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Here we demonstrate the growth of transfer-free graphene on SiO2 insulator substrates

from sputtered carbon and metal layers with rapid thermal processing in the same evacu-

ation. It was found that graphene always grows atop the stack and in close contact with the

Ni. Raman spectra typical of high quality exfoliated monolayer graphene were obtained for

samples under optimised conditions with monolayer surface coverage of up to 40% and

overall graphene surface coverage of over 90%. Transfer-free graphene is produced on

SiO2 substrates with the removal of Ni in acid when Ni thickness is below 100 nm, which

effectively eliminates the need to transfer graphene from metal to insulator substrates

and paves the way to mass production of graphene directly on insulator substrates. The

characteristics of Raman spectrum depend on the size of Ni grains, which in turn depend

on the thickness of Ni, layer deposition sequence of the stack and RTP temperature. The

mechanism of the transfer-free growth process was studied by AFM in combination with

Raman. A model is proposed to depict the graphene growth process. Results also suggest

a monolayer self-limiting growth for graphene on individual Ni grains.

� 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Graphene has attracted huge interest because of its wide

range of potential applications ranging from electronics and

photonics to solar cells and energy storage [1–6]. To take many

of these applications to an industrial level requires large scale

growth of high quality graphene directly on device compatible

substrates without the need for transfer as the extra transfer

step unavoidably causes damages to the mechanically deli-

cate graphene [7]. To date, mass production of graphene has

mainly been achieved via chemical vapour deposition (CVD)

[8] and single crystal SiC epitaxial [9] growth routes. CVD

graphene has been synthesised on various metal substrates
such as ruthenium [10], iridium [11], platinum [6], nickel

[12,13] and copper [8]. Though suitable for mass production

[14], the need to transfer the graphene to different substrates

has so far constrained its up-scaling to roll-to-roll production

methods. Epitaxial graphene has been demonstrated to be a

viable route to the production of electronic devices, such as

field effect transistors [15]; however, single crystal SiC wafers

are expensive and, unless SiC is required in the device, again

graphene needs to be transferred. The search for better pro-

duction techniques of graphene, in particular a transfer-free

production method of high quality graphene, has intensified

over the last few years. Recent developments include the

growth of graphene from solid carbon source via rapid
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thermal processing (RTP), for example, from Ni layer on single

crystal SiC substrate [16] or from carbon containing and metal

layers [17–24].

Prior to this work, direct fabrication of transistors using

photolithographic process has been reported for graphene

grown on Cu films deposited on SiO2 substrate to eliminate

the need of transfer [7]. However the graphene stripes in the

fabricated devices were suspended on the Cu electrodes of

at least 500 nm-thick as the graphene was grown atop the

Cu layer and the Cu underneath the graphene channels must

be etched away in acid while keeping the Cu electrode layers

un-etched. It is therefore doubtful about the possibility of

using such a process in industrial scale electronic devices. Di-

rect growth of graphene on mica substrates by molecular

beam epitaxy (MBE) has been attempted [24], however, only

few-layer graphene with poor Raman spectrum and device

performances were demonstrated. Direct growth of large area

graphene on insulator substrates from solid carbon sources

such as PMMA/Ni on SiO2 [25], carbon/Ni on SiO2 with com-

plete Ni evaporation [26] has also been reported. Although

these are interesting developments, the reported quality of

graphene was incomparable to that of transferred and no de-

vice data were presented. There are also doubts about the fea-

sibility of growing graphene at the interface between the

catalytic metal and the SiO2 substrate or the complete evapo-

ration of Ni in the RTP process, which were the key to the re-

ported direct growth of graphene.

Here we show a transfer-free growth technique of large

area graphene from sputtered carbon source (amorphous C

or SiC) and Ni layers. In contrary to some of the reports, our

investigations have shown that Ni layer could not be com-

pletely evaporated in the RTP process and graphene could

not grow at the interface between the catalytic Ni layer and

the SiO2 substrate. The systematic study of the growth pro-

cess has led us to discover that large area graphene can be

produced on the SiO2 substrate without the need of transfer

when the Ni layer is thinner than 100 nm and is removed in

acid after graphene growth. This paves the way to the produc-

tion of large area graphene directly on SiO2 substrate for elec-

tronic device applications. A growth model is proposed based

on detailed study of the physical structures and properties of

graphene films. The in-depth understanding of the growth

process could be instrumental for the further development

of new techniques for the direct growth of high quality graph-

ene on insulator substrates.

2. Experimental

The deposition of films was carried out in a three-target RF

diode and magnetron sputtering machine. Typical base pres-

sure was 2 · 10�7 Torr and Ar pressure for deposition, 3 mTorr.

All targets are 6 inch in diameter and have a typical purity of

99.99%. No substrate heating was applied during the deposi-

tion of all the layers. The substrates used in this work were

single side polished Si wafers with a 300 nm-thick thermally

oxidised SiO2 layer, which was referred to as the ‘Si wafer’

throughout the paper.

Samples were subjected to RTP either in situ or ex-situ. De-

tails of the heating and cooling curves of the two systems are
given in Fig. S1. The in situ RTP was carried out in the same

vacuum chamber as the sputter-deposition using a home-

made RTP apparatus with two 500 W halogen lamps and a

specially designed substrate holder with water cooling and

very small thermal mass. This enables the film deposition

and RTP process to be carried out in the same evacuation to

ensure the oxidation-free growth of graphene. The ex-situ

RTP was carried out in a commercial RTP apparatus with a

quartz chamber. It provides a faster heating rate than the

in situ system (see Fig. S1) and with controllable cooling rates.

The apparatus has eleven 1.5 kW halogen lamps for rapid

temperature ramp up at a typical rate of 100 �C/s up to

1200 �C. It also has a rapid cooling capability due to a cold

chamber wall design and a very small thermal mass of the

quartz sample holder. The sample chamber was purged with

Ar gas for one hour before the RTP process, which was also

carried out in Ar atmosphere. We found this is necessary to

prevent the potential oxidation of the sample. In order to

achieve the growth of good quality graphene, samples needed

to be annealed fresh, particularly for samples with Ni on top:

surface oxidation has an adverse effect on the formation of

graphene. Under optimum conditions (no oxidation occurs

to the metal films), we have found no significant difference

in graphene qualities produced by the two different RTP sys-

tems if the RTP temperature and time was kept the same. For

all samples, we used annealing time of 120 s. We therefore re-

fer the RTP conditions in our paper by temperature only for

simplicity.

The as-grown graphene samples were etched in HCl solu-

tion to obtain transferred or transfer-free graphene. After HCl

etching, the samples were cleaned in DI water several times

to remove the etching residues. As-grown, transfer-free and

transferred graphene films were examined by Raman spec-

troscopy (with a 532 nm laser). Raman maps across large

areas were carried out with a step size of 30 lm. Film thick-

nesses and surface morphology were characterised by AFM.

Bragg–Brentano geometry and grazing-incidence X-ray dif-

fraction at 1� angle of incidence were used for the microstruc-

tural and crystallographic characterisation of the metal and

SiC films. Film composition was analysed by energy disper-

sive analysis by x-rays (EDAX) in SEM.

For device fabrication, a rectangle of graphene film of

18 lm by 5 lm was defined by e-beam lithography and a reac-

tive ion-etching step. Cr/Au (5/70 nm) electrical contacts were

defined by a second lithographic step and deposited using a

thermal evaporator. Devices with different sizes were also

fabricated using photolithographic process. The measure-

ment of the devices was carried out either under vacuum

(5 · 10�4 mbar) using standard low-frequency lock-in tech-

niques, or in atmosphere using Keithley 2602a four channel

source/measurement instrument.

3. Results and discussion

3.1. Growth process and typical results

Fig. 1 shows our graphene growth process. A carbon-contain-

ing film (SiC or amorphous carbon) and a metal film (Ni) were

deposited by sputtering onto a Si substrate in the order of



Fig. 1 – Schematic illustration of the graphene growth process. Sputter deposition of a carbon containing layer (SiC or C) and a

metal film (Ni) on a thermally oxidised Si wafer in the order of either SiC/Ni (a), or Ni/SiC (b). (c) Rapid thermal processing

resulting in Ni-silicidation and the formation of graphene atop the Ni-silicides upon cooling. (d) HCl etching to remove the Ni

and Ni-silicide. (e) For thick Ni layer (>100 nm), after the Ni-silicide is dissolved in the HCl, graphene floats off the Si substrate

and can be picked up and transferred to a new substrate. (f) For thin Ni layer (<100 nm), the graphene is retained on the

original substrate.
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either substrate/SiC/Ni, Fig. 1a, or substrate/Ni/SiC, Fig. 1b.

After deposition, the stacks were subjected to a rapid-ther-

mal-process at temperatures ranging from 650 to 1000 �C.

(Methods and Section 1 of Supplementary information pro-

vide further details.) We find that graphene always grows atop

the stack, irrespective of the deposition sequence of the two

layers, Fig. 1c. After RTP, the Ni or Ni-silicide layer is etched

away in HCl solution, Fig. 1d. This resulted in two possibili-

ties: For thick Ni layers (>100 nm), Fig. 1e, after the Ni-silicide

is dissolved in HCl, the graphene floats off the Si substrate

and can be collected and transferred to a new substrate,

which is an approach already employed by others [16,17,27].

However, if the Ni layer is sufficiently thin (<100 nm), Fig. 1f,

graphene is retained on the original substrate.

Fig. 2a shows a typical Raman spectrum of graphene from

sample S1 which was grown on substrate/SiC(50 nm)/

Ni(500 nm) with RTP at 1000 �C for 2 min (Ex-situ 68% as

shown in Fig. S1). For comparison, a spectrum of mechani-

cally exfoliated monolayer graphene obtained by the same

spectrometer is also shown. The characteristic G and 2D

bands can be clearly observed. The value of the full width at

half maximum (FWHM) of the symmetric 2D band and the

intensity ratio of the G to 2D peaks can be used to determine

the number of layers [8,28,29], with typical values <35 cm�1

and <0.5, respectively, for exfoliated monolayer graphene.

For sample S1, both the FWHM and the G/2D ratio indicate a

monolayer. These values are smaller than that of epitaxial

graphene [8] and comparable with that of our comparative

exfoliated sample. The lack of D band at 1350 cm�1 and the al-

most identical G peak position of the two spectra suggest that

the monolayer graphene has few defects or large grains [28].

Fig. 2b shows a Raman map of the FWHM for an area of

750 lm · 500 lm of S1. The estimated surface coverage of

the monolayer-like FWHM of the sample is around 40% for

the mapped area. The areas of graphene on the two samples

are visually identifiable, as shown by the camera shots in

Fig. 2c and d for two samples (S1 and S2) with the same layer

thicknesses (SiC(50 nm) and Ni(500 nm)) but reversed layer se-

quence (sub/SiC/Ni for S1 and sub/Ni/SiC for S2): the dark

areas are graphene whilst the lighter areas are amorphous
carbon. As can be seen, samples with SiC atop Ni (Fig. 2d) pro-

duced much better graphene surface coverage than that with

SiC underneath the Ni (Fig. 2c) reaching over 90% for the sam-

ple size shown in Fig. 2d. The surface morphology of the two

samples can be seen from the AFM image of Fig. 2e for S1 and

Fig. 2f for S2, showing that the sub/Ni-Silicide/graphene films

of both samples have clearly defined crystalline grain struc-

ture with average grain size of approximately 936 nm for S1

and 564 nm for S2 although there exists considerable disper-

sion in grain size distribution in both samples (refer to

Fig. S2 for grain size distribution of samples S1, S2 and S4).

X-ray diffraction examination of the dark and lighter regions

showed no significant difference in terms of phase structure

and crystal texture, and also no connection between the

graphene formation and the crystal orientation (see Fig. S4

for details). This is further discussed below.

3.2. Dependence on process parameters and layer
thicknesses

To determine the optimal process parameters, graphene was

grown from stacks with various layer thicknesses, deposition

sequences and RTP conditions. Typical results are shown in

Fig. 3. Fig. 3a shows two Raman spectra of sample S3 (sub/

SiC(50 nm)/Ni(200 nm)) processed with RTP temperatures at

650 �C (red) and 1000 �C (blue), respectively (refer to Section 1

and Fig. S1 of Supplementary information for typical heating

cooling curves). AFM images in Fig. 3a.1 and a.2 show that the

re-crystallisation process of Ni film of the sample with RTP

temperature of 650 �C was incomplete with a large proportion

of the area containing nano-grains with typical sizes of 20–

30 nm. The Raman spectrum has a FWHM value of the 2D

band of 74.1 cm�1 and G/2D ratio of 1.77 indicating several-

layer graphene for flat or exfoliated graphene films [28]. How-

ever, other reasons may also contribute to such a spectrum in

this case, which will be discussed in the following sections.

The D/G intensity ratio of 0.17 also suggests that the graphene

contains considerable nano-grains [30]. In contrast, the same

stack processed by RTP at 1000 �C produced graphene with a

Raman 2D FWHM value of 47 cm�1 and G/2D intensity ratio



Fig. 2 – Typical characteristics of as-grown graphene. (a) Raman spectrum of as-grown graphene (red) of S1(sub/SiC(50 nm)/

Ni500(nm)). A spectrum of mechanically exfoliated monolayer graphene (MEG) on Si/SiO2 substrate measured by the same

Raman spectrometer is also shown for comparison (blue). Both spectra were normalised with the same G peak height. (b) Map

of the FWHM of the 2D band for a surface area of 750 lm · 500 lm of S1. (c and d) Camera shots showing distinctive areas with

and without graphene on S1 (c) and S2 (sub/Ni500(nm)/SiC(50 nm), with reversed layer sequence of S1 (d). (e) AFM image

(amplitude contrast) of the sub/Ni-silicide/graphene surface of S1 showing typical grain sizes in the range of 1–2 lm, (f) AFM

image of the sample surface of S2, showing typical grain sizes of 0.5–1 lm. (A colour version of this figure can be viewed

online.)
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of 0.96, indicating a bi-layer spectrum. The AFM image in

Fig. 3a.3 shows that the sample is well crystallised with typi-

cal grain sizes of Ni in the range of 0.5–1.5 lm although the

grain size distribution is nonuniform.

Samples with thinner SiC (or carbon) and Ni layers were

also studied. No significant differences were observed by

using either SiC or C sources. The Raman spectra of samples

with thinner carbon/Ni layers in general showed spectra typ-

ical of few layer graphene and also with increased D band

intensity indicating defected or nano-crystalline nature.

Fig. 3b is a typical Raman spectrum and an AFM image of

sample S4 (sub/C2.5 nm/Ni40 nm) with RTP at 1000 �C, show-

ing a spectrum of bi or tri-layer graphene and finer grains of

smaller than 1 lm. The mean grain size of the sample is

approximately 500 nm (see Fig. S2c).

Fig. 3c shows the Raman spectra for two samples of differ-

ent layer structure (S1 and S2) and also processed with differ-

ent RTP temperatures. The two samples have the same SiC

and Ni layer thicknesses as those in Fig. 2, but reversed layer

sequence. The top two spectra are for S1 and S2 processed

with RTP at 1000 �C. Spectrum indicative of good quality

monolayer graphene (similar to the one shown in Fig. 2a)

has been achieved for S1. The spectrum of S2 shows increased

FWHM and G/2D ratio. As already shown in Fig. 2c and d, the

surface coverage of graphene for S1 and S2 is different with

S2 showing much better coverage than S1. It is also worth not-

ing from the Raman spectra of S1 and S3 prepared in the same

RTP temperature that thicker Ni films (500 nm) favour the

growth of graphene with higher quality monolayer spectrum

if Ni atop SiC. The two lower spectra shown in Fig. 3c are for

S1 and S2 processed with RTP at a lower temperature of
700 �C. The FWHM values of the two spectra are found to be

45.8 and 55.2 cm�1, respectively, suggesting bi- or tri-layer

spectrum. Again, S1 (Ni atop SiC) exhibits slightly better Ra-

man characteristics with smaller FWHM values and nearly

negligible D band intensity. These results suggest that the

grain size of Ni films decreases with the decrease of RTP tem-

perature and Ni layer thickness, which results in spectra typ-

ical of multi-layer graphene. The monolayer-like spectrum

was only obtainable from samples with large Ni grains (at Ni

thickness of �500 nm and RTP temperature of �1000 �C).

Fig. 3d shows two Raman spectra of S1 prepared under the

same RTP condition of 1000 �C for 2 min but with reduced

cooling rate at 2%/s (2% power intensity per second) and

1%/s for the top and bottom spectrum, respectively (see

Fig. S1 for cooling profile). These samples exhibit a much

wider 2D band and also higher D band intensity than those

with normal cooling rate at 15%/s (top spectrum of Fig. 3c).

In general, it was found that the heating rate was not crucial,

but a faster cooling rate favours the growth of monolayer

layer graphene, which agrees with the results by Yu et al. [12].

3.3. Crystal structures and crystallographic orientation of
the films after RTP

The crystal structure and crystallographic orientation of the

films were examined by small angle grazing-incidence dif-

fraction (GID) of x-rays. (Section 3 and Fig. S4 of the Supple-

mentary information of the information give more details

about the GID measurements.) Fig. 4 shows the GID patterns

of samples S1, S2 and S3. All three samples exhibit preferred

Ni(111) and Ni17Si3(220) orientations, indicating good



Fig. 3 – Raman spectra of as-grown graphene from samples with different Ni layer thicknesses, deposition sequences and

RTP systems/conditions. (a) Raman spectra of S3 (SiC50 nm/Ni200 nm) with different RTP temperatures at 650 �C (red) and

1000 �C (blue) AFM images for S3 at 650 �C are given in a.1 and a.2, and S3 at 1000 �C, in a.3. (b) Raman spectrum of S4

(C2.5 nm/Ni40 nm) with RTP at 1000 �C. AFM for the sample is given in b.1. (c) Raman spectra of samples S1 and S2 (as those

in Fig. 2) processed with two different RTP temperatures of 1000 �C (blue and light green curves) and 700 �C (dark green and

red curves), respectively. (d) Raman spectra of S2 processed with slower cooling rates. (A colour version of this figure can be

viewed online.)

Fig. 4 – Grazing-incidence X-ray diffraction patterns for three samples. Panel a shows measurements on S1; panel b for S2.

Both samples were prepared with the same RTP condition at 1000 �C. Panel c is for S3 with RTP temperature at 650 �C. The

inset in each panel is the corresponding Raman spectrum of the samples.
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crystallites and complete Ni-silicidation. The contrast differ-

ence in peak intensities of the Ni(111), Ni(200) and Ni17-

Si3(220) of S1 (Fig. 4a) and S2 (Fig. 4b) suggests that there is

a difference in the composition of the Ni-silicide across the

depth of the films: the top surface of S1 is richer in Ni, and

that of S2 is richer in Ni-silicide. (The structure on the top sur-

face contributes more to the intensities of the diffraction

peaks in GID.) This is natural, considering the different layer

deposition sequence of the two samples and the relatively

short RTP time (2 min), which was insufficient for a complete

diffusion of the SiC throughout the whole 500 nm depth of the
Ni film. It is also natural to expect that the carbon concentra-

tion across the film depth is also non-uniform. The better sur-

face coverage of graphene in S2 compared to S1 is a result of a

top surface that is much richer in carbon. The richer carbon

concentration may also contribute to the formation of smaller

grains during the growth (grain refine effect [31]), as shown in

Fig. 2f, and hence the resultant bi-layer like spectrum. The

poorer concentration of carbon on the surface of S1 favours

the growth of large grain sizes and produces monolayer-like

spectrum but results in a lower surface coverage. The reasons

for the formation of amorphous carbon areas remain unclear:



354 C A R B O N 6 5 ( 2 0 1 3 ) 3 4 9 – 3 5 8
for instance, the existence of the Ni17Si3(220) phase of S2 sur-

face does not appear to have any adverse effect on the growth

of graphene. The major difference in the GID pattern of S3

(Fig. 4c) is the presence of an additional peak of Si(311) and

a relatively weaker and messy Ni(200) band. This suggests

that the recrystallization and Ni silicidation processes were

incomplete due to the insufficient RTP temperature (in agree-

ment with the AFM images in Fig. 3a).

3.4. Transferrable and transfer-free graphene

The as-grown graphene samples were further processed by

removing the Ni, Ni-silicide or Ni-carbide layers in HCl solu-

tion. For samples with thick Ni layers (>100 nm), the graphene

film always floats off the original substrate after the removal
Fig. 5 – Characterisation of the transferred graphene and transf

transferred to Si substrate after removal of Ni-silicide in HCl. a.

contrast and AFM 3D images of the sample, respectively. (b) Ram

the original substrate after the removal of Ni in HCl. b.1, b.2 and

AFM 3D images, respectively, of the transfer-free graphene. (c) A

substrate surface after the removal of graphene by sputter-etchin

characterisation of a graphene field effect transistor showing mo

(A colour version of this figure can be viewed online.)
of the Ni in HCl. In general, the graphene film is robust and

can be picked up by a piece of wafer without being visibly bro-

ken. For samples prepared with thin Ni layers (<100 nm), the

graphene film can be retained on the original substrate and

therefore no further transfer is required for device applica-

tions. The HCl etching step is required to remove the Ni layer

as we found no evidence of Ni being fully evaporated at RTP

temperatures of up to1100 �C.

The etching of Ni appeared to take place side ways via the

edges of samples as well as vertically through the grain

boundaries and defects of graphene. The etching time was

much longer for samples with thinner Ni layers than thicker

ones, implying that the side-way etching was more dominant

for samples with thicker Ni layers. Overall, the etching took

quite long time (usually we left the samples in acid
er-free graphene. (a) Raman spectrum of graphene of S2

1, a.2 and a.3 are the optical micrograph, AFM amplitude

an spectrum of transfer-free graphene from S4, retained on

b.3 are the optical micrograph, AFM amplitude contrast and

FM and Raman inspections of the top graphene layer and the

g and the removal of Ni layer by etching in acid. (d) Electrical

dulation of the channel conductivity with back gate voltage.
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overnight), which means the graphene film was quite tight

and of good quality, however etching through grain bound-

aries did exist as the gas bubbles accumulated on the samples

after etching were visible from both edges and top surfaces.

The etching of Ni was complete as no Ni or other residues

could be detected by EDAX analysis for etched and cleaned

graphene samples (see Fig. S6 for detail). No visible damages

to the graphene film was observed either as shown by the

optical microscope image in Fig. S6(b).

Fig. 5a shows a typical Raman spectrum of graphene trans-

ferred onto a silicon wafer. In comparison with the spectrum

of the as-grown graphene for the same sample S2 (second

spectrum from top of Fig. 3b), there is almost no change in

the relative intensities of G and 2D peak and the value of

the FWHM of the 2D band. However, the D peak intensity of

the transferred graphene is slightly higher, which is most

likely due to microscopic damage caused by the transfer pro-

cess. Fig. 5a.1 is an optical microscope image of the trans-

ferred graphene film settled on a Si wafer. On the

microscopic scale, the transferred graphene is not smooth

but appears to replicate the morphology of the Ni surface

on which it grew. Fig. 5a.2 is an AFM image (amplitude con-

trast) of the transferred graphene from S2, which shows well

defined grains with grain sizes in the range 0.5–1.5 lm.

Fig. 5a.3 is a 3D topographic AFM image of the transferred

graphene showing the non-planar nature of the film mor-

phology. It shows that graphene is formed around the sur-

faces of Ni grains or wrapped around and in close contact

with the Ni grains. It floats off the original substrate, when

the Ni is dissolved, as a rigid sheet with imprinting of the

grain morphologies of the Ni film. The non-planar graphene

sheet consists of flat, tilted as well as vertical surfaces with

many overlaps of graphene grains of various sizes, particu-

larly near the grain boundaries. The average roughness mea-

sured by AFM was as high as 20–40 nm and with 10 points

height as high as 200 nm (Fig. S3 gives typical surface rough-

ness measurement of the as-grown samples.) There is no sig-

nificant difference in the surface morphology or roughness

between the as-grown and transferred samples. This non-pla-

nar nature is in fact common to graphene grown by on all me-

tal surfaces, e.g. CVD graphene on Cu [32] (also see Fig. S3 of

Supplementary information for comparison of roughness

with CVD graphene), or CVD graphene on Ni [33], mainly

due to similar recrystallization process of the metal grains

at similar temperatures for the growth processes. In addition,

the actual size of graphene grains could be much smaller than

that of the metal grains as grain boundaries are also formed

from in graphene crystals even grown on the large metal crys-

tal surfaces, as observed by Huang et al. [34] for CVD graphene

on Cu. Malola et al. [35] have pointed out that graphene grain

boundaries are topological defects that often have a disor-

dered character and can be characterised by their trends in

energy, atomic structure, chemical reactivity, corrugation

heights, and dynamical properties as a function of lattice ori-

entation mismatch. Graphene grown from sputtered Ni is

likely to show similar characteristics as CVD graphene, i.e.

the actual grain size of graphene film is much smaller than

that of Ni grains. The graphene crystals are also unlikely to

grow across the Ni grain boundaries without being inter-

rupted due to the nature of the catalytic growth. We therefore
believe that there are two types of graphene grain boundaries

when graphene is grown on metal surfaces: the grain bound-

aries of graphene on large metal crystal surface due to dislo-

cation of carbon atoms during graphene growth [34], and the

grain boundaries of graphene due to the existence of the grain

boundaries of metal crystals caused by multiple nucleation

sites across the metal grain boundaries [33] and the physical

separation of the Ni grains. The latter results in the non-pla-

nar and rough graphene morphology as observed by our AFM

imaging. As the structural quality of graphene films, such as

atomic flatness and low defects, is of immensely importance

both to its electronic properties and devices applications, all

these represent a major challenge for the growth of defect-

free and atomically flat single crystal graphene films via the

metal catalyst route [32,36].

Fig. 5b shows a typical Raman spectrum of transfer-free

graphene of S4 after the removal of the Ni layer in HCl. Its cor-

responding optical microscope and AFM images are shown in

Fig. 5b.1 and 5b.2, respectively. For the transfer-free graphene,

the Raman spectrum is comparable with that of as-grown

samples as shown in Fig. 3b although D band intensity is in-

creased after the removal of the Ni, which perhaps indicates

the microscopic damage or defects caused by HCl etching.

The surface morphology of the graphene is again uneven, a

replica of the morphology of the Ni layer as shown in

Fig. 5b.2 and b.3, similar to those of transferred graphene of

S2, but with smaller grains and also many overlaps (e.g. there

is a cluster of overlapped grains visible in the middle of the

AFM images). When the Ni film is dissolved in HCl, this

non-planar graphene sheet with imprint of the grain mor-

phology is retained on the original substrate.

Further studies were carried out to understand why graph-

ene grown on thick Ni layer floats after the removal of Ni in

acid whilst that on thin Ni layers stays on the original wafer.

For samples with thick Ni layers, e.g. S1, S2 and S3, the sur-

face were scanned by Raman and AFM before and after a layer

of graphene floated off in HCl solution. For samples with thin

Ni layers, e.g. S4, the top graphene layer was removed by

sputter-etching before etching the samples in acid. Typical re-

sults are given in Fig. 5c. The Raman spectrum (upper blue

curve) of Fig. 5c is taken from the top surface of a sample after

RTP, which shows typical graphene signature spectrum. Its

corresponding AFM image is also given (marked as top layer),

showing crystalline grain structures of Ni. The bottom spec-

trum (red curve) was taken from the substrate surface after

the removal of the top graphene and Ni layer, which shows

a spectrum with weak but broad D and G bands with peaks

at 1350 cm�1 and 1600 cm�1, respectively, typical of nanocrys-

talline graphite (nc-G) [37,38]. The corresponding AFM image

also shows some fine structures left on the substrate surface.

These results confirm that graphene only grew on the top sur-

face of the samples no matter whether they were grown from

samples with Ni atop carbon, carbon atop Ni, thick Ni or thin

Ni. In all cases, there was a layer of nc-G left on the original

substrate after etching in HCl. As the graphene growth pro-

cesses from Ni films typically involve diffusion-segregation

(or precipitation) [39,40], our results show that the diffusion

and precipitation of carbon atoms in Ni during the RTP cool-

ing down phase is isotropic, i.e. carbon precipitated on all sur-

faces of Ni grains including the bottom interface. However,
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graphene could only grow on the top surface and around the

Ni grains i.e. in grain boundaries. Although a layer of carbon

also precipitated at the Ni and SiO2 interface, the proximity

of the Ni with SiO2 appeared to be preventing the growth of

graphene at that interface perhaps due to the loss of the cat-

alytic function of the Ni caused by the unfavourable chemis-

try at Ni/SiO2 interface. Thus, for samples with thick Ni layers,

the graphene in the vertical plane became discontinuous due

to the lack of continuous Ni grain boundary surfaces down

the substrate, and therefore the graphene film floats off the

substrate once the Ni is dissolved as there is no physical con-

tact between the top graphene layer and the bottom nc-G

layer. For samples with thinner Ni (in the range of <100 nm),

there are sufficient surface areas around the grain boundaries

right down to the substrate for graphene to reach the sub-

strate surfaces where it joins with the nc-G layer, which

serves as anchors for retaining the graphene sheets on the

original wafer. However, most of the surface areas of graph-

ene are suspended in air without physical contact with the

substrate.

Electrical characteristics of back-gated graphene field-ef-

fect transistor made from transfer-free graphene were mea-

sured on a number of devices and a typical result is shown

in Fig. 5d. Ambipolar IV characteristics were observed with

charge neutrality Dirac voltage of VD �17 V. The gate modula-

tion caused a change in conductivity of �0.85 mS over the

measurement range, which is approximately 29%. The gate

modulation is not as effective as that expected from exfoli-

ated samples [41], however comparable with graphene grown

by other routes [17,42]. Devices made from transfer-free

graphene in general showed better results than those made

from transferred graphene although the device performance

also depends strongly on the location of the device element

and the microfabrication process.
Fig. 6 – Schematic illustration of the growth model. (a) Thick Ni l

stack and replicates the grain morphology of Ni and an nc-G laye

monolayer graphene sheet (a rigid imprint of the Ni topography

layer (30–100 nm): graphene atop of the stack can grow through

substrate surface (b.1). Graphene remains on the original subst

removed in acid (b.2). (c) Small Ni grains in grain boundaries: m

(c.1). The resultant graphene sheet has overlapped grains across

the Ni (c.2). (A colour version of this figure can be viewed onlin
3.5. The growth model

From these results we propose a growth model for graphene

grown from sputtered carbon and Ni films (Fig. 6). Fig. 6a

shows an ideal case where graphene is grown on a thick Ni

layer with sufficiently large and uniform grains of Ni formed

during RTP. For each large Ni grain, monolayer graphene is

formed on the top surface and around the grains (a.1) due

to the relatively smooth top surface. Such a sample would ex-

hibit Raman spectrum typical of monolayer as that shown in

Fig. 2a. However, in practice uniform and large Ni grains are

hard to achieve across the whole wafer due to many factors

which may affect the size of Ni grains during RTP, the mono-

layer graphene coverage could only be achieved in patches,

around 40% as shown by the Raman mapping in Fig. 2b. At

the interface of the Ni and SiO2 substrate, a layer of nc-G is

also formed as a result of isotropic precipitation of C from

Ni, as evidenced by the AFM image and Raman spectrum of

Fig. 5c. We found that the nc-G layer has a good adhesion with

the substrate. However, graphene will float off the substrate

after the removal of the Ni in acid as there is no physical link

between the top graphene layer and the bottom nc-G layer

(a.2). Fig. 6b refers to the case for the growth of transfer-free

graphene, where smaller and irregular Ni grains were formed

during RTP due to thinner Ni layers. Graphene is formed

around Ni grains and grain boundaries right through to the

substrate, where it links up with the nc-G (b.1). Due to the

bonding between the graphene and the nc-G layer on the sub-

strate, the graphene is retained on the original wafer upon re-

moval of the Ni in acid (b.2), as evidenced by AFM images and

Raman spectrum shown in Fig. 5b for S4. For samples with Ni

thickness thinner than 30 nm, we have observed that the

graphene layer is no longer continuous because of the recrys-

tallization and de-wetting of Ni grains during RTP, which
ayer (>100 nm) with large grains: graphene grows atop of the

r is also formed at the interface of Ni and SiO2 (a.1). A floating

) is obtained after the removal of Ni in acid (a.2). (b) Thin Ni

the grain boundaries and link up with the nc-G layer on the

rate as a rigid imprint of the Ni topography when the Ni is

onolayer graphene also grows around these small Ni grains

the grain boundaries due to the irregular grain structures of

e.)
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resulted in discontinuous Ni films. Fig. 6c. depicts the situa-

tion where, due to the abundance of nucleation sites at the

grain boundaries, more small Ni grains are formed, which re-

sult in small grains of graphene in these areas overlapping

with each other, for example those shown in Fig. 5b and c.

Although graphene formed on each Ni grain is likely to be

monolayer, these overlapped grains may produce a Raman

spectrum typical of bi or few layer graphene. The smaller

the grain size, the more percentage of these overlapped areas

exist and therefore make the Raman spectrum look more like

multi-layer graphene. This makes the interpretation of Ra-

man results for these samples more complicated than for

exfoliated planar graphene. It is therefore arguable that

graphene grown on Ni may be self-limiting to monolayer

growth as far as each individual Ni grain is concerned as

graphene could only grow around and in close contact with

the Ni grains. The few-layer like Raman spectra could be

mainly due to the contribution of overlapped graphene grains

in the grain boundaries. Further experimental studies are re-

quired in order to clarify these issues.
4. Conclusions

Large area graphene in either transfer-free or transferrable

form can be grown from sputtered carbon and metal layers

on Si wafers with RTP. Graphene always grows atop the stack,

around Ni grains and in close contact with Ni. The resultant

graphene sheet is rigid and uneven, a replica of Ni surface

morphology, which is comparable with CVD graphene on

Cu. A layer of nc-G on the substrate is also observed, perhaps

as a result of isotropic diffusion-precipitation of carbon from

Ni grains and the unfavourable chemistry at Ni-SiO2 interface

for the growth of graphene. Transfer-free graphene is pro-

duced on SiO2 insulator substrate with the removal of Ni in

acid when Ni thickness is in the range of 30–100 nm, which

pave the way to the production of large scale graphene di-

rectly on SiO2 insulator wafers. The characteristics of Raman

spectrum depend on the size of Ni grains, which in turn de-

pend on the thickness of Ni, layer deposition sequence of

the stack and RTP temperature. A model is proposed to illus-

trate the graphene growth process. It is understood from our

results that graphene grown on Ni film may be self-limiting

on each individual Ni grain perhaps via catalytic growth as

no connection between the graphene formation and the crys-

tal orientation was observed. The microscopic scale non-pla-

nar morphology of the graphene films with overlapped grain

boundaries introduces complications in the interpretation of

the Raman data. It also represents a major challenge to the

mass production of defect-free and atomically flat graphene

films for device applications.
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