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Abstract —This work demonstrates the synthesis of high
quality, single layer graphene on commercially available ultra-
smooth copper foils. The presented method will result in
improved scalability of graphene based electronic and optical
devices. Our approach is compatible with roll-to-roll printing as
well as transfer printing of graphene layers on to a broad range
of substrates including flexible and ultra-thin polymers. We
propose that using commercially available ultra-smooth coppers
provides scalable approach with the reduced variation of
transport properties sourced from local graphene quality.
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1. INTRODUCTION

There is a growing interest in realizing the electronics over
flexible and non-conventional substrates such as soft plastics
and even paper [, 2]. New functionalities and applications
such as cell phones with roll-up displays, e-paper, radio-
frequency identification (RFID) tags, medical patches that can
be attached to the skin to deliver drugs or monitor vital signs,
and tactile or electronic skin for robotics and prosthetics etc.
are some of the many concepts that will be enabled by the
electronic systems on large area flexible substrates [1-4]. So
far the flexible electronics landscape has been occupied by the
low-mobility organic semiconductors [2, 5]. But, recently
major advances have also been reported through silicon [6, 7],
metal oxides devices [8], and graphene based flexible
optoelectronics [9] and sensing [10].

Carbon based materials have provided a new perspective
in electronics owing to their very high carrier mobility and
nanoscale dimensions. In particular, the carbon nanotubes [11]
and graphene [12] have been shown to have promising
performances suitable for high frequency electronics needed
for futuristic fields such as internet of things, mobile health
and smart cities. For high-performance and scaling up of
electronics on large areas it is essential to have high quality
samples of these materials. For example, the surface quality of
the copper foils and the transfer printing process determine the
performance and reliability of the transistors based on
graphene. In this regard, the wafer scale synthesis of aligned
arrays of single-walled carbon nanotubes on quartz [13] and
sapphire crystals [14] is worth noting. In the case of graphene,
the interesting scalable route, which is also low-cost method,
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is the chemical vapor deposition synthesis on copper foils
[15]. In this paper, we demonstrate that the commercially
available ultra-smooth copper foils can open new avenues for
high quality graphene synthesis by chemical vapor deposition
(CVD).

II. IMPORTANCE OF SURFACE MORPHOLOGY OF GRAPHENE
AND THE STATE OF THE ART

The large area growth of graphene by using CVD has been
investigated since 2009 [16, 17] and many breakthrough
improvements on the quality of graphene films have been
reported since then [15, 18, 19]. Because of the low solubility
limit of carbon in copper, the graphene growth procedure is
self-limited on copper substrates [15]. This property of copper
provides a straightforward method to synthesize single layer
graphene. Further advantaged of this approach are that the
copper foils are low-cost and scalable substrates. As said
earlier, the surface quality of the copper foils and the transfer
printing process greatly influence the performance and
reliability of the graphene transistors.

Previous works have showed that the morphology of the
copper surface is one of the key parameters to have better
quality graphene films [20]. To achieve the continuous and
high quality graphene film over large area; impurities, defects,
grain boundaries and other surface features that can serve as a
nucleation seed should be carefully engineered [20]. Recent
progress of large scale production of smooth copper foils can
also provide opportunities to improve performance of
graphene transistors. To that end, varieties of techniques to
smoothen the copper surfaces have been reported. For
example, Luo et al. [21] used standard electro-polishing
technique to smoothen the copper surfaces. Their Raman
investigation implied better quality graphene with higher
surface coverage compared to the unpolished copper samples
[21]. Similar electrochemical polishing technique was used in
the work by Yan. et al [22]. Together with the high pressure
annealing, they produced hexagonal single crystal graphene
domains nearly 2 mm in size [22]. Alternatively, melted
copper surfaces were also used to form similar kind of single
crystal hexagonal graphene flakes in previous works [23, 24].
Apart from these techniques, Vlassiouk et al. [25] reported the
role of hydrogen gas as a surface activator and etchant. The
shape and size of the single crystal graphene domains can be



controlled precisely just by adjusting the partial pressure of
hydrogen gas [25]. In addition, Robertson et al. [26] has
showed the formation of few layer, single crystal, graphene
flakes by changing the growth conditions.

It has been known that the quality of the copper surface
directly effects the transport properties of the resulting
graphene layer [27]. Orofeo et al. [27] demonstrated the hole
mobility of the graphene grown on the Cu film is nearly 10
times greater than that of the graphene grown on the Cu foil
by chemical vapor deposition. In addition to the surface
morphology, crystallography of copper substrate also plays a
crucial role in the formation of the graphene film [28]. Wood
et al. [28] reported that, higher carbon diffusion rates at (111)
direction, causes effective formation of single layer graphene
on (111) direction compared to other crystal directions.

III. GRAPHENE SYNTHESIS AND FLAKE FORMATION ON ULTRA-
SMOOTH COPPER FOILS

Advancing the research on graphene synthesis, in this
work we demonstrate the synthesis of high quality single layer
graphene on commercially available ultra-smooth copper foils.
As against previous reported works, our method does not
require chemical treatment of copper foils before graphene
growth and also the overall cost is low — both of which
underline the novelty of our work. To compare the surface
quality we used relatively rough Alfa Aesar foil (item #13382)
which is commonly used for CVD graphene growth (Fig. 1 (a-
¢)) and commercially available ultra-smooth surface copper
foils (Mitsui mining and smelting co., LTD, BI1-SBS) (Fig. 1
(d-f)). To investigate the effect of the surface roughness to the
quality of the graphene layer, both the ultra-smooth copper
and the rough copper foils were placed in the same growth
chamber to be exposed to same growth conditions.

We investigated the surface topography of the ultra-
smooth copper foils with scanning electron microscopy (SEM)
and atomic force microscopy (AFM). By sending the methane
gas into the chamber with different intervals, we obtain both
the graphene flakes (Fig. 2(a), 2(b)) and full coverage
graphene film (Fig. 2(c)) on the ultra-smooth copper foils. Fig.
2(a) shows the SEM images of copper surface partially
covered by graphene flakes. The rms surface roughness of the
ultra-smooth copper is around 100 nm before annealing which
is two times greater than the value reported for the copper foils
commonly used in graphene growth [29]. According to our
observations, the formation of continuous graphene layer
initiates with the single crystal graphene flakes. Increasing the
growth time, under the same methane flow rate and partial
pressure, results in the formation of continuous graphene
layer. Also we observed that the flake size and shape is
directly related with the ratio of flow rate and partial pressure
of hydrogen to methane gases as reported in previous work
[25]. Moreover, the graphene flakes and continuous graphene
layers that we synthesized includes ripples (Fig. 2(c)) because
of the physical instability of perfectly flat graphene layer [30-
33].

After transfer printing of the graphene layer to the
dielectric surfaces, we performed Raman spectroscopy to
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Fig. 1. Effects of copper surface morphology on graphene
growth: (a) The optical microscope image of rough copper
foil (Alfa Aesar foil (item #13382)). Deep scratches on the
rough copper foil due to the rolling process are clearly visible
(b) Scanning electron microscopy (SEM) image of the rough
copper surface. (¢) The magnified SEM image of the rough
copper foil surface. The growth was terminated after 10 sec.
to obtain dispersed graphene flakes. (d) Optical microscope
image of ultra-smooth copper foil (Mitsui mining and
smelting co. LTD., B1-SBS) and (e) SEM image of ultra-
smooth copper surface after the graphene growth. (f) Ultra
smooth copper surfaces with graphene flakes. The density
and shape of the graphene flakes are different on the rough
and smooth foils. The averaged grain size of the smooth
copper foil after the growth is around 200 pum.

Fig. 2. Graphene flake formation at early stages of growth: (a,
b) SEM images of the surface of the ultra-smooth copper
partially covered by graphene flakes. To achieve ~60um
flakes, methane gas was flushed into chamber for 5 seconds
then left to cooling to room temperature. Smoothness of the
surface and size of the grain boundaries of the copper are
clearly wvisible. (¢) AFM image showing the surface
topography of full graphene layer on the ultra-smooth copper
foil. Graphene ripples, which are formed from the graphene
flakes, are clearly seen.
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check the graphene quality. Fig. 3(a) shows the Raman
spectrum of the graphene on quartz substrate. The Raman
fingerprints of the single layer graphene, namely the peaks of
G band and 2D band are clearly seen in the spectrum. The
laser excitation wavelength is 532 nm and the G band peak is
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Fig. 3. Graphene on dielectric surfaces: (a) Raman spectrum
of graphene on quartz substrate. Shape and place of the G and
2D peaks indicates single layer graphene. (b) Photograph of ~
lem® graphene on 100nm SiO, coated Si. The optical
microscope images of graphene on SiO,/Si synthesized by (c)
using ultra-smooth copper foil, and (d) rough copper foil.
Formation of the cracks on the graphene layer is a due to the
deep trenches of rough-surface copper foil. However
graphene synthesized by ultra-smooth copper does not have
any crack. Instead, partial early-stage bilayer formation can
be seen on the surface.

at 1587 cm™'. The FWHM (full width at half maximum) of 2D
peak at 2658 cm™ is 36.79 and G/2D ratio ~1.5 which is likely
due to the partial bilayer formation on single layer graphene.
We did not observe any defect mode peak (D peak) in Raman
spectrum which yields the high quality of the graphene.

Fig 3(b) shows the photograph of transfer printed graphene
on 100 nm SiO, coated Si wafers. Due to dielectric thickness
and viewpoint, single layer graphene is clearly visible. Fig
3(c) and 3(d) shows the optical microscope images of large
area graphene on SiO,/Si which were synthesized by using
ultra-smooth and rough copper foils respectively. The rough
copper graphene includes longitudinal cracks along the
graphene layer. These cracks are the graphene-free areas and
correspond to the deep trenches of the rough copper surface.
Graphene synthesized on these trenches are not compatible to
transfer printing techniques since they exist in the lower level
to surface and when transfer printed to solid substrates these
areas remain without graphene. The negative impact of
trenches is that the transfer printing of graphene on flexible
and large areas will also lead to graphene-free spots and this is
detrimental to attaining devices and circuits as per the designs
and layouts. The graphene-free spots can also cause variations
in charge carrier transport and optical properties. This means
the sensors in an array (e.g. active matrix display) or
electronic devices in a circuit are likely to have non-uniform
response. Therefore usage of commercially available ultra-
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smooth copper foils in CVD synthesis of graphene and
resulting reduced variation in its transport and optical
properties can open new avenues for its use in large area
electronics and sensing applications.

IV. CONCLUSION

As a conclusion we have demonstrated synthesis of high
quality single layer graphene on commercially available ultra-
smooth copper foils and compared the quality of resulting
graphene with the one from commonly used copper foils. The
smooth copper foils are commonly used as negative electrodes
for lithium-ion batteries. Recent industrial progress of large
scale production of smooth copper foils can also provide
opportunities to improve the quality of graphene grown by
chemical vapor deposition. Our approach is compatible with
various printing and transfer techniques such as roll to roll
processes to extend the sample dimensions or wet and dry
transfer printing techniques.
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