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Surface Monocrystallization of Copper Foil for Fast Growth
of Large Single-Crystal Graphene under Free Molecular

Flow

Huan Wang, Xiaozhi Xu, Jiayu Li, Li Lin, Luzhao Sun, Xiao Sun, Shuli Zhao,
Congwei Tan, Cheng Chen, Wenhui Dang, Huaying Ren, Jincan Zhang, Bing Deng,
Ai Leen Koh, Lei Liao, Ning Kang, Yulin Chen, Hongqi Xu, Feng Ding, Kaihui Liu,

Hailin Peng,* and Zhongfan Liu*

Commercial polycrystalline copper (Cu) foil has broad applica-
tions in CO, electro-reduction, > transformers,?’! batteries,*’]
circuitry,®”! and other electronics industry.®? In particular,
Cu foil has recently become the most promising catalytic sub-
strate for mass production of high-quality graphene films via
chemical vapor deposition (CVD).1l However, the commer-
cial polycrystalline Cu foil has rough surface rich of defects,
steps, and grain boundaries, which function as active sites for
graphene nucleation and result in high nucleation density and
random orientations.> The single-crystalline domain size
of graphene is hence very limited. In addition, the domain
boundaries that degrade their electrical and mechanical proper-
ties appear when misoriented domains merge together toward
a continuous film. Consequently, the quality of large-scale CVD
graphene films is much worse than the mechanically exfoliated
counterpart. There is a big gap between conceptual and practi-
cally available graphene films for applications.['*-2]

To minimize the adverse impact of the domain boundaries,
large high-quality single-crystal graphene films are highly desir-
able for most applications. To this end, two possible approaches
involving the control over the nucleation and growth of gra-
phene during the CVD process are proposed to achieve large

high-quality single-crystal films. The first approach involves
a precise control of domain orientations, enabling a seam-
less coalescence of adjacent domains without grain boundary
defects during the epitaxial growth of graphene on a single-
crystal substrate. The second approach involves the suppres-
sion of nucleation density in the graphene growth to avoid the
possible formation of domain boundaries. Great efforts have
recently been made along these directions, including the use of
expensive single-crystal growth substrates,[?>?] the suppression
of nucleation density via locally feeding carbon precursors!?®!
and the time-consuming pretreatments of Cu substrates (e.g.,
introducing oxygen, long-time annealing, melting-resolidifi-
cation, smoothing, oxidative etching-assisted etc.).?’32 As the
nucleation suppression is mostly achieved by lowering the feed-
stock concentration during growth, the growth rate and yield in
these approaches are usually very low (typically in the range of
1.8-24 pm min~! and the growth time of hours to days).[?-32!
Herein, we present a practically scalable approach for sur-
face monocrystallization of commercial Cu foils and very
fast growth of large single-crystalline graphene arrays. With
a simple stacking structure of Cu foils, the entire surface of
polycrystalline Cu foils was readily converted into inch-sized
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Figure 1. Surface engineering of polycrystalline Cu foil. a) Schematic illustration of the production of single-crystalline Cu (100) on the surface of
polycrystalline Cu foil. b) Photograph of large-area Cu foil (6 cm x 6 cm) after surface monocrystallization. c) EBSD map of Cu foil before monocrystal-
lization treatment. Scale bar: 50 pm. Inset: color key. d) Extensive EBSD maps taken from the specific areas marked in (b) after monocrystallization
treatment. Scale bars: 50 pm. e) Typical AFM height-mode image of Cu foil in (b) after monocrystallization treatment with a z-scale of 10 nm. The
blue dashed line represents the direction of Cu atomic steps. Scale bar: 2 ym. Inset: the corresponding height profile along the white dashed line in
the AFM image. f) Extensive LEED patterns from one piece of Cu foil #1 (4 mm x 4 mm), six patterns were measured. g) Histogram of orientation
distribution from extensive LEED patterns. Inset: Corresponding photograph of three pieces of Cu foils cut from the same large-area Cu foil (6 cm X

6 cm) placed in the sample holders.

Cu (100) single crystal via oxygen chemisorption-induced
reconstruction, which enables the rapid growth of millimeter-
sized single-crystalline graphene arrays under molecular flow.
The maximum growth rate reaches 300 pm min!, several
orders of magnitude faster than previously reported values. Our
study provides an effective way to bury the giant gap between
conceptual and experimentally available graphene materials for
wide applications.

Figure 1a illustrates the formation process of single-crystal-
line Cu (100) surface on the Cu foil. Detailed methodology is
described in the Experimental Section. This process relies on a
stack configuration of Cu foils, in which electropolished com-
mercial Cu foils were rolled or vertically stacked via direct phys-
ical contact with a gap of about tens of micrometers (Figure S1,
Supporting Information). The surface monocrystallization of

Adv. Mater. 2016, 28, 8968-8974
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the stacked Cu foils was achieved by a high-temperature preoxi-
dation and subsequent hydrogen reduction process in a CVD
system. The evolution of on-surface microstructures and local
crystallography of large-area Cu substrates have been exten-
sively examined by electron back-scatter diffraction (EBSD),
atomic force microscopy (AFM), and low-energy electron dif-
fraction (LEED). As shown in EBSD analyses of the stacked
Cu foils before and after monocrystallization treatments
(Figures 1b,c,d), the entire surfaces of the stacked Cu foils
exhibit a complete Cu (100) texture over a large area (6 cm X
6 cm) after the treatment (Figure 1d), indicating the formation
of homogeneous Cu (100) surface on the polycrystalline Cu foil.
Extensive AFM measurements (Figure le and Figure S2, Sup-
porting Information) display atomically smooth surface (rough-
ness <1.26 nm) with the atomic steps aligned in two orthogonal
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Figure 2. Fast growth of large single-crystalline graphene arrays under molecular flow. a) Schematic drawing of fast growth of single-crystalline
graphene arrays under molecular flow. Inset: schematic of H,/CH, transport and decomposition under molecular flow. b) Photograph of graphene
domains grown on inner surface of the stacked Cu foils. c) Growth rate and growth time comparison of millimeter-sized single-crystalline graphene
domains produced by different methods. d) Typical SEM image of square graphene arrays on Si/SiO, substrate transferred from the inner surface of
the stacked Cu foil. Square graphene domains were rendered purple. The yellow dashed lines represent the directions of the edges of square graphene
domain. Scale bar: 1 mm. e) Contrast enhanced photograph of the continuous graphene film transferred onto 4 inch Si/SiO, wafer. f) Photography
of single-crystalline graphene arrays transferred onto PET substrate (left) and the corresponding SEM image (right). Square graphene domains were

rendered purple. Scale bar: 100 pm.

directions, consistent with the surface structure of Cu (100)
single crystal.

Representative LEED patterns of 4 mm x 4 mm Cu foil
shown in Figure 1f display one set of tetragonal arrangement
with identical orientations, indicating the Cu (100) structure.
Furthermore, LEED characterizations were performed on
additional pieces of Cu foils (inset of Figure 1g and Figure S3,
Supporting Information) cut from the same large-area Cu foil
(6 cm x 6 cm). Histogram of orientation distribution extracted
from these extensive LEED patterns (Figure S3, Supporting
Information) shows less than 1.6° rotation, justifying the
single-crystalline nature of the entire centimeter-sized Cu
(100). Detailed analyses and control experiments of the forma-
tion of single-crystlline Cu (100) on the surface of Cu foil were
described in the Supporting Information (Figures S4-S8, Sup-
porting Information). We believe that the formation of large-
area Cu (100) single crystal originates from the reconstruction
of “Cu (100)—(2 x 2)—0O” on the Cu foil surface introduced by
chemisorbed oxygen in the preoxidation process, in which
adsorbed oxygen was subsequently removed by hydrogen
reduction, thus forming the Cu (100) crystal surface.

Figure 2a presents a schematic diagram of the growth of
large-domain single-crystalline graphene arrays on the stacked
Cu foils. Figure 2b displays the photograph of as-grown gra-
phene domains on the inner surface of the stacked Cu foils,
among which the largest diagonal size of square domains can
reach up to 3 mm within 10 min growth, indicating a signifi-
cant enhancement of growth rate. The maximum growth rate
of graphene domain is about 300 pm min~!, which is several
orders of magnitude faster than previously reported values in
terms of growing millimeter-sized graphene domains on Cu
foil.l?7-31 Note that the whole preparation time (Figure S9, Sup-
porting Information) of millimeter-sized graphene domains is

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

also much shorter compared to the previously reported works
involving time-consuming substrate pretreatments. The rela-
tionship between growth time and domain size is depicted in
Figure S10, Supporting Information, indicating that graphene
domain size strongly depends on the growth time, while the
average growth rate keeps hundreds of microns per minute.
Interestingly, the domain size of as-grown graphene on the
inner surface of the Cu foil stack is much larger than that
grown on the outer surface (Figure S11, Supporting Informa-
tion), suggesting the enhancement of the growth rate is mainly
caused by the special stack configuration of Cu foils.

We ascribed the fast growth of large graphene domains to
a so-called molecular flow mode during the CVD process.
According to the growth parameters of graphene on stacked
Cu foils with a gap of 10-30 pm, the value of molecular mean-
free-path (A) of growth feedstock gas (H,/CH, mixture) is
calculated to be 300 pm (see the Experimental Sector and Sup-
porting Information, Note 5). The value of Knudsen number
(Ky), which is defined as the ratio of A and scale length of the
system (d), would be calculated therefore as higher than 10.
This calculation indicates that the gas flow during the CVD
process is under molecular flow regime (Supporting Informa-
tion, Note 6).13>34 In such gas flow regime, H, and CH, gases
trapped in the narrow spaces of the stacked Cu foils can move
forward with high colliding frequency toward the inner surface
of opposite Cu foils, which would substantially enhance the
local concentration of carbon flux and accelerate its interaction
on Cu surfaces.

On the other hand, the growth of graphene on Cu surface
is dominated by surface-mediated reaction under a boundary
layer of active carbon species.*l Cu foil is the catalyst for the
decomposition of CH, and corresponding decomposition
rate constant (k) is defined as p*Z*e™*, where p, Z, E,
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represents preexponential factor, collision frequency, and acti-
vation energy, respectively. Therefore, the decomposition rate
is in proportion to Z. In addition, the reaction rate is ks x Cj,
in which Cj is the concentration of the active carbon species at
the surface. Consequently, the introduction of molecular flow
can significantly reduce the thickness of the boundary layer
and drastically increase the collision frequency of CH, and
other carbon species with opposite Cu surfaces, which would
altogether lead to the high yield of active carbon species. More-
over, the as-obtained carbon species are confined to the inner
space of Cu stack, further increasing the concentration of active
carbon species for graphene growth. In such a scenario, the
growth rate of graphene would be enhanced due to the abun-
dance of active carbon species under molecular flow regime.
Optical microscopy (OM) image of graphene square domains
transferred onto 300 nm SiO,/Si substrate confirms the uni-
form single-layer character of graphene film (Figure S12a, Sup-
porting Information). By contrast, the graphene domain grown
on the outer surface of the Cu foil stack under viscous flow
regime (see the Supporting Information Note 6) exhibits irreg-
ular shape and numerous small multilayer islands (Figure S12b,
Supporting Information). This observation indicates that the
molecular flow growth mode not only accelerates the growth
rate of graphene domains, but also improves the thickness
uniformity. Low-magnification scanning electron microscopy
(SEM) image of graphene domains transferred onto Si/SiO,
substrate (Figure 2d and Figure S13, Supporting Information)
further reveals that square graphene domain arrays aligned
along the identical direction. Wafer-sized continuous graphene
film can be successfully synthesized by prolonging the growth

www.advmat.de

time by 20 min and transferred onto Si/SiO, wafer (Figure 2e).
The large-scale square graphene arrays can be readily grown on
a large Cu foil roll and transferred onto a transparent polyeth-
ylene terephthalate (PET) substrate (Figure 2f and Figure S14,
Supporting Information), demonstrating the potential capa-
bility of our method in rapid mass production of large single-
crystalline graphene arrays.

Transmission electron microscopy (TEM) was performed to
examine the microstructure and crystallinity of the as-grown
square graphene domains. The inset of Figure 3a displays a
typical SEM image of a graphene domain transferred onto a
TEM grid. Selected-area electron diffraction (SAED) patterns
were collected across the entire domain. Histogram of the rela-
tive orientations of graphene lattices extracted from the exten-
sive SAED patterns (Figure 3a,b and Figure S15, Supporting
Information) exhibits single pronounced peaks separated by
less than 0.8° rotation, justifying the single-crystalline nature
of the graphene domain. Along the dashed line in the SAED
patterns, the intensity of inner peaks from plane {1-100} is
stronger than that of outer peaks from {1-200}, further indi-
cating the single-layer nature.*® Meanwhile, it could be found
that two edges of as-formed square domain are of armchair
geometry and the other two are of zigzag edges. Furthermore,
atomic-resolution image of the as-obtained graphene domain
was obtained by aberration-corrected TEM (Figure 3c), which
clearly indicates perfect atomic lattices of structural defects and
disorders. Raman spectra of the as-grown graphene domains
(Figure S16, Supporting Information) display two characteristic
G and 2D bands peaks, with a ratio of I,p/I; > 1 and negligible
D band intensity, indicating the formation of high-quality and
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Figure 3. Structural characterization of large single-crystalline graphene domains. a) Histogram of angle distribution from extensive SAED patterns
within the domain. Inset: Low-magnification SEM image of square graphene domain transferred onto TEM grid. Scale bar: 100 pm. b) Typical SAED
pattern. Scale bar: 2 1/nm. Inset: intensity profile of diffraction pattern along the red dashed line. c) Atomic-resolution TEM image of the domain. Scale
bar: 2 nm. d) Electronic band structure of single-crystalline graphene domain measured by micro-ARPES, in which the red dashed line indicates the
profiles of Dirac cone of graphene. e) Resistance (R) versus back gate voltage (V) of the graphene field-effect transistor device at room temperature.
Inset: the OM image of the measured standard Hall bar device. Scale bar: 10 ym. f) Longitudinal (Rxx, left) and transverse (Rxy, blue) magnetoresist-
ances as a function of V; at 1.9 K under a magnetic field B=9T.
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uniform monolayer graphene.l’”l Moreover, the electronic band
structure of the single-crystalline graphene domain was directly
measured by microspot angle-resolved photoemission spectros-
copy (micro-ARPES, Figure 3d), in which a distinct Dirac cone
from K point in reciprocal space and clear linear dispersion
reveal the high quality of the graphene films.®!

To evaluate the electrical properties of as-grown graphene,
electrical and magneto-transport measurements were per-
formed by fabricating standard Hall bar devices on the square
single-crystalline graphene domain (inset of Figure 3e) trans-
ferred onto a highly n-doped silicon substrate with 300 nm
thick silicon oxide. Resistance of the sample as a function of
the back gate voltage (V) at room temperature (Figure 3e) dem-
onstrates a typical amblpolar behavior. The extracted room tem-
perature carrier mobility of this device is about 5561 cm? Vs
comparable to the previously reported results in single-crys-
talline graphene on Si/Si0,.?-3!l Moreover, the halfinteger
quantum Hall effect was clearly observed in a Hall bar device
at 1.9 K and a magnetic field of 9 T (Figure 3f), further ascer-
taining the perfect electrical quality of the graphene domain.*%)

The underlying mechanism of the fast growth of large-
domain single-crystalline graphene arrays on Cu surface was
carefully explored. First, we studied the influence of hydrogen
flow rate on the shape evolution of graphene domains. As
illustrated in Figure S17a-d, Supporting Information, the
shapes of graphene domains evolve from square to hexagonal
and the corresponding orientations become random when the
hydrogen flow rate is high. This behavior can be explained by
the theoretical calculation reported previously that the gra-
phene edges would tightly attach to the Cu surface under low
hydrogen pressure, while detach from the Cu surface under
high hydrogen pressure.*l Therefore, considering the growth
parameters in our method, we believe that the graphene edges
are binding to the Cu (100) surface and thus the graphene
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growth (the orientation and shape) would be significantly influ-
enced by the underlying Cu (100) substrate.

Secondly, we systematically investigated the orientation rela-
tionship of square graphene arrays with the underlying Cu
substrate. Graphene domains grown on Cu (100) substrate
are usually of tetragonal shape.*!! Figure 4a,b shows the low-
magnification and corresponding high-magnification SEM
images of the square graphene arrays grown on Cu substrate,
respectively. The edges of square graphene domain are not
sharp, which may arise from predominantly diffusion-limited
growth mode in the rapid growth of graphene.”’] As shown
in Figure 4c,d, the height- and amplitude-mode AFM images
clearly identified graphene domains since the graphene cov-
erage can induce the surface reconstruction of the underlying
Cu surface.*”l The Cu (100) substrate without graphene cov-
erage maintains parallel Cu atomic steps aligned in two orthog-
onal directions, consistent with that in Figure le and Figure
S2a, Supporting Information. Remarkably, the edges of square
graphene domain arrays are parallel to the atomic steps of the
as-received Cu (100) substrate.

Finally, we speculate the growth process of the single-crystal-
line graphene arrays on Cu (100) substrates based on theoret-
ical calculations**4 and our experimental data (Figure 4e). We
believe that the nucleation of graphene is preferentially attached
to the single-crystalline Cu (100) atomic steps aligned in two
orthogonal directions, then the subsequent growth of such gra-
phene domains would follow the direction of Cu atomic steps.
Considering the square shape of graphene domains, one can
conclude that the oriented alignments of Cu atomic steps on
the inch-sized Cu (100) surface would lead to the uniform
orientation of square graphene domain arrays on Cu (100)/
polycrystalline Cu foil.

In summary, we have successfully developed an efficient
strategy for the first realization of inch-sized single-crystalline

Cu step

/

graphene

single-crystalline

\
polycrystalline Cu (100)

Cu

Figure 4. Growth mechanism of square graphene arrays. a) Low-magnification SEM image of graphene arrays on Cu substrate. Scale bar: 500 pm. The
square graphene domains and the Cu foil were rendered purple and yellow, respectively. b) High-magnification SEM image of graphene domain marked
by the dashed red box in (a). Scale bar: 100 pm. c,d) The corresponding AFM height-mode and amplitude-mode images of graphene, respectively,
shown in the dashed red box in (b). Green lines represent the directions of Cu (100) atomic steps. The square graphene edges were portrayed by the
dashed blue lines. Scale bars: 1 ym. e) Schematic drawing of growth mechanism of square graphene arrays. Inset: the side-view profile of graphene

growth on Cu (100)/Cu foil.
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Cu (100) surface on stacked polycrystalline Cu foil. Large-scale
square arrays of millimeter-sized single-crystalline graphene
were readily achieved on the as-obtained Cu (100) surface with
a record growth rate of 300 pm min™' under a molecular flow
growth mode. With a practical scalability, we anticipate our pre-
sent work to be a prospective point for the surface monocrystal-
lization of commercial polycrystalline Cu foil at an industrial
scale, which not only provides a high-quality substrate for gra-
phene growth, but also offers a kind of potential electrocatalyst
for CO, reduction with a high selectivity and efficiency. More
importantly, our energy-efficient and time-saving synthetic
method to large-sized graphene single crystals may present a
significant step toward the real industrial application of high-
quality graphene.

Experimental Section

Surface Monocrystallization of Cu Foil: Commercially available Cu foil
(98% purity, 25 pm thick, Alfa Aesar #46365) was first electrochemically
polished in electrolyte solution composed of phosphoric acid and
ethylene glycol (V/V = 3:1) with a bias of 2 V for 30 min. The single-
crystalline graphene growth was carried out in a homemade low-
pressure CVD system. Stacked or rolled-up Cu foils were placed in the
hot center of the furnace (Lindberg/Blue M) equipped with a 1 inch
diameter quartz tube and the system was pumped to a base pressure of
1 Pa. For the stacked Cu foils, the two separate sheets just sat on top of
each other. Then the Cu foil stack or foil roll was heated up to 1035 °C
without additional gas while maintaining the initial pressure of 1 Pa.
After reaching 1035 °C, the Cu foil continued to be annealed for 0.5-1 h.
Then 100-300 sccm hydrogen, corresponding to a pressure of about
150-500 Pa, was introduced for 10-15 min to remove the adsorbed
oxygen of Cu foil surface.

Growth of Single-Crystal Graphene: The graphene growth on the
pretreated Cu foil after surface monocrystallization was initiated by
introducing 0.5-3 sccm methane and maintained for 5-20 min according
to the request of target samples. Finally, the system was rapidly cooled
down to room temperature by pulling the sample out from the high-
temperature zone to room temperature without changing the gas flow.

Graphene Transfer: Graphene grown on Cu foil was transferred onto
the target substrate with the assistance of polymethyl methacrylate
(PMMA). The sample was floated in sodium persulfate solution for
30 min to etch the Cu foil. Subsequently, PMMA was removed by hot
acetone vapor after graphene/PMMA film was loaded onto SiO,/Si or
TEM grid. Specifically, the graphene was transferred to the PET substrate
according to a hot lamination and electrochemical delamination
methods.["l

Characterizations: EBSD measurements were carried out on
AJEOLJSM-6500F operated at 10 kV voltage. The step size was 2 pm.
LEED was performed on Omicron LEED system in ultrahigh vacuum
(UHV) with base pressure below 3 x 1077 Pa. Specifically, we cut three
pieces of Cu foil with a size 4 mm x 4 mm while keeping the edge
direction of Cu foil unchanged along the diagonal direction of the 6 cm x
6 cm Cu foil with a space of about 1.5 cm. Auger electron spectroscopy
(AES) was performed on Riber MAC 2 system in UHV with base
pressure below 3 x 1077 Pa. AFM was carried out on a Bruker Dimension
Icon using the tapping mode. The OM and SEM images were obtained
on an Olympus BX51 optical microscope and a Hitachi S4800 field-
emission scanning electron microscope, respectively. Raman spectrum
was collected on a Horiba HR800 Raman system with 514 nm laser
wavelength. TEM imaging and corresponding SAED were performed
using a FEI Tecnai F20 TEM operated at 200 kV. Aberration-corrected,
high-resolution TEM imaging was performed using a FEI 80-300 Titan
operated at 80 kV. The instrument was equipped with a spherical
aberration corrector in the image-forming (objective) lens and a
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monochromator. The amorphous carbon-covered and lacey carbon film
supported on copper grids were used for SAED and aberration-corrected
TEM  characterization, respectively. Micro-ARPES  measurement
was conducted on the Spectromicroscopy beamline 3.2 L at Elettra
Synchrotron Light Source utilizing 74 eV light with a spot size smaller
than 0.8 um at 110 K. The overall energy, angle, and lateral resolution
were 30 meV, 1°, and smaller than 1 um, respectively.

Device Fabrication and Transport Measurements: Electron beam
lithography (EBL) (Raith 150 2nd) and reactive ion etching O, etching
(Trion technology minilock 11I) were used to pattern graphene. After
that, EBL and electron-beam evaporation (Kurte J. Lesker AXXIS) were
employed to pattern the contact electrodes (Ti/Au: 5 nm/90 nm).
Electrical transport properties of the samples were measured from room
temperature to 1.9 K with magnetic fields up to 9 T in a Physical Property
Measurement System (Quantum Design, DynaCool).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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