
performed to detect the distribution and morphology of
wrinkles. The graphene/Cu samples were placed in the quartz
tube furnace. Thermal hydrogen etching was performed on
these samples using Ar (1000 sccm) and H, (200 sccm) flow at
atmospheric pressure. Etching was performed at 900 or 1050
°‘C for 30 min for different samples.
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