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ABSTRACT: By limiting the carbon segregation at the copper
surface defects, a pulsed chemical vapor deposition method for
single layer graphene growth is shown to inhibit the formation of
few-layer regions, leading to a fully single-layered graphene
homogeneous at the centimeter scale. Graphene field-effect de-
vices obtained after transfer of pulsed grown graphene on oxi-
dized silicon exhibit mobilities above 5000 cm®V's™.

Controlling the synthesis of graphene of good crystalline
quality and its transfer onto an arbitrary substrate is a major stake
in graphene research.' Many applications, like in photovolta-
ics,s‘6 transparent electrodes,7’8 or in batch-production of nano-
electronic devices,”'" require homogeneous graphene with con-
tinuous area well above 1 cm?. Among emerging methods,'" the
chemical vapor deposition (CVD) of graphene on copper is an
outstanding one, as it meets the two requirements of large size
growth of good quality graphene and easy transfer onto arbitrary
substrates.'

The low solubility of carbon in copper'? confines the growth
of graphene on the Cu surface, which becomes catalytically inac-
tive once fully covered with graphene. In principle, this self-limits
the growth to a single layer of graphene.'* However, and to our
knowledge, in all reports of CVD graphene on polycrystalline Cu,
one could always observe the occurrence of patches of few-layer
graphene,'>'® having a typical area of a few um? and covering up
to ~ 10% of the total surface. These patches can be attributed to
the carbon segregation which occurs preferentially at defect sites.
Since graphene is known to exhibit completely different electron-
ic properties with a slight change in its number of layers, it is
paramount to achieve the production of a large-size fully single-
layer graphene onto standard Cu foils excluding multilayers
patches. The principle of the method we have optimized to reach
that goal is based on increasing the relative exposure to hydrogen
during the growth. This is achieved by alternating growth and
reductive stages using successive exposures to hydrogen and
hydrogen/carbon precursor mixture in an intermittent fashion.

The reductive action of hydrogen exposure at high tempera-
ture is known to efficiently etch graphene and to limit its growth.
Accordingly, hexagonally shaped holes'” and crystals’ with
straights edges can be engineered in graphene sheets. A hydrogen
atmosphere is also expected to suppress carbon enrichment at high
temperature at the defect sites in Cu, thus to allow to efficiently
inhibit carbon segregation. This property suggests that, by proper-
ly adjusting the reductive action of hydrogen during CVD of

graphene, one can open the route to: (i) the reduction of the densi-
ty of defects through the control of the shape of the growing
graphene islands, and (ii) to reduce the occurrence of multilayer
patches through the suppression of carbon segregation from defect
sites in Cu. Following that ideas, we present in the following a
modification of the seminal copper-based growth technique,'
which we will refer in the following as pulsed-CVD. We show
that this procedure leads to large-size exclusively single-layer
graphene, with mobility exceeding 5000 cm?V™'s" after being
transferred on a standard Si/SiO, wafer.
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Figure 1. a) Process time flow showing a comparison the
two methods for pulsed and standard growth. Detailed parameters
can be found in the text. b)-e) Schematics showing the depleting
of carbon at the defect sites thanks to the intermittent H, expo-
sure, which prevents the formation of few-layer graphene patches
underneath the first layer. Distances between graphene and Cu
and substrate and graphene lattice are not toscale.
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Figure 2. SEM, optical microscopy, Raman 2D intensity mapping, and Raman single spectra of graphene, prepared by the standard
growth (Left panels) and pulsed growth methods (Right Panel) a-c, and d-f are graphene islands formed after 20 min, and full layer of
graphene formed after 2 hour of standard growth, respectively. Single spectra in Fig. 2g are taken from different places in Fig. 2f (indicated
by color). Right panel (pulsed growth): h-j, and k-m are graphene islands formed after 20 min (120 cycles), and full layer after 50 min (300
cycles) of pulsed growth, respectively. Fig. 2e and f are taken at the same place. Single spectra in Fig. 2n are taken from different places in
Fig. 2j and 2f (indicated by color). For Raman single spectra, black solid lines are fitted by lorentzian. All growths are made under flow
rates of 2 sccm CHy4 and 700 sccm Hy/Ar at 1 mbar pressure. During the pulsed growth process, t; =10 s duration and t, = 60 s period are

employed.

Unlike the standard conventional CVD process for graphene
growth on catalytic surfaces, which is usually conducted at a fixed
temperature and a constant flow of a carbon-source/H,/Ar mixture
for single continuous growth stage, our pulsed-CVD technique
consists in a sequence of short (few seconds) growth time slots
during which gaseous carbon precursor (methane) is introduced,
separated by intervals free of carbon source keeping a constant
H,/Ar (1:9) mixture flow (Fig. 1a). In this work, we focus on the
low-pressure (1 mbar) growth for the pulsed-CVD process.

First, as a reference, a standard conventional CVD process
is carried out following the recipe described in Ref. 11. Scanning
electron micrographs (SEM) of a typical sample after growth (Fig.
2a and Fig. S1) shows the graphene-covered Cu surface obtained
after a 20 min growth time with a continuous flow of 2 standard
cubic centimeters per minute (sccm) CHy diluted in 700 sccm
H,/Ar mixture. One clearly identifies graphene islands before they
merge to form a continuous monolayer. Two island geometries
can be found: lobe-shaped graphene “flowers” with diffusion-
limited growth characteristics'® and smaller hexagonally shaped
ones (either centered underneath the flower-like graphene,™'®'%%
or isolated) (Fig. 2a). A rough analysis of the interactions between
graphene nuclei and the Cu substrate can be found in Fig. S1. It is
known that multilayer and inhomogeneous graphene results from
enhanced carbon segregation which is favored at defects such as

grain or stacking domain boundaries (e.g. screw dislocations or
grain boundaries, see Fig. 1b-c and Fig. $2)***! Therefore, one
reasonable explanation could be that the larger islands are the
result of surface growth from an adatom carbon gas at Ty, and that
the smaller islands develop upon cooling down after growth, via
segregation of carbon atoms stored at 7, at Cu defects extending
out of the surface plane (Fig. 1b-c). One way to suppress this
defects-induced multi-layer islands segregation is to grow gra-
phene on single crystal epitaxial films,?" but the application of this
technique is limited as the industrial-level large-scale single-
crystal metal thin films would be tedious and too costly to fabri-
cate.

Prolonged (2 hour) standard growth results in full coverage
of the Cu foil with graphene, with prominently single layer re-
gions but a few percent of the surface with two or more layers
(Figs. 2d-f), which is in agreement with many previous works.'>'®
Optical images of both partial and full coverage of graphene
transferred onto a SiO,/Si wafer, shown in Figs. 2b and 2e, reveal
the same features as in the corresponding SEM images. The Ra-
man spectroscopy reveals Lorentzian-shaped G bands whose
intensity is twice larger at the central point (Fig. 2g), suggesting
non-Bernal stacking of bilayer graphene??* at the center of the
graphene islands. Optical contrast analysis (Fig. S3) further con-
firms this view. Earlier report’ indicated that non-Bernal stacking
of three or even more layers can be found on Cu by CVD. Except



for the multi-layer regions, there are also lines showing higher 2D
intensity, which are attributed to wrinkles created by the mis-
match of thermal expansion coefficients of Cu and graphene, and
have no direct connection with the graphene grain boundaries.'***

Interestingly, after transfer onto a SiO,/Si wafer, the sample
presents spatial variations of the 2D band position of about 10 cm”
! These variations follow the step edges of the Cu surface, which
are observed with the secondary electron detector in SEM (Fig.
S4). This may indicate a built-in stress in CVD graphene, which
could be preserved even after transfer.

The outcome of a pulsed growth with 2 sccm CHy, t; = 10 s
and t, = 60 with 120 pulses, which corresponds to the same car-
bon dose as for Figs. 2a-c, is shown Figs. 2h-j. The main differ-
ences as compared to standard growth are: (i) more homogeneous
size distribution of graphene islands, (ii) the absence of small
hexagonal islands out of the large graphene islands.

Strikingly, unlike in any other reports on CVD graphene on
Cu foil so far, no two-layer regions are observed on the islands, as
shown in the SEM image in Fig. 2h and the optical image (Fig. 2i)
of the same sample transferred onto SiO,/Si wafer. This is further
confirmed by Raman spectroscopy mapping, shown in Fig. 2j,
where homogeneous 2D peak intensity is found over the whole
island surface. Raman spectroscopy analysis of this homogeneous
region indicates the presence of single-layer graphene as suggest-
ed by the typical spectra presented in Fig. 2n (blue point). Besides
the narrow size distribution, the edges of lobe-shaped graphene
island in pulsed growth are smoother, as can be seen by compar-
ing Fig. 2a and 2h. fractality analysis plotting the average ratio of
island perimeter as a function of its area shows that graphene
islands are growing by pulsed CVD into a less dendritic form,
namely, with smoother edges, than those grown by the standard
method (Fig. S5, suppl. info).

The above results can be understood under the reasonable
assumption that the underneath second layer regions are formed
by carbon segregation upon cooling down. In pulsed growth,
except during CH, pulses, the Cu defects are continuously deplet-
ed from carbon due to the reducing H, atmosphere, so that cooling
down is not accompanied by noticeable carbon surface segrega-
tion, as shown in the schematic picture in Fig. 1b-e. Only surface
growth from a carbon adatom gas is active in this case. As a re-
sult, the size distribution of graphene islands does not exhibit two
modes as for standard growth, i.e., the island shape is better con-
trolled with pulsed growth.

When the number of pulses is increased from 120 to 300
pulses, with 2 sccm CHy, t; = 10 s and t, = 60 s, full coverage of
purely single layer graphene is obtained, as can be seen in both
the SEM image of the sample on Cu (Fig. 2k), and the optical
image after transfer (Fig. 21). The fact that 2D peak Raman inten-
sity mapping (Fig. 2m) is very homogeneous except at the ther-
mal-expansion-induced wrinkles proves that there is no multilayer
region. We will address the issue of unfolding these wrinkles in a
future study. The Lorentzian profile, the position and the FWHM
of the Raman 2D band are similar before and after coalescence of
the graphene islands (Fig. 2n, red). The absence of any multilayer
patch has been carefully checked on all samples and has been
demonstrated on a millimeter square sample transferred onto
Si0,/Si wafer (Fig. S6). A comparison of optical images between
standard and pulsed of graphene after transfer is given in Fig. 3.
The coverage with single-layer graphene in our samples exceeds
99.9%. Regions without graphene (less than 0.1% of the surface,
as marked also by circle region in Fig. S6) presumably develop
from defects in graphene upon the effect of hydrogen etching due

to Cu contaminations (Fig. $7).*!7 In this study, the methane
pulse duration t;, and the interval between pulses t, have been
varied over a wide range in order to reach optimal control over the
density, shape and coverage rate of graphene islands. Once it is
detuned far away from their optimal ratios, one observes either a
very low graphene coverage (sometimes even no carbon deposits)
or on the other side, the appearance of multi-layer patches. Both
cases can be attributed from an imbalance between etching and
carbon deposition. The qualitative diagram presented in Fig. S8
points out the parameter-space region for fully single-layer
growth. To our knowledge, it is the first time a large-scale fully
single-layer graphene has been achieved by CVD on Cu foils.
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Figure 3. Optical micrographs of graphene after transfert on
Si/Si0, substrate. a) Typical standard CVD growth. showing
multi-layer patches b) Typical Pulsed CVD method. Inset in b) is
a field effect curve of a device obtained by etching and connecting
a micron-sized ribbon, of sample depicted in b, showing an elec-
tron mobility of 5383 cm®V™'s™.

Compared to exfoliated graphene, graphene prepared by
CVD always usually exhibits lower carrier mobility,'" which can
be ascribed to both its polycrystalline nature and defects induced
by the transfer process. Measuring the samples mobility is a con-
venient way to benchmark the quality of graphene in the view of
transport measurements. To the exception of very high values
reaching almost 20 000 cm*V™'s", which were reported by R. S.
Ruoff and co-workers,?® mobilities in CVD-derived graphene are
usually at best a few 1000 cm®V™'s™". For example, with a modi-
fied clean transfer method, mobility of 1000-1400 cm®V's™ can
be obtained with a narrow distribution.”” Recently, values as high
as 4000-6000 cm”V™'s™! were reported in CVD graphene, which is
dominantly single layer with second layer patches.” In the pulsed



CVD graphene case, the maximum mobility is found to be 5383
em?V's™ (inset of Fig. 3b), which lies in the upper range of the
values reported for CVD graphene samples.

As a conclusion, we proposed a new route towards the sup-
pression of multi-layer inhomogeneities in CVD graphene, which
consists in depleting carbon storage at defects by applying inter-
mittent growth under continuous hydrogen exposure (pulsed
growth). This scalable technique is a low-cost alternative to the
use of high-quality metallic surfaces (metal single crystals, epitax-
ial thin films).*' The pulsed growth technique is probably compat-
ible with many other graphene growth recipes, such as ambient
pressure growth, and plasma enhanced growth. Graphene devices
on a 285 nm SiO,-capped Si wafer fabricated by this technique
exhibits electronic mobility up to 5383 cm?*V™'s™'. The preparation
of purely single-layer graphene has great potential for the realiza-
tion of homogeneous graphene films for electronic or optical
applications.
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fully single-layer graphene formed by pulsed CVD method. (6)
SEM image showing the re-appearance of multi-layer during a
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