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We present a simple and very convincing approach to visualizing that subsequent
layers of graphene grow between the existing monolayer graphene and the copper
catalyst in chemical vapor deposition (CVD). Graphene samples were grown by CVD
and then transferred onto glass substrates by the bubbling method in two ways, either
direct-transfer (DT) to yield poly (methyl methacrylate) (PMMA)/graphene/glass or
(2) inverted transfer (IT) to yield graphene/PMMA/glass. Field emission scanning
electron microscopy (FE-SEM) and atomic force microscopy (AFM) were used to
reveal surface features for both the DT and IT samples. The results from FE-SEM and
AFM topographic analyses of the surfaces revealed the underlayer growth of subsequent layers. The subsequent layers in the IT samples are visualized as 3D structures,
where the smaller graphene layers lie above the larger layers stacked in a concentric
manner. The results support the formation of the so-called “inverted wedding cake”
C 2013 Author(s). All article content, exstacking in multilayer graphene growth. 
cept where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4834975]

I. INTRODUCTION

Progress with the synthesis of large-area graphene, a two-dimensional (2D) material with exotic
physical properties, has fostered new applications for it, such as transparent electrodes and highfrequency transistors.1–3 Currently, large-area graphene is synthesized on different metal catalytic
substrates4–8 and many results have been summarized in the review by Mattevi et al. of graphene
deposited on Cu by chemical vapor deposition (CVD).9 The concept of dissolving carbon in other
materials and then dissociating it to form graphene layers was first proposed by Acheson when he
discovered Carborundum or silicon carbide.10, 11 This led to further research on the formation of
graphite layers on metals. For example, graphite layers were first observed on Ni surfaces when these
surfaces were exposed to carbon sources.12, 13 More elaborate was the work of Shelton et al. in 1974.14
They studied the segregation of carbon on the (111) surface of Ni containing ∼0.3 at% carbon solution
using Auger spectroscopy and low-energy electron diffraction (LEED). At high, intermediate and
low temperatures, three distinct equilibrium states during segregation were identified, which were
explained as segregated carbon phases. In this way, the gas phase at high temperature, the carbon
monolayer (graphene) phase at intermediate temperature having a graphite basal plane, and several
layers of graphite at low temperatures were determined, providing a systematic and controllable
way to grow graphite monolayer and multilayers from the out-diffusion of the carbon impurities
in the bulk solid solution. Most interestingly, from their work we can infer the growth mechanism
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of multilayer graphite in which the second layer grows from below the first layer since the carbon
source lies below the first layer, i.e. the bulk solid solution.
A quest to grow large-area graphene on metal substrates has led to the re-evaluation of these
methods. Currently, CVD has emerged as a reliable fabrication method for large-area graphene
on transition metals such as Ni and Cu.9, 15 The growth mechanisms of single-layer graphene on
transition metals such as Ni, Ru, Ir and Cu are quite reasonable. Growth on Ni substrates involves
the incorporation of carbon atoms into the bulk Ni substrate, followed by out-diffusion onto the
Ni surface to form graphene layers when rapid cooling of the substrate occurs.16–19 However, Ni
has a fundamental limitation as the catalyst because it produces domains of single- and few-layered
graphene with sizes of few to tens of micrometres. The graphene material is not homogeneous over
the entire substrate due to the high solubility of carbon in Ni and because out-diffusion occurs mostly
at the Ni grain boundaries. On transition metals such as Ru and Ir, single-layer growth occurs by
supersaturation of a carbon adatom gas; the mechanism is independent of the carbon source and
depends only on the adatom concentration.19 Growth on Cu has been regarded as more viable for
obtaining monolayer graphene, mainly by a surface-controlled process.9, 20 However, synthesizing
uniform, defect-free multilayers has proved to be more difficult, and the growth mechanisms remain
poorly understood.19
It has been observed that in the early stages of growth by CVD at atmospheric pressure,
graphene forms as isolated “islands” which eventually coalesce to yield full, continuous monolayers.
Occasionally these isolated islands are observed to have a second graphene layer which appears to
nucleate at some sort of defect on the catalytic metal surface. It has often been assumed in the
literature that the smaller islands are on top of the larger monolayer, and that they will grow and
eventually form a second layer.16, 21–24 However, Tontegode and co-workers25, 26 had previously used
Auger electron spectroscopy to suggest that graphene thick films grow in such a manner that the
second and subsequent layers of graphene grow next to the substrate during segregation from Re-C
solid solution and when carbon is deposited on Ir(111) in an inverted wedding cake fashion.27 It
has been shown that, once formed on the metal surface, graphene is not chemisorbed and detaches
slightly from the surface, leaving room for intercalating particles.28, 29
Recently, several groups have elucidated this underlayer growth mechanism of additional
layers.19, 27, 30, 31 However, the methods used in these studies were expensive and complex. For
example, Nie et al.19 proved that second-layer islands nucleate between the existing layer and
the substrate. This they did by monitoring misalignment during growth on Ir(111) using a lowenergy electron diffraction (LEED) ultra-high vacuum chamber, angle-resolved photo-emission
spectroscopy (ARPES) and low-energy electron microscopy (LEEM). The group later used the
same techniques to prove underlayer growth of graphene islands on copper foil.27 Li et al.30
used carbon isotope-engineered samples with micro Raman spectroscopy and time-of-flight secondary ion mass spectrometry (TOF-SIMS) to prove the underlayer growth of the subsequent
layers of graphene. The samples were exposed to O2 plasma for 5 s in order to generate defects on the upper graphene layer to distinguish it from the layers beneath it, after which
Raman spectroscopy was employed. TOF-SIMS was used for depth-profile analysis to image the
sample isotope distribution and the stacking order on the as-grown multilayer graphene on Cu
substrates.
The underlayer growth mechanism is readily understood from the perspective that during
graphene growth, gas molecules may diffuse into the interface between the existing graphene and
the metal substrate.29, 32, 33 The weak interaction between graphene and its substrate, typically less
than ∼100 meV/C,19 may provide the reason for the presence of molecules between the first layer
of graphene and the metal substrate. Moreover, the CVD process of graphene growth relies on the
substrate itself to generate the growth species by catalyzing hydrocarbon decomposition.34
In this paper we present a simple demonstration of under-growth of the second and subsequent
graphene layers during CVD on Cu foil at atmospheric pressure. The novelty of this work is the use of
a simple transfer mechanism of the CVD-grown graphene on a glass substrate and the exploitation
of FE-SEM and AFM as diagnostic tools to prove this assertion. Furthermore, using a different
approach, we clearly established the inverted wedding cake structure of the subsequent layers as
suggested by Tontegode and co-workers25, 26 and later proved experimentally by Nie et al.27
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FIG. 1. Schematic diagram of graphene transfer: (a) direct-transfer (DT) to yield PMMA/graphene/glass; (b) inverse transfer
(IT) to yield graphene/PMMA/glass; (c) and (d) removed PMMA after annealing of the samples in (a) and (b) respectively.

II. EXPERIMENTAL

Graphene was grown by atmospheric pressure chemical vapor deposition (AP-CVD) in a quartz
tube furnace from mixtures of Ar:CH4 :H2 = 300:15:9 sccm gases at a temperature of 1000 ◦ C on
copper foil (25 μm thick foil, 99.8%, Alfa Aesar). The samples were rapidly cooled by pushing
the quartz tube to the colder region of the furnace. They were then transferred to glass substrates
using the bubbling method.35 First, a thin layer of PMMA (average Mw ∼996 000 by GPC, SigmaAldrich Product No. 182265, dissolved in chlorobenzene with a concentration of 46 mg/mL) was
spun-coated on the graphene/Cu samples at 4000 rpm for 10 s using a spin-coater, after which they
were baked at 180 ◦ C for 3 min to ensure good adhesion of the PMMA on the graphene/Cu.
The PMMA/graphene was separated from the copper foil using an aqueous solution of NaOH
(0.1 M) as electrolyte in the electrolytic cell. A 10 V direct current (dc) voltage was applied across
the cell containing the PMMA/graphene/Cu cathode and Fe wire anode. Hydrogen bubbles emerged
at the PMMA/graphene/Cu interface and PMMA/graphene was separated from the copper foil. The
PMMA/graphene was then scooped with polyethylene terephthalate (PET) into deionized water to
remove any remaining NaOH particles.
The transfer to glass was done in two different ways. The first was direct transfer (DT):
here the PMMA/graphene floating in water was scooped up from below with a glass substrate to
yield a PMMA/graphene/glass configuration (see schematic Fig. 1(a)). The second was inverted
transfer (IT): in this case, instead of scooping up the PMMA/graphene floating in water from
below, the glass substrate was pressed against the PMMA/graphene from the top, ensuring that they
stuck together, and then turned to yield a graphene/PMMA/glass configuration, where the graphene
surface originally in contact with the Cu growth substrate was exposed (see schematic Fig. 1(b)).
The samples were then annealed in an argon and hydrogen atmosphere (Ar:H2 = 300:9 sccm) at
350 ◦ C for 10 h to remove the PMMA. In this way we produced samples where both the top and
bottom surfaces of the graphene could be inspected with a variety of microscopies (see schematic
Fig. 1(c) and 1(d)).
A WITec alpha 300R+ confocal Raman system (WITec GmbH) was used for both imaging
and spectroscopy with the laser power set below 2 mW in order to minimize heating effects.
The excitation wavelength used was 532 nm (2.33 eV) through a numerical aperture of 0.9 and
100× magnification, which allows an image spatial resolution of about 360 nm. A high-resolution
Zeiss Ultra Plus 55 FE-SEM operated at 1.0 kV was used to investigate the surface morphology
of the graphene samples. The topographical images were obtained and the height analyses carried
out using a Dimension Icon AFM (Bruker AXS) with NanoScope Analysis software in ScanAsyst
mode. A total of five samples that were grown under the same conditions were examined in this
study.
III. RESULTS

Fig. 2(a) is an optical image of a DT graphene sample on a glass substrate; while Fig. 2(b) is
the same image with the boundary of the graphene film indicated by a dotted line. The film was
2 cm × 2 cm in size, and it was electrically continuous over the full 2 cm length.
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FIG. 2. (a) Optical micrograph of 2 cm × 2 cm graphene on glass, and (b) boundaries of the graphene sample in (a).

FIG. 3. Raman spectroscopy of the CVD graphene on glass substrate at two different spots indicated in the inset. (Inset)
Raman map of the G-mode intensity showing a monolayer (blue circle) and few-layer graphene (green circle). Scale bar is
4 μm in the inset.

Raman spectroscopy is a useful diagnostic tool for determining the number of layers of
graphene.36, 37 In particular, it has been established that the intensity ratio of the G and 2D peaks
(1600 cm−1 and 2700 cm−1 respectively), together with the full width at half maximum (FWHM) of
the 2D peak, may be used to infer the number of carbon layers. Monolayer regions are characterized
by I2D /IG ratio greater than one and FWHM of approximately <50 cm−1 , while a lower value of
I2D /IG and FWHM of approximately >50 cm−1 indicate the presence of two or more layers.36, 37
Raman spectroscopy mapping was therefore used to establish that the films used for this work consisted of large monolayer regions interrupted by isolated regions of multilayer graphene. The inset to
Fig. 3 shows a Raman map of the G -band intensity. Light (dark) regions correspond to higher (lower)
G-band intensity, which is a signature of multilayer (monolayer) graphene. This interpretation is
confirmed by the Raman spectra obtained at two different spots corresponding to the colored circles

All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported license. See: http://creativecommons.org/licenses/by/3.0/
Downloaded to IP: 137.215.6.53 On: Thu, 30 Jan 2014 10:19:04

112126-5

Fabiane et al.

AIP Advances 3, 112126 (2013)

FIG. 4. FE-SEM images of: (a) direct-transfer (DT) graphene; (b) DT graphene on glass substrate taken at 70◦ with respect
to the sample plane; (c) inverse-transfer (IT) graphene; and (d) high magnification of one of the islands in (c).

in the inset to the figure. The Raman spectra clearly show the expected dependence on graphene
thickness: the calculated I2D /IG and FWHM for few layer graphene represented by the green circle
(upper spectrum) in Fig. 3 are 1.1 and 61 cm−1 respectively, corresponding to two layers, and they
are 1.8 and 40 cm−1 respectively for the monolayer represented by the blue circle (lower spectrum)
in Fig. 3. These results are consistent with what has been reported in the literature for both bilayer
and monolayer graphene.30
Fig. 4(a) is FE-SEM image of the DT graphene revealing some patches that appear to be below
a smooth, continuous graphene layer. The image suggests that these patches (which we refer to as
graphene “islands”) are underneath a continuous graphene monolayer, which is characterized by
wrinkles that occur due to the different thermal expansion coefficients of graphene and copper foil.38
The wrinkles seem to run continuously over some of the islands without a change in contrast. Ridges
and swells are also visible in regions where adhesion between the film and the substrate is poor. As
a simple proof that the ridges and swells are indeed on the top layer and the islands lie underneath
them, FE-SEM image of DT graphene was taken while the sample was tilted at an angle of 70◦ with
respect to the sample plane (see Fig. 4(b)). At this angle, the wrinkles and swells are more visible,
while the islands or patches are no longer visible.
Fig. 4(c) is FE-SEM image of an IT graphene sample which clearly shows the multi-layer
islands that lie on top of the monolayer graphene; the islands vary to some extent in size and shape
but most are hexagonal (see Fig. 4(d)). The island in Fig. 4(d) exhibits a “concentric stacking” or
“inverted wedding cake” structure. Our work proves this inverted wedding cake structure by showing
that the DT and IT configurations image very differently in FE-SEM, contrary to the suggestion by
Nie et al.27 The concentric nature of the multilayer island suggests that all the layers in an island
nucleate at a common site, perhaps associated with an impurity or special topography.27 New layers
nucleate next to the substrate, so the site remains active even when covered by the top monolayer
graphene.25, 27
AFM was used to further establish the underlayer growth process of subsequent layers and their
inverted wedding cake structure. The inset to Fig. 5(a) shows an AFM image of DT graphene on a
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FIG. 5. (a) and (b): Cross-sectional plots of 7.2 μm ×7.2 μm 2D AFM images. (Insets) Height topographic for the DT and
IT graphene samples respectively.

glass substrate, while the main figure is a line scan as indicated on the image. Here the patches of
islands below the graphene, and the wrinkles, ridges and swells on top of graphene are visible. The
line scan shows wider and relatively higher features which represent the islands that lie below the
continuous monolayer. The heights of the features are relatively small (5–10 nm) and the scan shows
considerable noise due to the presence of wrinkles on the top monolayer. Fig. 5(b) and its inset show
a similar AFM image and line scan from a sample of IT graphene on glass, where the islands are
expected to be on top of the continuous monolayer (see schematic in Fig. 1(b)). The line scan from
this sample shows large and very high surface features compared with the DT sample. This is seen
most vividly in Fig. 6, which shows a 3D AFM image of a large multilayer island exhibiting the
inverted wedding cake phenomenon, similar to the SEM image shown in Fig. 4(d).
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FIG. 6. 3D AFM image of one of the islands of the IT graphene sample.

IV. CONCLUSION

We used a simple and direct approach based on scanning electron and atomic force microscopies
to prove that indeed the subsequent graphene layers using the CVD method on Cu foil do grow
underneath the first monolayer and that such layers form in an inverted wedding cake structure.
This simple approach was made possible through two different methods of transferring graphene to
glass substrates. The FE-SEM and AFM images of the inverse transfer (IT) samples clearly showed
the hexagonal 3D islands with monolayer graphene below them - an inverted wedding cake-like
structure. The concentric nature of the multilayer island suggests that all the layers in an island
nucleate at a common site, perhaps associated with an impurity or special topography.27 In some
cases for IT samples, smaller graphene layers lie above the larger layers stacked like an inverted
wedding cake, which becomes inverted in direct transfer (DT) samples.25, 27
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