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A B S T R A C T

Raman spectroscopic maps were used to study the local properties of graphene films as

grown on corrugated copper foils, by chemical vapour deposition, and after transfer onto

SiO2(300 nm)/Si substrates. Analysis of the Raman peaks show the films exhibit a striped

periodic pattern of single- and bi-layer graphene. By performing simultaneous AFM–Raman

line maps of the as grown film on Cu we find that the layer growth shows a strong corre-

lation to substrate topography. As a result, compressively strained non-AB stacked bi-layer

graphene forms preferentially along the ridges, whilst single-layer graphene grows inside

the trenches, of the Cu foil topography. These experimental results suggest that surface

mobility is not the dominating factor determining control of layer number in such growth

regimes.

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

The development of large area growth methods is essential

for graphene applications. One of the most promising routes

is the growth of graphene by chemical vapour deposition

(CVD) on Cu [1]. Recently, Bae et al. [2] demonstrated Cu

roll-to-roll based CVD fabrication producing graphene films

of up to 30 inches in size showing that Cu based CVD offers

significant promise. Sheet resistances were measured at

�100 O sq�1 with optical transparencies of >97% and carrier

mobilities of �7350 cm2 V�1 s�1.

The currently accepted growth mechanism for Cu based

CVD graphene is surface based catalytic decomposition
whereby a gaseous source of carbon, usually methane (CH4),

is catalytically converted into graphene at high temperatures

(in excess of 1000 �C) in what initially appeared to be a self-

limiting process as first demonstrated by Li et al. [1], although

few layer growth has since been demonstrated by high pres-

sure CVD processes [3].

Here we use simultaneous Raman spectroscopy and atom-

ic force microscope (AFM) topographical mapping of the same

area to examine the physical properties of graphene films as

grown on corrugated Cu foils and after transfer to SiO2/Si sub-

strates. By examination of the Raman peak positions, widths

and relative intensity ratios, as well as interference enhanced

optical images of the film on SiO2/Si and SEM imaging, we
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determine that the Cu substrate topography is being im-

printed in the resultant layer number growth.

2. Experimental methods

2.1. Growth details

In the present study all graphene samples were grown under

the same growth conditions using 25 lm thick polycrystalline

Cu foils as the growth substrates. An overview of the growth

process is given in Ref. [4]. In brief, the Cu foils were first

cleaned by sonication in acetone and again in methanol.

The Cu foils were then annealed, to increase grain size and re-

move copper oxide, in a quartz tube furnace for 30 min at

1000 �C with a H2 flow of 5 sccm in 0.2 mbar low vacuum.

Methane was then flowed into the furnace for a period of

30 min. The flow rate was kept at 26.65(CH4)/12.35(H2) sccm

and the growth pressure was 0.4 mbar. The samples were

cooled down to room temperature in the furnace with a H2

flow rate of 5 sccm. Samples were transferred to SiO2(300 -

nm)/Si substrates by first spin coating a thin layer of poly(-

methyl methacrylate) (PMMA) on top of the graphene film.

The Cu substrate was removed using a FeCl3 wet chemical

etch and the graphene film was transferred onto SiO2(300 -

nm)/Si substrates followed by etching of PMMA in acetone.
Fig. 1 – (a) AFM map of a typical Cu growth substrate, (b) height

corrugations of �200–400 nm in magnitude with a pitch of �10

transferred on to SiO2(300 nm)/Si, the inset shows an SEM image

bi-layer (dashed line) graphene taken from single- (solid circle) a

optical contrast on the SiO2(300 nm)/Si substrate.
2.2. Raman spectroscopy

In this study we use a Renishaw 2000 spectrometer with an

attached Leica DMLM confocal microscope fitted with a 50·
objective. Raman mapping was performed with a 514 nm la-

ser with a 1.5 lm diameter spot size and 2.3 mW at the focal

point and maps of 81 · 81 lm2 were created with a 3 lm pixel

resolution.

Raman spectroscopy has become one of the main methods

to characterise graphene quality, layer number, strain and

doping. Here we review the key features before discussing

the properties of our samples. Pristine single-layer graphene

(SLG) exhibits two distinct Raman peaks called the G and 2D

peaks, found around �1585 and �2680 cm�1 respectively.

The presence of a defect in the honeycomb lattice or at a sam-

ple edge is required to activate the D peak and D 0 peak, which

are found around �1350 and �1610 cm�1 respectively. Defect

density analysis can usually be performed by examining the

ID/G ratio. This ratio can be used to estimate the size of sp2 do-

mains using the Tuinstra–Koenig relation [5,6] although this

will not be considered further here.

The ratio between the 2D and G peak can be used, with

various caveats, as a guide to layer number [7]. For CVD

graphene average values of I2D/G � 2.8 and 1.2 have been re-

ported for single- and bi-layer graphene (BLG) respectively
profile taken along the arrow in the AFM map showing

–20 lm, (c) 50· optical image of typical graphene film

of the same area, (d) Raman spectra of single- (solid line) and

nd bi-layer (dashed circle) regions of graphene identified by



Table 1 – List of graphene films investigated, grown on corrugated 25 lm Cu, showing the averaged G and 2D peak positions
both on Cu and after transfer to SiO2(300 nm)/Si.

Sample G peak position (cm�1) 2D peak position (cm�1)

On Cu On SiO2/Si On Cu On SiO2/Si

S1 – 1580 ± 1 – 2681 ± 4
S2 1591 ± 4 – 2704 ± 10 –
S3 1592 ± 3 1582 ± 1 2712 ± 10 2686 ± 2
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[1] (note that these are quite different values to those found

for mechanically exfoliated graphene (MEG) [7]). Having the

I2D/G ratio within a certain range is a necessary condition to

determining layer number but not sufficient, as the absolute

value has also been shown to be sensitive to carrier doping

[8]. Changes in the width and shape of the 2D peak are an

additional indicator of layer number, however, this analysis

has become more involved as different types of bi-layer stack-

ing have been shown to produce distinct Raman signatures

[9]. Both Ni et al. [10] and Poncharal et al. [11] have shown that

different types of bi-layer graphene can exist; Bernal (AB)

stacked bi-layer graphene, misoriented bi-layer graphene

and folded graphene. For mechanically exfoliated AB stacked

bi-layer graphene various groups [12,13] have used the evolu-

tion of the p electron band structure to explain the change in

the composition of the 2D peak from a single Lorentzian peak,

for SLG, to four Lorentzian peaks for BLG. Whilst a similar

observation has been made for bi-layer CVD graphene the

evolution of the 2D peak is far less distinct [14,15] and in some

examples the 2D peak has been shown to retain a single

Lorentzian composition for n = 2 layers with a blueshift in

the peak position, indicating non-AB stacked bi-layer graph-

ene. So in summary the I2D/G ratio as well as the 2D peak

shape and width can be used in combination to identify layer

number and in some cases stacking type.

2.3. Simultaneous AFM–Raman

Simultaneous AFM–Raman measurements were performed

using a Nanonics MultiView 2000 AFM stage coupled with

our Renishaw system. Elongated chrome cantilever tips were
Fig. 2 – Raman map of the I2D/G ratio for sample S3 showing a ve

(blue) on both (a) Cu and after transfer to, (b) SiO2(300 nm)/Si. (F

legend, the reader is referred to the web version of this article.)
purchased from Nanonics. The AFM was operated in tapping

mode and set to map 80 · 80 lm2 areas across the samples,

Raman spectra were collected at intervals of 0.9 lm. The sys-

tem was operated such that the AFM tip was positioned at the

centre of the Raman beam, both the tip and the beam were

kept in a fixed position whilst a piezo driven stage was used

to move the sample.

3. Results

Fig. 1(a) shows the topography typical of all the 25 lm thick Cu

substrates used. From the height profile shown in Fig. 1(b) we

see Cu foils exhibit rolling features, consisting of a series of

ridges and trenches of around 200–400 nm deep with a pitch

of approximately 10–20 lm.

An optical and SEM image of the same area of a graphene

film transferred from Cu to SiO2(300 nm)/Si is shown in

Fig. 1(c). Single- and bi-layer graphene can be distinguished

by contrast in both the optical and SEM image and we observe

the pattern of rolling features to have been imprinted in the

resultant layer growth. Fig. 1(d) shows Raman spectra col-

lected from single- (solid circle) and bi-layer regions identified

in the optical image in Fig. 1 (d). We observe the I2D/G ratio to

behave as expected with a value of �1.2 representing bi-layer

regions and �2.5 representing single-layer graphene. The

observation of rolling features in the layer growth of graphene

was consistent across three sets of samples (S1–3) all grown

under the same growth conditions. Furthermore, taking the

average positions of the G and 2D peaks show both peaks to

be blueshifted on Cu with respect to their values after transfer

to SiO2(300 nm)/Si as summarised by Table 1.
rtically striped pattern of single- (green) and bi-layer growth

or interpretation of the references to colour in this figure



Fig. 3 – (a) Normalised and averaged Raman spectra taken from areas of single- and bi-layer graphene on both Cu and after

transfer to SiO2(300 nm)/Si, (b) single Lorentzian fits to three sets of 2D peaks representative of bi-layer regions on both

substrates.
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Fig. 2 shows Raman mapping of sample S3, both on Cu and

after transfer to SiO2(300 nm)/Si. We observe the rolling pat-

tern present in the topography, optical and SEM images we

have shown so far to also be present in the IG/2D ratio maps,

which we have demonstrated to be a valid indicator of layer

number. We observe that single-layer coverage (I2D/G P 1.7)

is P80% for the graphene film both on the Cu and on the

SiO2(300 nm)/Si.

Fig. 3(a) shows the Raman spectra from single- and bi-layer

regions both on Cu and after transfer to SiO2(300 nm)/Si for

sample S3. Here we compare averaged and normalised spec-

tra from both single- and bi-layer regions on both substrates.
Fig. 4 – (a, d) AFM maps taken over two different areas of sample

line profiles taken over the arrows indicated in (a, d) respective

and the (c, f) 2D peak position with topography. The dotted red lin

and bi-layer graphene. (For interpretation of the references to c

version of this article.)
The fitting of single Lorentzian peaks to three sets of repre-

sentative spectra from bi-layer regions on both substrates is

shown in Fig. 3(b). We show that in all cases our 2D peaks

can be fitted with single Lorentzian functions, as opposed to

the four Lorentzian fittings associated with AB stacked bi-

layer graphene, implying that the bi-layer regions are not

AB stacked.

To determine the relationship between Cu substrate

topography and layer growth more accurately we performed

simultaneous AFM–Raman measurements over two different

areas on sample S3 across the line profiles indicated on the

AFM maps shown in Fig. 4(a) and (b). Fig. 4(c) and (d) shows
S3 when on Cu (b and c, e and f) simultaneous AFM–Raman

ly showing the correlation between both the (b, e) I2D/G ratio

es are labelled to represent regions of predominantly single-

olour in this figure legend, the reader is referred to the web
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the correlation between both the I2D/G ratio and the 2D peak

position with the underlying topography. We have highlighted

regions of single- and bi-layer graphene as determined from

the I2D/G ratio.

4. Discussion

Our observation of rolling features in the resultant growth of

our graphene films, shown in Fig. 1, is consistent across the

numerous samples. Similar growth patterns have been re-

ported by various other groups for topographically similar

substrates [16–18]. Coupled with reports of homogenous large

area single-layer graphene growth on smooth electro-pol-

ished Cu foil [17,19] our work supports the general premise

that topography plays a key role in the resulting graphene

film properties.

As previously stated, the I2D/G ratio cannot be used in iso-

lation to determine layer number as doping effects must be

taken into account. However, given that we can confirm the

presence of single- and bi-layer regions, both optically and

from SEM imaging, which can be correlated to the Raman

spectra taken from both regions, as shown in Fig. 1, we con-

clude that for our samples the I2D/G ratio is a valid indication

of layer number and that doping effects are insignificant.

From Fig. 2 we can see the rolling features in the resultant

growth to be already present in the as grown graphene on Cu.

We can therefore conclude that our observed bi-layer regions

are not due to folding of the film during the transfer process

to SiO2(300 nm)/Si substrates, but rather originate from the

seeding of bi-layer growth as a result of the corrugated topog-

raphy of the growth substrate. Further information about the

physical properties of the single- and bi-layer regions can be

extracted from the averaged Raman spectra of both areas as

shown in Fig. 3. Closer examination of the peak positions

show that both the G and 2D peaks are redshifted, on Cu com-

pared to SiO2(300 nm)/Si, for single-layer graphene and blue-

shifted for bi-layer. We attribute this shift to the formation

of compressively strained bi-layer graphene and tensile

strained single-layer graphene. The relaxation of both types

of strain is evidenced by the reduction of the G (28–23 cm�1)

and 2D (55–41 cm�1) peak widths when transferred off Cu.

Different strain environments are indicative of a topographic

influence. From Table 1 we see that the averaged G and 2D

peak positions redshift for graphene films when transferred

off Cu to SiO2(300 nm)/Si substrates, we attribute this net shift

to the relaxation of compressive strain which is well under-

stood to have originated from differences in the thermal

expansion coefficient between Cu and graphene during the

growth process [20]. However, in Fig. 4(c) and (f) we see that

there is a clear correlation of the 2D peak position of a graph-

ene film with the topography of the underlying Cu substrate.

This suggests that whilst thermal mismatch strain is domi-

nant in our samples there is also a measureable contribution

from topography.

The seeding of multilayer growth from scratches and cop-

per grain boundaries on polished Cu surfaces and the exis-

tence of multilayer stripe-like islands of graphene on

unpolished copper have been previously reported [22]. The

latter being attributed to the surface morphology of unpol-
ished Cu. But no previous work has studied this growth in de-

tail. Theoretically, Luo et al. [17] propose that free carbon

radicals propagating along corrugated surfaces would become

trapped in trenches as a result of reduced surface mobility

and form turbostatic bi-/few-layer graphene. This would re-

sult in the formation of single-layer graphene along the tops

of ridges and bi-layer graphene within the trenches of a corru-

gated surface. Indeed, this has been observed at lower growth

temperatures (T < 870 �C) and was associated with the re-

duced surface mobility of carbon radicals due to local surface

roughness in corrugated Cu foils [21]. Kim et al. have provided

a detailed description of the growth mechanism for the for-

mation of graphene nuclei. They showed the growth limiting

factor to be primarily dependent on the availability of carbon

radicals at the growing front of a graphene nucleus and that,

for low temperature regimes (T < 870 �C), the lifetime of such

carbon radicals is dominated by their surface mobility [21].

Here we extend upon that work to look at the growth mecha-

nism in the high temperature regime, specifically T = 1000 �C.

Fig. 4(b), (c), (e) and (f) show the simultaneous AFM–Raman

measurements of two different areas of a graphene film (sam-

ple S3) when still on Cu. Both sites exhibit a clear correlation

between topography and bi-layer seeding. Our results imply

that the growth of a second layer of graphene responds to

the curvature of the substrate surface. In Fig. 4(b) and (e) we

observe that bi-layer seeding corresponds to areas of positive

curvature (i.e. along the tops of ridges) in contradiction to the

low temperature growth regime. This observation is not sur-

prising given that for high temperature regimes the lifetime

of carbon radicals is reported to be determined by the desorp-

tion rate rather than surface mobility. Indeed, our observation

of bi-layer seeding is similar to that of few-layer growth at

step edges (which also have positive curvature) which is due

to the preferential attachment of carbon at such sites. In addi-

tion, the solubility of carbon in Cu can increase for surfaces of

high positive curvature due to the Kelvin–Gibbs effect [22]. As

such, our results suggest that increased nucleation along the

ridges occurs, leading to bi-layer growth, due to the increased

likelihood of critical supersaturation of carbon radicals at

such sites which is consistent with our previous observations

on these samples [21].

5. Summary

In this study we have shown the correlation between cor-

rugated substrate topography and the seeding of bi-layer

growth. We have also identified that for high temperature

growth (at 1000 �C), bi-layer growth seeds in the trenches

of the copper substrate, indicating that surface mobility is

not the dominating factor determining control of layer

number under the growth conditions employed in this

study.
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