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Large-area graphene films are best synthesized via chemical vapour and/or solid deposition 
methods at elevated temperatures (~1,000 °C) on polycrystalline metal surfaces and later 
transferred onto other substrates for device applications. Here we report a new method for the 
synthesis of graphene films directly on SiO2/Si substrates, even plastics and glass at close to 
room temperature (25–160 °C). In contrast to other approaches, where graphene is deposited 
on top of a metal substrate, our method invokes diffusion of carbon through a diffusion couple 
made up of carbon-nickel/substrate to form graphene underneath the nickel film at the nickel–
substrate interface. The resulting graphene layers exhibit tunable structural and optoelectronic 
properties by nickel grain boundary engineering and show micrometre-sized grains on SiO2 
surfaces and nanometre-sized grains on plastic and glass surfaces. The ability to synthesize 
graphene directly on non-conducting substrates at low temperatures opens up new possibilities 
for the fabrication of multiple nanoelectronic devices. 
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Graphene has generated enormous scientific curiosity owing 
to its ultrathin geometry1,2, quantum electronic transport2,3, 
bandgap opening4,5, excellent thermal conductivity6 and 

high mechanical strength7. Among all of the potential applications 
for graphene, realization of graphene-based flexible electronic dis-
play technology appears to be closer to reality8. Currently, large-area 
graphene films are best synthesized via pyrolytic cracking of hydro-
carbon gases8–11 and/or a solid deposition method12 at elevated 
temperatures (~1,000 °C) on polycrystalline metal surfaces and 
later transferred onto other substrates for the fabrication of devices. 
However, the high growth temperatures impose limitations on the 
choice of substrates and the subsequent transferability of as-grown 
layers influence device performance. Recently, bilayer graphene has 
been grown directly on insulating substrates at elevated tempera-
tures (~1,000 °C) using spin-coated polymer films as solid source 
of carbon (C) with nickel (Ni) thin films on top or bottom of the  
polymer film13,14.

Here we describe a very low-temperature and transfer-free 
approach to controllably deposit graphene films onto desired sub-
strates. Our synthesis methodology exploits the properties of a ‘dif-
fusion couple’, wherein a Ni thin film is deposited first on the sub-
strate, and solid C is then deposited on top of the Ni, and allowed 

to diffuse predominantly along grain boundaries (GBs) to create a 
thin graphene film at the Ni–substrate interface. To tune the struc-
tural and optoelectronic properties of the resulting graphene layers, 
we have engineered grain sizes of the Ni films on the substrate of 
choice. Our method allows for uniform and controllable deposition 
of wrinkle-free graphene films with micrometre-sized grains on 
SiO2 surfaces, and with nanometre-sized grains on plastic and glass. 
This study suggests that large-scale, device-ready graphene layers 
can be simply prepared without a transfer process on any arbitrary 
substrate at low temperatures—highly desirable for electronic and 
optoelectronic applications.

Results
Diffusion-assisted synthesis (DAS) method. Figure 1a 
schematically illustrates our process, which we refer to as DAS. 
We demonstrate the applicability of this method using thermally 
oxidized Si(100), poly(methyl methacrylate) (PMMA)-covered 
SiO2, and commercially available glass as substrates. First, ~100-nm-
thick film of polycrystalline Ni (poly-Ni) is deposited via electron-
beam evaporation at temperatures as low as ~25 °C on PMMA and 
glass and at temperatures as high as ~400 °C on SiO2/Si(100). Ni 
thin films deposited on SiO2/Si(100) were annealed at ~1,000 °C  
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Figure 1 | Structural and electrical properties of the DAS-grown graphene films on SiO2/Si substrates at low temperatures. (a) Schematic drawing of 
the DAS process for directly depositing graphene films on nonconducting substrates. The diagrams represent (from left to right) the elementary steps in 
the DAS process, including deposition (and annealing) of Ni thin films on desired substrates (SiO2/Si or PMMA, glass), preparation of diffusion couple of 
C–Ni/substrate, annealing in Ar or air (25–260 °C) to form C–Ni/graphene/substrate and formation of graphene on desired substrates by etching away C–Ni 
diffusion couple, respectively. Representative (b) optical microscopy (OM) image, (c) Raman spectra from red, blue and green spots showing the presence of 
one, two and three layers of graphene, respectively, (from bottom to top) and (d) Raman map image of the G/2D bands of graphene grown at temperature 
T = 160 °C for 5 min on SiO2(300 nm)/Si substrate. Scale bars, 4 µm (b and d). (e) Representative SEM image of graphene grown at T = 160 °C for 5 min on 
SiO2(300 nm)/Si substrate (scale bar, 100 µm). (f) Higher magnification SEM image of e, showing the presence of 1 ML (red dot), 2 ML (blue dot) graphene 
and multilayer graphene ridges (white dot); (scale bar, 10 µm). (g) Typical room temperature IDS-VG curve at VDS = 10 mV from a DAS-grown ML graphene-
based back-gated FET device. The estimated carrier (hole) mobility is ~667 cm2 V − 1s − 1 at room temperature and it shows weak p-type behaviour. The inset 
shows optical microscopy image of this device and the scale bar is 10 µm. IDS, drain-source current; VDS, drain-source voltage; VG, gate voltage.
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in a H2 ambient to yielding a strong 111-texture and 5–20 µm 
sized grains with smooth surfaces. Using Raman spectroscopy, we 
confirm that the surfaces of Ni (after annealing) and SiO2 (after 
removal of the metal) are free of crystalline C. In case of Ni thin 
films deposited at room temperature, the average grain size is about 
40–50 nm. Details of the deposition, morphology and crystallinity 
of the Ni films are presented in Methods and Supplementary Figures 
S1 and S2. The choice of Ni is motivated by the facts that it has a 
high solubility for C and Ni(111) is nearly lattice-matched with 
basal planes of graphite, both of which facilitate commensurate 
epitaxial growth of graphene15,16. Solid C is supplied from a paste 
composed of graphite powder (Aldrich, product 496596) dispersed 
in ethanol. (Highly oriented pyrolytic graphite can also be used as 
C source but we obtained better results with the paste.) To ensure 
efficient contact at the C–Ni interface and stimulate the C-C bond 
breaking on catalytic Ni(111) surface17,18, a pressure ( < 1 MPa) is 
uniformly applied by mechanically clamping the C–Ni/substrate 
diffusion couple using a molybdenum holding stage. The samples 
are then sealed in a quartz tube filled with inert argon gas (or with 
air) and heated for short periods (t = 1–10 min) at temperatures T 
between 25 and 260 °C. Substrate temperatures are measured using 
a k-type thermocouple directly connected to the sample holder and 
are accurate to within 10 °C. Following graphene growth, the C-Ni 
diffusion couple is etched away using an aqueous solution of FeCl3 
leaving behind a graphene film on the desired substrate. The details 
of this process are presented in Methods.

Synthesis and characterization of graphene films on SiO2–Si sub-
strates. Figure 1b–f shows typical results of surface morphology and 
Raman spectra, respectively of the graphene layers on SiO2/Si(100) 
obtained at T = 160 °C and t = 5 min. The three Raman spectra,  
colour coded for clarity, in Figure 1c are obtained from the three 
corresponding coloured circles. They show three primary features: 
a D band at ~1351 cm − 1, a G band at ~1592 cm − 1 and a 2D band at 
~2685 cm − 1, all expected peak positions for graphene. Film thick-
nesses are determined by measuring the ratio of G-to-2D peak inten-
sities (IG/I2D) and the full-width at half-maximum (FWHM) values 
of the symmetric 2D band. For the spectra of monolayer (ML)-area 
graphene, we obtain (1) IG/I2D  <  0.5 and (2) the FWHM value of 
~38 cm − 1 for the 2D band, consistent with previous reports9,11. The 
associated G/2D band map in Figure 1d illustrates the uniform-
ity of graphene films over large areas (~320 µm2) covered mostly 
with 1ML and 2ML graphene as identified by the IG/I2D  <  0.5 and 
IG/I2D≈1, respectively. There are, however, a few regions with mul-
tilayer graphene (for example, the region highlighted by the white 
dot in Fig. 1f) and we refer to them as graphene ridges. From optical 
and scanning electron microscopy (OM and SEM) images acquired 
from the samples, we note that the as-synthesized graphene films 
are wrinkle-free and smooth over large areas. Interestingly, we find 
that the morphologies of regions covered with mono- and bi-layer 
graphene resemble those of the grains, and the multilayer graphene 
ridges, the GBs in the Ni thin films. These observations suggest that 
multilayer graphene growth is favoured at defects such as GBs. This 
is plausible as GB diffusion is typically faster than bulk diffusion and 
GBs can serve as nucleation sites19,20.

The electrical properties of graphene layers on SiO2/Si(100) 
obtained at T = 160 °C and t = 5 min have been evaluated with back-
gated graphene-based field-effect transistor (FET) devices and typical 
data for the FET devices are shown in Figure 1g and Supplementary  
Figure S3a. The ‘V’ shape of the ambipolar transfer characteristics 
and the shift of neutrality point to positive gate voltage, that is, 
weak p-type behaviour1,12,21, in ambient conditions are observed, 
all expected electrical properties for graphene-based FETs. The esti-
mated carrier (hole) mobility of this particular device in ambient 
conditions is ~667 cm2 V − 1 s − 1 at room temperature, suggesting 
that the as-synthesized graphene films are of reasonable quality.

Using our approach, we have synthesized graphene layers over a 
range of temperatures between 25 and 260 °C. OM images and Raman 
spectroscopic measurements of G-to-2D intensity ratio (IG/I2D)  
and FWHM of G bands9 (Fig. 2a,b and Supplementary Fig. S4) 
indicate that few-layer graphene films with similar quality can be 
obtained at all T, even at room temperature (Fig. 2a). However, the 
surface coverage of graphene on SiO2 shows a strong dependence on 
T, increasing linearly from ~60 to ~98% with increasing T from 25 
to 260 °C as shown in Figure 2b. (The corresponding OM images of 
graphene on SiO2 grown at different T are shown in Supplementary 
Fig. S4.) We note that continuous graphene layers over large areas 
can only be obtained at T≥160 °C. The sheet resistance of graphene 
layers grown at T = 160 °C, measured using transmission line model 
method22,23, is found to be ~1,000 Ω per square (Supplementary 
Fig. S3b), which makes the as-synthesized graphene promising as a 
transparent electrode material. We have also explored the possibil-
ity of using our approach to grow graphene in air instead of inert 
Ar atmospheres. Surprisingly, we find that the surface morphology, 
areal coverage and Raman structure (Fig. 2c) of the graphene films 
grown in Ar as well as in air are similar, demonstrating the potential 
of our approach to grow graphene in air at low temperatures.
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Figure 2 | Structural and optical characterization of DAS-grown 
graphene films versus growth temperature. (a) Raman spectra showing 
the presence of one (red), two (blue) and three (green) layers (from 
bottom to top) of graphene film grown at room temperature for 10 min on 
SiO2(300 nm)/Si substrate. (b) FWHM of G bands in Raman spectra (black 
squares) and the surface coverage (red circles) of graphene films grown 
for 10 min on SiO2 as a function of growth temperature T. For comparison, 
the FWHM of G band for a highly oriented pyrolytic graphite substrate 
is 15 cm − 1. The insets show the optical microscopy images of few-layer 
graphene films grown at room temperature (left; scale bar, 20 µm) and  
at 205 °C (right) (scale bar, 100 µm) on SiO2(300 nm)/Si substrates.  
(c) Comparison of the Raman spectra of 1 ML-area graphene films grown at 
T = 25 °C (black), 60 °C (red) and 160 °C (green) in argon and at T = 25 °C 
(blue), 160 °C (purple) in air (from bottom to top). (d) Representative low-
magnification plan-view TEM image of graphene film grown at T = 160 °C 
on SiO2 then transferred onto a TEM support grid (scale bar, 100 nm). Inset 
is a selected area diffraction pattern obtained from a wrinkle-free region 
highlighted by the dotted circle. Scale bar in inset is 5 1/nm.
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Growth mechanism of graphene films in DAS process. So, how 
does graphene form at such low temperatures? We propose a mech-
anism for the growth of graphene layers in DAS as follows: to form 
graphene at the Ni–SiO2 interface, C from the solid source will 
have to diffuse through the Ni film and crystallize as graphene at 
the interface. Given that our temperatures are well below 260 °C, 
we rule out the possibility of graphene growth via C precipitation 
from the bulk that requires temperatures 460 °C or higher24. (In 
case of 460 °C ≤ T ≤ 600 °C, we observed the formation of nanocrys-
talline graphene layers and the layers contain no graphene ridges 
at all, as shown in Supplementary Fig. S5.) Instead, we suggest the 
following: C atoms from solid C source have to diffuse through 
the Ni film. Previous experimental17,24 and theoretical17,18 stud-
ies indicate that Ni surface can catalyze the dissociation of C-C 
bonds and promote diffusion even at room temperature. The result-
ing C atoms are transported across the Ni film primarily along the  
GBs to the Ni–SiO2 interface19,20,25. Following Fisher19 and Bal-
luffi and Blakely20, we estimate the ratio of two transport fluxes of  
C atoms through the Ni lattice (ňL) and along the GBs (ňGB) in 111-
textured Ni films and it is evident that lower temperatures greatly 
favour GB diffusion relative to lattice diffusion, that is, ňGBňL 
(details of the calculations are presented in Methods). It is noted 
that the C atom transport along GBs in Ni films is highly susceptible 
to residual impurity concentrations such as hydrogen (Supplemen-
tary Fig. S6). Upon reaching the Ni–SiO2 interface, C atoms pre-
cipitate out as graphene at the GBs. This is consistent with the fact  
that for relatively short growth times (t≤1–3 min), independent of 
T (25–260 °C), we obtained graphene-free surfaces with traces of 
graphene ridges presumably along the GBs in Ni films. We verified 
the ridge composition to be graphene and not amorphous C using 
Raman spectroscopy and cross-sectional transmission electron  
microscopy (TEM) (Supplementary Fig. S7). Excess C atoms reach-
ing the graphene ridges, diffuse laterally along the graphene-Ni(111) 
interface and lead to the growth of graphene over large areas, driven 
by the strong affinity of C atoms to self-assemble and expand the  
sp2 lattice26. To understand the origin of the interfacial processes, 
we have performed density functional theory calculations on  
the transport of C atoms along the graphene-Ni(111) interface 
(details of the calculations are presented in Methods). We obtain 
an energy barrier of ~0.51 eV for diffusion of C atoms at the graph-
ene–Ni(111) interface in agreement with earlier reports27,28, which 
indicates that the tracer diffusion coefficient (Dt) of C atoms is 

~200 nm2 s − 1 at room temperature, according to the Arrhenius 
equation.

The suggested graphene growth mechanism in DAS process is 
schematically illustrated in Fig. 3. Eventually, a continuous but poly-
crystalline graphene film forms at the Ni–SiO2 interface. Using a 
combination of TEM techniques including selected area diffraction 
pattern and dark-field TEM, we find that the grain sizes in graphene 
layers vary from a few hundred nanometres to a few micrometres 
(Fig. 2d and Supplementary Fig. S8), and are comparable to those of 
Ni grains. Our results imply that we have more room for improve-
ment in graphene quality by Ni GB engineering, that is, microme-
tre-scale or larger grain sizes in graphene layers can be obtained 
by creating macrocrystalline Ni films with GBs located far enough 
from each other and/or by wet chemical doping8,29 of the films with 
high controllability.

Large-scale synthesis of graphene films on plastic and glass 
substrates. We demonstrate the applicability of our approach to 
prepare large-area graphene on non-conducting, plastic and glass 
substrates. To this purpose, we use T≤160 °C and do not anneal the 
Ni thin films so as to minimize thermal degradation of the sub-
strates. Figure 4a shows typical surface morphology of graphene 
layers grown at T = 60 °C and t = 10 min on PMMA then transferred 
to SiO2(300 nm)/Si substrate (details of the transfer process are 
described in the Supplementary Methods). In contrast to graphene 
grown on SiO2, the graphene films on plastic and glass substrates 
are continuous over large areas at all T (even at room tempera-
ture), possibly due to the decrease in distance between GBs. The 
as-grown layers are nanocrystalline graphene, whose Raman struc-
ture has the following characteristics (Fig. 4b): two peaks centred at 
1,359 ± 4 cm − 1 (the D band) and 1,594 ± 2 cm − 1 (the G band) with 
a relatively large FWHM and a ID/IG ratio of ~0.7 ± 0.1, all expected 
for nanocrystalline graphene30. We have measured the thicknesses 
of graphene films transferred on to SiO2 substrates by atomic force 
microscopy. Figure 4c shows film thickness plotted as a function of 
T for samples grown at t = 10, 30 and 60 min and all of our samples 
grown for t = 10 min yield film thicknesses of 1.3 ± 0.3 nm. In case of 
graphene layers grown on glass substrates at T≤60 °C for t = 10 min, 
we obtain ~97.4% transmittance (Fig. 4d). Considering 2.3% absorp-
tion of incident white light in an individual graphene layer31, it can 
be inferred that these films are ML thick, in good agreement with 
atomic force microscopy data of as-grown graphene layers.
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Figure 3 | Schematic diagrams of graphene growth mechanisms in DAS process. The diagrams represent (from left to right) the elementary steps of 
the process including dissociation of C–C bonds at C/Ni interface, diffusion of carbon atoms, followed by nucleation and growth of graphene. Graphene 
growth mechanism in case (a) 460 °C ≤ T ≤ 600 °C; bulk diffusion of C atoms through Ni crystallites, leading to homogeneous nucleation at multiple sites 
resulting in the formation of nanocrystalline graphene film by precipitation and (b) T ≤ 260 °C; preferential diffusion of C atoms via GBs in Ni, followed by 
heterogeneous nucleation at the defect sites and growth via lateral diffusion of C atoms along Ni/substrate interface.
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Discussion
In our DAS process, the GBs in poly-Ni(111) films afford the C 
atoms the chance to preferentially diffuse to other surface at low 
temperatures. Upon reaching the Ni–substrate interface, C atoms 
precipitate out as graphene at the GBs (Supplementary Fig. S7) and 
growth occurs via lateral diffusion along the interface. This process 
gives rise to a continuous but polycrystalline graphene film. This 
finding indicates that we can control the average grain size of result-
ing graphene films by Ni GB engineering, that is, control the posi-
tions where graphene grains start to grow.

For graphene on Ni/SiO2, using thermal annealing process 
before DAS process, we enlarged the grain size of poly-Ni films by 
up to 5–20 µm (that is, create GBs located far enough from each 
other); thereby, the macrocrystalline graphene grains up to sev-
eral micrometres in size are obtained, as confirmed by plan-view 
TEM analysis. However, for Ni on plastic and glass substrates, the 
as-deposited poly-Ni films were not annealed further, thereby the 
grain sizes were ~40–50 nm. As a result, resulting graphene films 
consist of grains of the order of nanometres. Similar results are also 
obtained in case we grow graphene films on SiO2 using as-deposited, 
unannealed poly-Ni(111) films.

Finally, we have also used polycrystalline Ni foils and obtained 
large-area graphene layers via DAS process at low temperatures. The 
details of synthesis and structural and optoelectronic characteriza-
tion results will be presented elsewhere. We found that a precise con-
trol over the foil thickness, surface roughness and crystalline quality 

of the foils is critical to obtaining graphene films over large areas. 
We note that similar experiments carried out using single-crystal Ni 
foils do not yield graphene on either side of the foils, indicating that 
the GBs are necessary for low-temperature synthesis of graphene.

In summary, we have demonstrated transfer-free, large-area 
growth of graphene films via DAS method at close to room tem-
perature. Our approach can, in principle, be used to grow device-
ready graphene layers on any arbitrary substrate even in air and the 
resulting graphene layers exhibit controllable structural and opto-
electronic properties by Ni GB engineering. This relatively simple 
method of synthesizing graphene films is potentially scalable and 
opens up new possibilities for a variety of electronic and optoelec-
tronic applications.

Methods
Predeposition of Ni films on nonconducting substrates. All of our experiments 
were carried out using SiO2/Si, PMMA-coated SiO2/Si, poly-dimethylsiloxane and 
glass substrates (1–2 cm2 size). Polycrystalline Ni (poly-Ni) films with thickness 
of 100 nm are deposited using an electron-beam evaporator (operating pres-
sure: ~5×10 − 6 Torr) with solid Ni (99.99% purity) as the source. The substrate 
temperature is set to 400 °C for SiO2/Si and room temperature (~25 °C) for plastics 
(PMMA and poly-dimethylsiloxane) and glass. Microstructure of the Ni thin films 
is determined using atomic force microscopy (Veeco Multimode V), scanning 
electron microscopy (SEM; FEI Quanta 200) and X-ray diffraction (Bruker D8 
Advance) techniques.

As-deposited Ni thin films on SiO2/Si substrate have an average Ni grain size 
of ~100 nm (Supplementary Fig. S1a). To further control the grain size, crystallin-
ity and morphology of poly-Ni films, the as-deposited samples were transferred 
to an ultrahigh vacuum chamber ( < 10 − 9 Torr) and annealed at temperatures as 
high as ~1,000 °C for times between 1 and 10 min in vacuum (~10 − 9  Torr) or in 
a H2 ambient (99.9999% purity) at pressures of 10 − 8–10 − 5 Torr. After annealing, 
we obtain Ni films with a predominantly 111-texture, with large crystalline grains 
of sizes around 5–20 µm and atomically flat terraces as shown in Supplementary 
Figures S1b and S1c. We find that H2 ambient is preferred to vacuum to obtain 
larger grains (Supplementary Fig. S1d). Using Raman spectroscopy (WiTec alpha 
300R M-Raman), we rule out the presence of any crystalline C on the Ni films due 
to residual C segregation after annealing in a H2 ambient. In addition, we do not 
observe any crystalline C on SiO2 surfaces after etching away the metal films in 
an aqueous solution of FeCl3. In case of the Ni thin films deposited at room tem-
perature on plastic and glass substrates, the average grain size is around 40–50 nm 
(Supplementary Fig. S2). Owing to the limited thermal stability of these materials, 
we did not anneal these samples.

Synthesis of graphene films by DAS process. As C sources, we used a paste 
composed of graphite powder (Aldrich, product 496596) dispersed in ethanol. 
The average size of graphite powder is ~40 µm. The paste was plastered to the Ni 
surface to make C–Ni/substrate diffusion couples and dried by heating the samples 
on a hot plate ( < 50 °C). Pressure ( < 1 MPa) is uniformly applied by mechanically 
clamping the C–Ni/substrate diffusion couple using a molybdenum holding stage. 
Then, the samples are sealed in a quartz tube and heated for 1–60 min while flow-
ing inert Ar gas (1 standard l min − 1) or air at temperatures between 25 and 600 °C. 
Following graphene growth, the samples are cleaned via sonication in deionized 
water, and the Ni films are removed by etching in an aqueous solution of FeCl3, 
leaving behind a graphene film on desired substrates. The etching time was found 
to be a function of the etchant concentration and type of the substrates. Typically, a 
1 cm2 by 100-nm thick Ni film on a SiO2/Si substrate can be dissolved by 1 M FeCl3 
solution within 30 min.

Fisher model. A highly idealized poly-Ni film matrix with square-shaped grains of 
side l, GB slabs of width δ and film thickness d is considered. Among all competing 
diffusion mechanisms, we only consider the lattice and GB diffusion quantities  
and ignore the dislocation quantity as insignificant dislocations threading normal 
to surface exist in face-centered cubic (FCC) Ni(111) film. Under these conditions, 
the number of atoms (ň) that flow per unit time is essentially equal to the product 
of the appropriate diffusivity (Di), concentration gradient (dc/dx) and transport 
area involved and the ratio of two fluxes can be estimated for FCC metals as ňGB/
ňL = δ DGB/l DL = [(3×10 − 8)/l (cm)]exp(8.1TM/T)20. Assuming l = 10 µm = 10 − 3 cm 
and using TM of Ni = 1726 K, we have ňGB/ňL = 2.06×108 at 473 K, 2.15×103 at 
773 K. Even if we consider the facts that real polycrystalline films contain various 
types and orientations of GBs and the lattice diffusion of C atoms in Ni film would 
occur by interstitial diffusion rather than substitutional diffusion used in the 
model, it is evident that lower temperatures greatly favour GB diffusion relative to 
lattice diffusion.

Density functional theory calculation. All calculations were performed using the 
VASP package based on the spin-polarized density functional theory32,33. We used a 
projector augmented wave potential34, and the generalized gradient approximation  
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Figure 4 | Large-scale growth of graphene films on plastic and glass 
substrates. Representative (a) optical microscopy image of graphene film 
grown at T = 60 °C for 10 min on PMMA then transferred to SiO2(300 nm)/
Si substrate (scale bar, 100 µm). (b) Typical Raman spectra, with each of the 
colours corresponding to the coloured spots on the sample. Folded regions 
such as those highlighted by the green open circle are occasionally observed 
and are formed during transfer process. (c) The thicknesses of graphene 
films transferred onto SiO2(300 nm)/Si substrates after growth at  
T = 25–160 °C for 10 min (black squares), 30 min (red circles) and 60 min 
(blue triangle) on PMMA. Error bars are the standard deviation of the 
thickness measured in 30 different edge regions in transferred graphene 
films. (d) Transmittances of graphene films grown at T = 25 °C (black), 45 °C 
(red), 60 °C (blue) and 110 °C (green) for 10 min on glass substrates. The 
inset shows a photograph of graphene film grown at temperature T = 60 °C.
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of Perdew and Wang35. All configurations were fully relaxed until the maximum 
residual forces were less than 0.01 eV/Å. The kinetic energy cutoff was 400 eV and 
the Monkhorst–Pack36 k-point grid was 5×5×1.

We calculated the stable adsorption site of a single C atom on a free-standing 
graphene sheet. The graphene model consisted of 32 C atoms with periodic bound-
ary conditions along the in-plane directions. We found that a bridge-like site, 
where the added C atom sits on the centre of the bond between two neighbouring 
C atoms of graphene, is most favourable. To obtain the prefactor for the Arrhenius 
equation, the vibrational frequency of the added C atom on the adsorption site was 
calculated37. The adsorption energy and the vibrational frequency of the added  
C atom on the site were found to be 1.65 eV and 22.8 THz, respectively. In addi-
tion, the minimum energy pathway for the adatom diffusion was examined by the 
nudged elastic band method38. The additional C atoms in both initial and final 
configurations were located at the most energetically favourable sites, which were 
neighbours. Nine intermediate images, initially constructed by a linear interpola-
tion between the initial and final configurations, were optimized along the diffu-
sion pathway, which enables the determination of the minimum energy barrier. 
This minimum energy barrier was found to be 0.24 eV.

We then performed the same calculation of a single C atom diffusion on a free 
Ni(111) surface. The Ni thin film model consisted of 6 Ni(111) layers with 16 Ni 
atoms in each layer for a total of 96 Ni atoms. Periodic boundary conditions were 
applied along the in-plane directions, whereas the three bottom layers of the Ni 
film were held fixed during the diffusion process. We found that the C atom is most 
stable on the hexagonal close-packed (HCP) site, for which the adsorption energy 
is 7.01 eV, just 0.06 eV higher than on FCC site. In addition, the calculated energy 
barrier for the C atom diffusion on the Ni(111) surface is 0.49 eV.

To examine the diffusion of a single C atom along the graphene–Ni(111) inter-
face, we obtained the stable configuration of a graphene sheet on a free Ni(111) 
surface. For this, eight C atoms for a graphene sheet and 24 Ni atoms for the 
Ni(111) surface were used. The graphene sheet was biaxially stretched using 1.22% 
tensile strain to remove the lattice mismatch between graphene and the Ni(111) 
surface. The equilibrium distance between the graphene sheet and the Ni(111) 
surface is 3.286 Å, and the interaction energy is 0.02 eV per each C atom. This is in 
good agreement with the earlier calculations27.

When we introduce an additional C atom at the interface between graphene 
and the Ni(111) surface, the energetically preferred position for the C atom is in 
the HCP site on the Ni(111) surface. The distance between the C atom and the Ni 
surface is 1.03 Å and the distance between the C atom and the graphene sheet is 
2.62 Å, which indicates that the diffusion of a C atom along the interface will be 
more strongly influenced by the Ni surface than the graphene ML. The calcu-
lated diffusion barrier from the HCP site to the FCC site of the Ni(111) surface 
along the interface is found to be ~0.51 eV, which is slightly higher than that on 
a free Ni(111) surface. During the diffusion, there is no significant change in the 
distance between the C atom and the Ni surface. The hopping rate of a C atom 
can be found by the Arrhenius equation Γ = Γ0exp( − Eb/kT), which results in a 
room-temperature hopping rate of about 20,000 s − 1 with an attempt frequency of 
Γ0 = 1.0×1013 Hz. In addition, the tracer diffusion coefficient can be expressed in 
terms of the hopping rate Γ and the mean square jump length  < l2 > : Dt = Γ < l2 > /
(2d), and is found to be ~200 nm2 s − 1 using the lattice constant of Ni 3.52 Å. If the 
chemical diffusion or the presence of graphene edges were considered, the diffu-
sion coefficient would be higher than the calculated value of Dt. 
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