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Large-scale pattern growth of graphene films for
stretchable transparent electrodes
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Problems associated with large-scale pattern growth of graphene
constitute one of the main obstacles to using this material in device
applications'. Recently, macroscopic-scale graphene films were
prepared by two-dimensional assembly of graphene sheets chem-
ically derived from graphite crystals and graphene oxides™’.
However, the sheet resistance of these films was found to be much
larger than theoretically expected values. Here we report the direct
synthesis of large-scale graphene films using chemical vapour
deposition on thin nickel layers, and present two different methods
of patterning the films and transferring them to arbitrary sub-
strates. The transferred graphene films show very low sheet resis-
tance of ~280 Q per square, with ~80 per cent optical transparency.
At low temperatures, the monolayers transferred to silicon dioxide
substrates show electron mobility greater than 3,700 cm>V~'s™'
and exhibit the half-integer quantum Hall effect*®, implying that
the quality of graphene grown by chemical vapour deposition is as
high as mechanically cleaved graphene®. Employing the outstanding
mechanical properties of graphene’, we also demonstrate the mac-
roscopic use of these highly conducting and transparent electrodes
in flexible, stretchable, foldable electronics®’.

Graphene has been attracting much attention owing to its fasci-
nating physical properties such as quantum electronic transport*, a
tunable band gap'®, extremely high mobility", high elasticity” and
electromechanical modulation'?. Since the discovery of the first iso-
lated graphene prepared by mechanical exfoliation of graphite crys-
tals®, many chemical approaches to synthesize large-scale graphene
have been developed, including epitaxial growth on silicon carbide
(refs 13, 14) and ruthenium (ref. 15) as well as two-dimensional
assembly of reduced graphene oxides™'*'® and exfoliated graphene
sheets”. Epitaxial growth provides high-quality multilayer graphene
samples interacting strongly with their substrates, but electrically
isolated mono- or bilayer graphene for device applications has not
been made. On the other hand, the self-assembly of soluble graphene
sheets demonstrates the possibility of low-cost synthesis and the
fabrication of large-scale transparent films. However, these
assembled graphene films show relatively poor electrical conductivity
owing to the poor interlayer junction contact resistance and the
structural defects formed during the vigorous exfoliation and reduc-
tion processes. In this work, we develop a technique for growing few-
layer graphene films using chemical vapour deposition (CVD) and
successfully transferring the films to arbitrary substrates without
intense mechanical and chemical treatments, to preserve the high
crystalline quality of the graphene samples. Therefore, we expect to
observe enhanced electrical and mechanical properties. The growth,
etching and transferring processes of the CVD-grown large-scale
graphene films are summarized in Fig. 1.

It has been known for over 40 years that CVD of hydrocarbons on
reactive nickel or transition-metal-carbide surfaces can produce thin
graphitic layers'”'. However, the large amount of carbon sources
absorbed on nickel foils usually form thick graphite crystals rather
than graphene films (Fig. 2a). To solve this problem, thin layers of
nickel of thickness less than 300 nm were deposited on SiO,/Si sub-
strates using an electron-beam evaporator, and the samples were then
heated to 1,000 °C inside a quartz tube under an argon atmosphere.
After flowing reaction gas mixtures (CH,:H,:Ar = 50:65:200 standard
cubic centimetres per minute), we rapidly cooled the samples to room
temperature (~25 °C) at the rate of ~10 °Cs™ " using flowing argon.
We found that this fast cooling rate is critical in suppressing formation
of multiple layers and for separating graphene layers efficiently from
the substrate in the later process™.

A scanning electron microscope (SEM; JSM6490, Jeol) image of
graphene films on a thin nickel substrate shows clear contrast between
areas with different numbers of graphene layers (Fig. 2a). Transmission
electron microscope (TEM; JEM3010, Jeol) images (Fig. 2b) show that
the film mostly consists of less than a few layers of graphene. After
transfer of the film to a silicon substrate with a 300-nm-thick SiO,
layer, optical and confocal scanning Raman microscope (CRM 200,
Witech) images were made of the same area (Fig. 2¢, d)*. The brightest
area in Fig. 2d corresponds to monolayers, and the darkest area is
composed of more than ten layers of graphene. Bilayer structures
appear to predominate in both TEM and Raman images for this
particular sample, which was prepared from 7 min of growth on a
300-nm-thick nickel layer. We found that the average number of gra-
phene layers, the domain size and the substrate coverage can be con-
trolled by changing the nickel thickness and growth time during the
growth process (Supplementary Figs 1 and 2), thus providing a way of
controlling the growth of graphene for different applications.

Atomic force microscope (AFM; Nanoscopes Illa and E, Digital
Instruments) images often show the ripple structures caused by the
difference between the thermal expansion coefficients of nickel and
graphene (Fig. 2¢, inset; see also Supplementary Fig. 3)"°. We believe
that these ripples make the graphene films more stable against mech-
anical stretching®, making the films more expandable, as we will
discuss later. Multilayer graphene samples are preferable in terms of
mechanical strength for supporting large-area film structures, whereas
thinner graphene films have higher optical transparency. We find that
a ~300-nm-thick nickel layer on a silicon wafer is the optimal sub-
strate for the large-scale CVD growth that yields mechanically stable,
transparent graphene films to be transferred and stretched after they
are formed, and that thinner nickel layers with a shorter growth time
yield predominantly mono- and bilayer graphene film for microelec-
tronic device applications (Supplementary Fig. 1c).
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Figure 2 | Various spectroscopic analyses of the large-scale graphene films
grown by CVD. a, SEM images of as-grown graphene films on thin (300-nm)
nickel layers and thick (1-mm) Ni foils (inset). b, TEM images of graphene
films of different thicknesses. ¢, An optical microscope image of the
graphene film transferred to a 300-nm-thick silicon dioxide layer. The inset
AFM image shows typical rippled structures. d, A confocal scanning Raman
image corresponding to c. The number of layers is estimated from the
intensities, shapes and positions of the G-band and 2D-band peaks. e, Raman
spectra (532-nm laser wavelength) obtained from the corresponding
coloured spots in ¢ and d. a.u., arbitrary units.
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Figure 3 | Transfer processes for large-scale graphene films. a, A
centimetre-scale graphene film grown on a Ni(300 nm)/SiO,(300 nm)/Si
substrate. b, A floating graphene film after etching the nickel layers in 1 M
FeCl; aqueous solution. After the removal of the nickel layers, the floating
graphene film can be transferred by direct contact with substrates. ¢, Various
shapes of graphene films can be synthesized on top of patterned nickel layers.
d, e, The dry-transfer method based on a PDMS stamp is useful in
transferring the patterned graphene films. After attaching the PDMS
substrate to the graphene (d), the underlying nickel layer is etched and
removed using FeCl; solution (e). f, Graphene films on the PDMS substrates
are transparent and flexible. g, h, The PDMS stamp makes conformal contact
with a silicon dioxide substrate. Peeling back the stamp (g) leaves the film on
a SiO, substrate (h).
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Etching nickel substrate layers and transferring isolated graphene
films to other substrates is important for device applications. Usually,
nickel can be etched by strong acid such as HNOs;, which often
produces hydrogen bubbles and damages the graphene. In our work,
an aqueous iron (11) chloride (FeCls) solution (1 M) was used as an
oxidizing etchant to remove the nickel layers. The net ionic equation
of the etching reaction can be represented as follows:

2Fe’ " (aq) + Ni(s) »2Fe? T (aq) + Ni* T (aq)

This redox process slowly etches the nickel layers effectively within a
mild pH range without forming gaseous products or precipitates. In a
few minutes, the graphene film separated from the substrate floats on
the surface of the solution (Fig. 3a, b), and the film is then ready to be
transferred to any kind of substrate. Use of buffered oxide etchant
(BOE) or hydrogen fluoride solution removes silicon dioxide layers,
so the patterned graphene and the nickel layer float together on the
solution surface. After transfer to a substrate, further reaction with
BOE or hydrogen fluoride solution completely removes the remain-
ing nickel layers (Supplementary Fig. 5).
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Figure 4 | Optical and electrical properties of the graphene films.

a, Transmittance of the graphene films on a quartz plate. The discontinuities
in the absorption curves arise from the different sensitivities of the switching
detectors. The upper inset shows the ultraviolet (UV)-induced thinning and
the consequent enhancement of transparency. The lower inset shows the
changes in transmittance, Tr, and sheet resistance, R, as functions of
ultraviolet illumination time. b, Electrical properties of monolayer graphene
devices showing the half-integer quantum Hall effect and high electron
mobility. The upper inset shows a four-probe electrical resistance
measurement on a monolayer graphene Hall bar device (lower inset) at

1.6 K. We apply a gate voltage, V,, to the silicon substrate to control the
charge density in the graphene sample. The main panel shows longitudinal
(Rxx) and transverse (R,,) magnetoresistances measured in this device for a
magnetic field B = 8.8 T. The monolayer graphene quantum Hall effect is
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We also develop a dry-transfer process for the graphene film using
a soft substrate such as polydimethylsiloxane (PDMS) stamp**. Here
we first attach the PDMS stamp to the CVD-grown graphene film on
the nickel substrate (Fig. 3d). The nickel substrate can be etched away
using FeCl; as described above, leaving the adhered graphene film on
the PDMS substrate (Fig. 3e). By using the pre-patterned nickel
substrate (Fig. 3¢), we can transfer various sizes and shapes of gra-
phene film to an arbitrary substrate. This dry-transfer process turns
out to be very useful in making large-scale graphene electrodes and
devices without additional lithography processes (Fig. 3f-h).
Microscopically, these few-layer transferred graphene films often
show linear crack patterns with an angle of 60° or 120°, indicating
a particular crystallographic edge with large crystalline domains
(Supplementary Fig. 1b)*. In addition, the Raman spectra measured
for graphene films on nickel substrates show a strongly suppressed
defect-related D-band peak (Supplementary Fig. 3). This D peak
grows only slightly after the transfer process (Fig. 2e), indicating
overall good quality of the resulting graphene film. Further optimi-
zation of the transfer process with substrate control makes possible
transfer yields approaching 99% (Supplementary Table 1).
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clearly observed, showing the plateaux with filling factor v = 2 at R, = (2¢%/
k)" and zeros in R,,. (Here ¢ is the elementary charge and  is Planck’s
constant.) Quantum Hall plateaux (horizontal dashed lines) are developing
for higher filling factors. ¢, Variation in resistance of a graphene film
transferred to a ~0.3-mm-thick PDMS/PET substrate for different distances
between holding stages (that is, for different bending radii). The left inset
shows the anisotropy in four-probe resistance, measured as the ratio, R,/R,,
of the resistances parallel and perpendicular to the bending direction, y. The
right inset shows the bending process. d, Resistance of a graphene film
transferred to a PDMS substrate isotropically stretched by ~12%. The left
inset shows the case in which the graphene film is transferred to an
unstretched PDMS substrate. The right inset shows the movement of
holding stages and the consequent change in shape of the graphene film.
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For the macroscopic transport electrode application, the optical
and electrical properties of 1 X 1 cm? graphene films were respectively
measured by ultraviolet—visible spectrometer and four-probe Van der
Pauw methods (Fig. 4a, b). We measured the transmittance using an
ultraviolet—visible spectrometer (UV-3600, Shimazdu) after transfer-
ring the floating graphene film to a quartz plate (Fig. 4a). In the visible
range, the transmittance of the film grown on a 300-nm-thick nickel
layer for 7 min is ~80%, a value similar to those found for previously
studied assembled films™*. Because the transmittance of an individual
graphene layer is ~2.3% (ref. 26), this transmittance value indicates
that the average number of graphene layers is six to ten. The transmit-
tance can be increased to ~93% by further reducing the growth time
and nickel thickness, resulting in a thinner graphene film (Supple-
mentary Fig. 1). Ultraviolet/ozone etching (ultraviolet/ozone cleaner,
60 W, BioForce) is also useful in controlling the transmittance in an
ambient condition (Fig. 4a, upper inset). Indium electrodes were
deposited on each corner of the square (Fig. 4a, lower inset) to mini-
mize contact resistance. The minimum sheet resistance is ~280 Q per
square, which is ~30 times smaller than the lowest sheet resistance
measured on assembled films>’. The values of sheet resistance increase
with the ultraviolet/ozone treatment time, in accordance with the
decreasing number of graphene layers (Fig. 4a).

For microelectronic application, the mobility of the graphene film
is critical. To measure the intrinsic mobility of a single-domain gra-
phene sample, we transferred the graphene samples from a PDMS
stamp to a degenerate doped silicon wafer with a 300-nm-deep ther-
mally grown oxide layer. Monolayer graphene samples were readily
located on the substrate from the optical contrast®® and their iden-
tification was subsequently confirmed by Raman spectroscopy?.
Electron-beam lithography was used to make multi-terminal devices
(Fig. 4b, lower inset). Notably, the multi-terminal electrical measure-
ments showed that the electron mobility is ~3,750cm®>V™~'s™ " at a
carrier density of ~5 X 10'* cm ™2 (Fig. 4b). For a high magnetic field
of 8.8 T, we observe the half-integer quantum Hall effect (Fig. 4b)
corresponding to monolayer graphene*?, indicating that the quality
of CVD-grown graphene is comparable to that of mechanically
cleaved graphene (Supplementary Fig. 6)°.

In addition to the good optical and electrical properties, the gra-
phene film has excellent mechanical properties when used to make
flexible and stretchable electrodes (Fig. 4¢, d)”. We evaluated the fold-
ability of the graphene films transferred to a polyethylene terephthalate
(PET) substrate (thickness, ~100 pm) coated with a thin PDMS layer
(thickness, ~200 pum; Fig. 4c) by measuring resistances with respect to
bending radii. The resistances show little variation up to the bending
radius of 2.3 mm (approximate tensile strain of 6.5%) and are perfectly
recovered after unbending. Notably, the original resistance can be
restored even for the bending radius of 0.8 mm (approximate tensile
strain of 18.7%), exhibiting extreme mechanical stability in compari-
son with conventional materials used in flexible electronics®.

The resistances of graphene films transferred to pre-strained and
unstrained PDMS substrates were measured with respect to uniaxial
tensile strain ranging from 0 to 30% (Fig. 4d). Similar to the results in
the folding experiment, the transferred film on an unstrained sub-
strate recovers its original resistance after stretching by ~6% (Fig. 4d,
left inset). However, further stretching often results in mechanical
failure. Thus, we tried to transfer the film to pre-strained substrates®
to enhance the electromechanical stabilities by creating ripples similar
to those observed in the growth process (Fig. 2¢, inset; Supplementary
Fig. 4). The graphene transferred to a longitudinally strained PDMS
substrate does not show much enhancement, owing to the transverse
strain induced by Poisson’s effect®. To prevent this problem, the
PDMS substrate was isotropically stretched by ~12% before transfer-
ring the film to it (Fig. 4d). Surprisingly, both longitudinal and trans-
verse resistances (R, and R,) appear stable up to ~11% stretching and
show only one order of magnitude change at ~25% stretching. We
suppose that further uniaxial stretching can change the electronic
band structures of graphene, leading to the modulation of the
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sheet resistance. These electromechanical properties thus show our
graphene films to be not only the strongest” but also the most flexible
and stretchable conducting transparent materials so far measured?®.

In conclusion, we have developed a simple method to grow and
transfer high-quality stretchable graphene films on a large scale using
CVD on nickel layers. The patterned films can easily be transferred to
stretchable substrates by simple contact methods, and the number of
graphene layers can be controlled by varying the thickness of the
catalytic metals, the growth time and/or the ultraviolet treatment
time. Because the dimensions of the graphene films are limited sim-
ply by the size of the CVD growth chamber, scaling up can be readily
achieved, and the outstanding optical, electrical and mechanical
properties of the graphene films enable numerous applications
including use in large-scale flexible, stretchable, foldable transparent
electronics®**.
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