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Abstract. The growth of graphene by chemical vapour deposition (CVD) on copper is the most promising scalable method for high-quality graphene. The use of ethanol, an economic and safe precursor, for the fast growth of
graphene on copper by a home-built CVD set-up was analysed. Full coverage of uniform single-layer graphene with
high crystalline quality was found on 100 textured Cu foils in just 30 s. The nucleation density of graphene islands
was found to be independent of facets but the island shape showed facet dependence. Diamond-like islands were
observed on Cu(100) facets while random shaped islands were seen on other facets. The last observation is discussed
in terms of a competition between graphene-island growth and its relaxation rate on different facets. On Cu(100)
slower island growth as compared to its relaxation leads to equilibrium shapes as opposed to other facets. Further,
an observed evolution in graphene contrast in electron micrographs with time on different facets was discussed in
terms of oxygen diffusion between graphene and Cu.
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Introduction

Chemical vapour deposition (CVD) graphene growth on Cu
has been attempted with different carbon forms, i.e., gas,
liquid and solid. Methane1,2 and ethylene3 are the most
common precursors for graphene growth. Liquids, such as
hexane and alcohols,4,5 and solids, like sugar and camphor6,7
are preferred precursor choices owing to explosive nature of
the gaseous precursors. Among liquid precursors ethanol is a
safer option due to its low volatility and easy handling. Using
ethanol precursor, several research groups have reported nonuniform graphene with faster growth kinetics.8–10 Faggio
et al10 reported the growth of highly crystalline, few-layer
graphene by CVD with ethanol using long growth time and
attributed the crystalline quality of graphene to the presence
of water produced from cracking of ethanol. Zhao et al8
achieved self-limiting growth on copper foil enclosures with
5 min deposition time. In recent times, Lisi et al9 reported
full coverage of graphene on plain copper using fast growth
process.
On copper, graphene growth is ascribed to surface adsorption processes,11 leading to a uniform graphene growth. In
case of low pressure (LP) CVD, graphene growth and subsequent morphology are expected to be determined by adsorption and diffusion of carbon species12 on Cu surface and their
attachment to various edges of an existing graphene island.
Li et al studied effects of growth parameters, such as
temperature, methane ﬂow rate and partial pressure, and
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concluded that domain-size of graphene is determined by the
initial nucleation density.13 Vlassiouk et al14 reported facetdependent nucleation density of graphene below 1000◦ C,
with a higher nucleation density on Cu(111) than on Cu(100)
and Cu(101). However no effect of facets was seen above
1000◦ C. Low-index Cu facets like Cu(111) and Cu(100)
have been reported to be more promising for monolayer
graphene with fewer defects.15 The growth rate on different
Cu facets is reported to be different with graphene growing
faster on Cu(111) than on Cu(100).16 Different shapes,8,17,18
such as tetragonal, four lobed, six lobed, dendritic and random, of graphene islands have been observed on Cu for
graphene grown by LP-CVD. It means facets orientation of
copper substrate plays an important role in graphene growth
and determines the nucleation density and the island shape,
which ultimately determines the quality and uniformity of
graphene.8,12,19,20
In this paper, we study the effect of facets on nucleation density and shape of graphene islands in our LPCVD set-up with ethanol precursor. Needle valves were
used for gas ﬂow control and to obtain uniform single layer
graphene with 30 s growth time. Graphene ﬁlm transferred
on Si/SiO2 substrate was characterized using Raman spectroscopy. Electron-backscattered diffraction (EBSD) images
and electron micrographs show diamond-like island shapes
on Cu(100) and random shapes on other facets. This is
discussed in terms of competition between graphene-island
growth rate and its relaxation rate on different facets. An
observed evolution in graphene contrast on different facets
is understood in terms of slow oxygen diffusion between
graphene and Cu.
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Material and methods

2.1 CVD set-up
As-received Cu foil, from Alfa Aeser (#13382) with 99.8%
purity, was cut into 2 × 1 cm2 size pieces and immersed in
acetic acid, acetone and 2-propanol sequentially, for 5 min in
each liquid. This Cu foil is ﬁrst put in 8-cm-long quartz boat,
which then is placed inside a long quartz tube of one inch
inner diameter in a tubular furnace. The distance between Cu
substrate to carbon inlet inside the tube was kept as 20 cm. As
shown in the schematic in ﬁgure 1, two needle valves (NV-1
and NV-2), two shut off valves (SV-1 and SV-2) and a multiturn valve (MTV) were used in the experimental set-up. The
pressure inside the quartz tube is controlled by NV-2 and
MTV. The pressure regulated Ar/H2 (5% H2 in Argon) gasline bifurcates into two paths, A and B. The path-A allows
the gas ﬂow directly through the long quartz tube while the
path-B allows the gas ﬂow via the sealed ethanol ﬂask. The
path-A is used during heating, annealing and cooling while
the path-B is used for graphene growth. Initially the gas mixture was ﬂowed via the path-B while pumping via MTV and
NV-2 in order to ﬂush out any atmospheric gas from the ﬂask
and between SV-2 and NV-2.
After inserting the quartz boat with Cu foil, the furnace
temperature is set to 980◦ C. SV-1 was opened to ﬂow the gas
through the path-A while pumping through MTV. NV-1 is
adjusted so as to get the pressure inside quartz tube around
10 mbar while keeping the outlet pressure of the regulator
as 1.17 bar. The same pressure inside the quartz tube is used
whenever the gas ﬂows along the path-A, which is the case
during heating, annealing and cooling. After temperature
reaches 980◦ C we wait for 20 min in order to anneal the Cu
foil in this 10 mbar Ar–H2 mixture and to remove oxide from
Cu surface. After this annealing, SV-1 was closed and the gas
ﬂow was allowed through the path-B (via ethanol container)
by opening NV-2 by two turns such that the growth pressure

inside the quartz tube is 0.2 mbar. The gas ﬂow rate was separately calibrated through NV-2, when it is opened by two
turns, as 30 ml h−1 . Depending on growth requirement NV-2
was closed after a speciﬁed time (between 10 and 30 s). After
this step the gas ﬂow was directed through the path-A. The
furnace was then turned off and the quartz tube was shifted
so as to bring its central portion, containing Cu foil, to outside the furnace at ambient temperature. This cools the foil
quite fast. The gas ﬂow was stopped after an hour and the
tube was opened to take out the Cu foil.
2.2 Transfer of CVD graphene
In above CVD process, graphene grows on both sides of Cu
foil, while graphene was transferred only from the top side to
SiO2 /Si surface. For transfer, 950k poly-methyl methacrylate
(PMMA) solution (4.0% in Anisole) was spun on top side of
Cu foil at 2000 rpm, followed by a bake-out at 120◦ C for 5
min. After this, the foil with PMMA was ﬂoated facing up
in 10% HNO3 solution for 10 min to remove the back side
graphene. Cu was then etched using 1.5 M-Fe(NO3 )3 solution followed by rinsing in deionized water. This graphene
supported on PMMA was then scooped out from deionized
water on a SiO2 (300 nm)/Si (0.5 mm, n-doped) substrate.
After keeping it for 24 h in clean environment it was heated
on a hot plate at 150◦ C for 15 min to get better adhesion
of graphene with the substrate.21 This substrate was then
immersed in warm acetone (60◦ C) for 3 h to dissolve PMMA
followed by rinsing in 2-propanol.
2.3 Characterization details
A Zeiss SEM (Model: EVO-18 with LaB6 ﬁlament) with
5 kV beam voltage and Everhart-Thornley (ET) secondary
electron detector was used to study the graphene morphology
on Cu foil. A commercial ambient Raman spectroscopy

Figure 1. Schematic of home-built LP-CVD set-up. Path-A allows the gas ﬂow directly
through the sample-tube while path-B allows the gas ﬂow through sample-tube via the sealed
ethanol ﬂask. For graphene growth, Ar/H2 follows path-B (see text for details).
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Figure 2. SEM images of as-grown graphene on Cu surface with ﬁxed growth pressure with different
growth times (a) 10 s, (b) 30 s. (c) Optical micrograph of a graphene ﬁlm on a SiO2 /Si substrate;
dotted line shows interface between graphene and SiO2 . (d) The Raman spectra at two different points
of graphene on SiO2 /Si substrate and their Lorentzian ﬁt. (e) Enlarged view of the 2D band with their
Lorentzian ﬁts.

set-up (spot size 0.5 μm, wavelength 532 nm) was used
to determine the quality and number of layers in deposited
graphene on SiO2 /Si substrate. X-ray diffraction (XRD)
using CuKα radiation (λ = 1.54 Å) with scan rate 0.5 deg
min−1 and EBSD orientation mapping using a different SEM
(Zeiss SEM, EVO-50) were used to determine the facets
present in the Cu foil.
3.

Results and discussions

3.1 Synthesis and characterization of graphene
The graphene coverage on copper as a function of growth
time was studied while keeping other parameters, i.e., temperature (980◦ C), pressure (0.2 mbar), etc., ﬁxed. Figure 2a
shows the SEM images of as-grown graphene on Cu surface for 10 s deposition time showing higher nucleation density as compared to the ones reported with methane precursor. Graphene islands’ size and separation between islands
are of 1 μm order. With 30 s growth time, full coverage
of graphene on copper surface was achieved as shown in
ﬁgure 2b. Graphene domain size increases with growth time
without signiﬁcant change in nucleation density. In 30 s the
domain size increases to around 3 μm. Figure 2c shows
the white light optical micrograph of transferred graphene
on 300 nm SiO2 /Si substrate. The transfer process leaves
behind some PMMA residue on graphene. Figure 2d shows
the Raman spectra of transferred graphene, with Lorentzian

ﬁts, at two random places [marked as (1) and (2)]. It shows
characteristic Raman features, namely the D-band, G-band
and 2D band, of graphene. The presence of Raman D-peak
indicates that the transferred graphene has defects. Enlarged
view of the 2D peak of both spectra with their Lorentzian
ﬁts is shown in ﬁgure 2e. Table 1 shows various parameters
found from the two representative Raman spectra. Here, the
frequency integrated intensity ratios have been found from
the ratios of the areas under the respective Raman peaks. The
small FWHM value,22 high (more than 2.0) A(2D)/A(G)23
value and the single Lorentzian ﬁtting of the 2D peak24
have been used in literature as characteristics of monolayer
graphene. AFM imaging on this 30 s CVD graphene sample on SiO2 shows graphene height to be in 2–3 nm range.
This was found to be same as that of mechanically exfoliated
monolayer (conﬁrmed by Raman) graphene. The reported
values of the monolayer graphene (CVD) height, as found
from AFM, on SiO2 are above 1 nm.4,25,26 This is signiﬁcantly more than the interlayer separation, i.e., 0.34 nm, in
graphite.
3.2 Graphene nucleation density and morphology
The crystallographic orientation of the Cu foil affects carbon adsorption,27 surface diffusion28 and dehydrogenation29
leading to different growth on different facets. In order to
investigate the role of Cu facets on graphene morphology,
XRD and EBSD mapping of the Cu foil was performed.
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Table 1.

Summary of two representative Raman spectra using Lorentzian peak ﬁts.
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Figure 3. (a) XRD of Cu foil as-received and annealed state
(CVD process was stopped just before the deposition, i.e., after
20 min Ar/H2 annealing). (b) SEM image of graphene islands on
different Cu facets after 10 s growth.

Figure 3a shows XRD of as-received Cu foil as well as
that of Ar/H2 annealed foil. The as-received Cu foil shows
100 texture with small fractions of (111), (110) and (311)
grains. Post-annealed Cu has higher 100 texture30 with very
small fraction of (111) grains. The width of (100) peak is
also reduced due to annealing indicating an increase in grain
size. Figure 3b shows SEM image after 10 s CVD growth
with three different Cu grains separated by two, almost

A(2D)/A(G)

A(D)/A(G)

3.0

0.39

2.5

0.36

straight-line, edges. There is no effect of Cu grain boundary on graphene nucleation density. As seen in ﬁgure 3b, on
two of the three grains the graphene islands have diamondlike shape31 (a quadrilateral with two pairs of equal-length
sides and equal opposite-angles) while the third grain shows
random shape islands.
Figure 4 shows the EBSD map, after 10 s graphene growth,
together with SEM images of its selected regions. Figure 4a
shows the z-direction inverse-pole map of a selected region
of the Cu foil depicting various facets, such as (100), (111)
and (110). From this ﬁgure it is conﬁrmed that Cu(100)
facets cover a large fraction (70–80%) of the Cu surface.
We would like to point out that this Cu foil is not single
crystalline as seen from both XRD plot and EBSD image.
Figure 4b and c shows the SEM images of regions marked
as 1 and 2 in ﬁgure 4a. On further zooming into these
selected areas it was clearly seen that graphene nucleation
density is independent of facets. This is in contrast with
the report of Vlassiouk et al14 who found a facet-dependent
nucleation density of graphene below 1000◦ C. The graphene
island shape was found to be diamond-like on Cu(100) facet
and rounded random shape on other facets. The diamondlike shape is consistent with the four-fold symmetry of the
Cu(100) facet. On the same Cu foil (Alfa Aeser, #13382)
using LP-CVD with gaseous precursors, diamond-like or
four-lobed islands2,13,32 as well as tetragonal, circular or
random shaped islands2,17,32–34 have been reported.
Both experiments8,12,19,20,35 and simulations12,28,35 have
been tried to address the growth mechanism, shape of
graphene islands on various Cu facets. During the CVD
growth carbon containing species strike the copper surface
homogeneously and some of these get strongly pinned to
the surface due to defects acting as nucleation sites, others
adsorb but they are still mobile on the Cu surface. In case
of local super-saturation of carbon species the nucleation site
can also be created on defect-free Cu surface.13 The mobile
carbon species (hydrocarbon) will diffuse and get attached
with already nucleated sites after partial dehydrogenation.
Thus the graphene islands will grow. Hence the three subprocesses involved are adsorption of carbon species on the
surface, its diffusion and attachment to an existing island.
In order to understand the shape of graphene islands, some
groups give more importance to diffusion, which is presumed
to be surface limited.8,12,36 In this case the island shapes are
facet dependent because the anisotropy in carbon-speciesdiffusivity is facet dependent.37 Others have attributed the

Growth of graphene on copper by ethanol-CVD

1727

(a)

(b)
(a)

2
1

50 m

(b)
(b)

20 m

(c)

20 m

Figure 4. EBSD map and SEM images of its selected regions
after 10 s graphene growth. (a) The z-direction EBSD map of a
selected region of the Cu foil containing various facets, such as
(100), (111), (110) and other higher index. The inset shows inverse
pole colour index. (b) and (c) show the SEM images of regions
marked as 1 and 2 in a. The inset of b and c shows further zoomedin images to resolve graphene island shapes. It can be seen that on
Cu(100) facet islands are diamond-like and on other facets they have
random shapes.

facet dependent shape to the anisotropy in the attachment of
carbon species at the growing front of an island.35 In general,
both diffusion and attachment anisotropies will play a role in
the ﬁnal island shape. Another process relevant here is the
relaxation of the islands which can happen by edge diffusion
of carbon species.12 The carbon species will initially attach to
a graphene island at a random site on the edge and then it will

Figure 5. SEM contrast evolution: (a) shows the SEM image
acquired 2 weeks after CVD growth. The inset shows EBSD map
for SEM region. (b) SEM image of same region as a but acquired
3 weeks after CVD growth. The contrast of graphene islands on
Cu(111) is changed between the two images.

try to ﬁnd more energetically favourable location. In this case
the island shape and symmetry will eventually be determined
by the underlying facet. The interplay between island growth
rate and its relaxation rate will also play an important role
independent of the growth itself (determined by adsorption,
diffusion and attachment) being biased towards a particular
shape on a given facet. In fact the growth process itself may
not necessarily give rise to the minimum energy shape. It is
widely reported that slow growth rates achieved by reduction
of partial pressure of carbon species, give rise to four lobed
shape on Cu(100) and six lobed shape on Cu(111).8,36 Thus
if the islands are given enough time to relax during growth,
the growth process may not play much role in dictating the
shape. The island relaxation rate may also be facet dependent
while it is reported that on Cu(111) the growth rate is higher
than Cu(100).16 The latter implies that less time is available for relaxation on Cu(111) as compared to Cu(100) giving more equilibrium shapes on later. As a result four lobed
shape on Cu(100) are more often seen than six lobed shapes
on Cu(111)36 and the later requires slower and longer growth
by reducing the partial pressure of carbon species.
3.3 SEM contrast evolution
Figure 3b shows that graphene islands appear brighter than
Cu in secondary-emission (with ET detector) SEM images.
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This is believed to happen due to oxidation of Cu region,
uncovered by grapheme.38 Graphene appears brighter as it
blocks less number of secondary electrons39 than copper
oxide. The SEM image in ﬁgure 3b was acquired almost
immediately after CVD growth; however the exposed Cu had
enough time (∼ 30 min) to oxidize. If the SEM images are
acquired after more delay, it was found that the contrast on
other than Cu(111) facets is reversed, i.e., graphene appears
darker than Cu. This can be seen in SEM image in ﬁgure 5a,
which was acquired 2 weeks after CVD growth. However, the
contrast on other facets is preserved. With more time, even
Cu(111) facets go through the same contrast reversal as seen
in SEM image in ﬁgure 5b, which was taken 3 weeks after
CVD growth. We store the samples in vacuum desiccators
when not in use but the presence of oxygen cannot be ruled out.
It is believed that this contrast reversal occurs due to oxygen diffusion inbetween graphene islands and Cu, thus more
number of secondary electrons are blocked wherever there is
graphene. This makes graphene islands appear darker with
time. Both contrasts have been reported in literature without
much discussion on their origin. Slower contrast reversal on
Cu(111) facets is presumably due to slower oxygen diffusion
between graphene and Cu(111) surface as compared to other
facets. This is further strengthened by the report of Shi et al40
that graphene bonding on Cu(111) is stronger as compared
to Cu(100) and Cu(110). This can lead to slower diffusion of
oxygen between Cu and graphene on Cu(111) facets.

4.

Conclusions

An ethanol-based inexpensive LP-CVD set-up for rapid and
efﬁcient graphene synthesis was described. Full coverage of
uniform single layer graphene is achieved on 100 textured
Cu foils in 30 s. By correlating electron microscopy images
with the EBSD maps nucleation density of graphene islands
was found to be independent of facet orientation. Diamondlike islands are seen on Cu(100) while on the other facets the
islands have random shapes. This last result was attributed
to slower growth, as compared to relaxation, of graphene
islands on Cu(100) as compared to other facets. A time evolution of SEM contrast on different Cu facets is understood
using facet-dependent diffusion of oxygen between Cu and
graphene islands.
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