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Abstract: Chemical vapor deposition (CVD) on metal foils is regarded as the most effective method
to produce large-area graphene with properties in line with the requirements of an extensive range of
electronic and optical applications. For the CVD of graphene, ethanol is a versatile carbon source
alternative to the widely used methane. In this review we report on the current progress in this field
showing how the CVD parameters can be modulated to gain full microstructural control on graphene
grown on Cu foils. Using ethanol vapor, graphene can be grown as a continuous film with mono- or
multi-layer thickness, and also in the form of isolated crystals on pre-oxidized Cu substrates. Overall,
ethanol-CVD allows a controllable degree of crystallinity and tunable electrical/optical characteristics
in the grown samples. In turn, this control translates into a superior versatility for device design and
related applications.
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1. Introduction

In hindsight, the early observations of atomically thin graphite crystals grown onto metal surfaces
exposed to hydrocarbons at high temperature probably did not gain due attention from the scientific
world [1]. Carbon-based materials and nanomaterials have since gained considerable interest both
for research and industrial applications, and they are now at the core of technological innovation in
many fields. Graphene, the basal plane of graphite, was first isolated as two-dimensional material
in 2004 [2]. In the following years, graphene has captured the attention of researchers thanks to its
electronic and physical properties, such as an extraordinarily high charge carrier mobility, mechanical
strength, and chemical stability [2–6]. Graphene was originally obtained in the form of individual and
small samples via the “scotch-tape” exfoliation of graphite [5]; nowadays, several advanced techniques
have been devised to produce it in large quantities and with reproducible characteristics. In addition
to mechanical and chemical exfoliation [2,5,7,8], and to epitaxial growth on SiC [8–11], chemical vapor
deposition (CVD) emerged as the most reliable and cost-effective approach to make graphene in
a form applicable to electronics [10,12–15]. Thermal CVD offers the possibility to tune the growth
process by exploring extensive combinations of parameters, such as substrate composition, structure
and surface; precursors, gas type, pressure and flow; temperatures; cooling and heating rates; etc.
Suitable combinations of parameters can be designed to target the production of graphene with specific
properties (e.g., number of layers, domain size, etc.), over large areas, and in manners compatible with
the direct fabrication of vertical and lateral heterostructures [16–18]. In specific cases, direct CVD growth
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could lead to high quality heterostructures, obtained through high-temperature dry processes [19,20].
CVD growth of encapsulated graphene in a hexagonal boron nitride/graphene/hexagonal boron nitride
heterostructure is also an important achievement, which demonstrated the scalability of high-mobility
graphene-based field-effect transistors (FET) [21]. A larger parameter space can be explored if one
includes plasmas [19], which is beyond the scope of the present review. From the point of view of
electronic applications, in principle single-crystal graphene with large area (a usually broad definition,
which in this paper we interpret as ‘wafer-size’, at least 2-inch) would be required to fabricate
commercial devices. Large-area graphene samples are then essential to investigate the physical and
chemical properties of the material in view of assessing device performances. Other than a large-area
production, the control on the number of layers (and their relative stacking orientation) is another
crucial requirement, given that this property can completely alter the physical properties of graphene
(to the point that it can even become superconductive in some specific conditions) [22].

In recent years, researchers have learned how to gain control of domain size, layer number,
grain boundary density, and defects of wafer-scale CVD graphene and have proved that methane
is an effective gas precursor for the growth. Methane is a highly stable, saturated molecule, so that
the dehydrogenation in the gas phase is highly endothermic [23]. Growth from methane has been
tested under a wide range of CVD pressures: atmospheric [24–33], intermediate to low pressure
(0.1–10 Torr) [25,32,34–36], and close to vacuum conditions (10−4–10−6 Torr) [25]. Methane’s thermal
decomposition requires high temperatures (>1200 ◦C) [37] and for this reason, the deposition of
high-quality graphene from methane generally requires a temperature >950 ◦C, sufficient for methane
to decompose catalytically on metal foil substrates [38]. Along with the high decomposition temperature,
methane is extremely flammable and prone to form explosive mixtures with air [39]; while, the use
of pressurized cylinders raises safety concerns and usually translates into higher laboratory’s fitting
and operation costs. Researchers have recently tried to overcome these disadvantages by exploring
aliphatic alcohols (e.g., methanol, ethanol, propanol) as alternative carbon sources [40].

Among these alternative precursors ethanol vapor is a sensible choice [39–42]. Ethanol decomposes
at a much lower temperature than methane [43], allowing growth of carbon-based materials at lower
temperatures. Since ethanol is liquid at standard ambient temperature and pressure (SATP) it can
be delivered with an inert carrier at low pressure and the CVD system does not require pressurized
flammable gas cylinders. The growth system is consequently safer, more compact and requires overall
lower costs.

Raman spectroscopy is a fast and non-destructive technique widely used for the characterization
of structural properties of carbon-based materials and graphene in particular. It is used to distinguish
graphene from graphite and to evaluate the crystalline quality and thickness of graphene films [44–46].
The main features of the Raman spectrum of graphene are the G-peak at ~1580 cm−1 due to the
in-plane bond- stretching of all pairs of sp2-carbon atoms in both rings and chains, the D-peak at
~1350 cm−1 due to a breathing mode of six-atom rings, and the peak at ~2700 cm−1, often termed as the
2D band since its frequency is approximately twice the D band frequency, that originates from a double
resonance Raman process [44–46]. Differently from 2D-peak, the D-peak is activated by disorder or
defects, such as disordered carbon, edges, or wrinkles. Commonly, the D to G intensity ratio (ID/IG)
is used as Raman indicator of crystalline quality of carbon-based materials [47], where small values
are indicative of a low defect density. The 2D to G intensity ratio (I2D/IG) is regarded as a qualitative
parameter to evidence the presence of very few sheets of graphene: single layer (1L) or bilayer (2L) are
characterized by I2D/IG > 1, while in multilayer graphene I2D/IG < 1 [48]. The frequency, the shape and
the full width at half maximum (FWHM) of the 2D-peak provide further information on the number
and on the stacking order of graphene layers [45]. A single Lorentzian component (FWHM~24 cm−1)
effectively reproduces the 2D peak of single-layer graphene, whereas Raman spectrum of multilayer
graphene (number of layers > 5) is hardly distinguishable from that of bulk graphite. In turbostratic
multilayer graphene, where there is no stacking order between adjacent layers, the 2D-peak is again
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described by one Lorentzian component but with a larger linewidth (FWHM~45–60 cm−1) and with a
frequency upshifted with respect to the 1L graphene [45,46].

Here we provide a concise review of the most important aspects of the graphene growth by
ethanol-based CVD on Cu. We offer a summary of the effect of the CVD parameters on the structural
properties of graphene, by investigating in detail Raman spectroscopy data. We complement our
analysis with data from other analytic techniques, such as optical microscopy, Raman spectroscopy,
atomic force microscopy and scanning electron microscopy (AFM, SEM). This review paper is organized
in two main sections. The first section concerns the growth of continuous graphene films with quality
comparable to those made from methane-CVD, focusing on the role of process temperature, gas flow,
and time. In this context, one of the key features of the ethanol-CVD, the possibility of using ultra-fast
growth process, will be presented and described. In the second section, the focus will shift to the growth
of single-crystal graphene grains, with lateral size in the mm-range and beyond. Here, a comparison
will be made between results obtained with methane and ethanol, to provide a perspective on a topic
of interest for several nanotechnology applications.

2. Ethanol-CVD Growth of Continuous Graphene Films

2.1. Tuning of Growth Parameters

The first attempts to grow graphene by ethanol-CVD explored temperature ranges lower than
those usually reported for methane-CVD (<1000 ◦C) [39,40,49], in order to lower the overall process
costs. Miyata et al. synthesized high-quality monolayer graphene from ethanol on Ni foils at 900 ◦C
and atmospheric pressure [49]. They introduced a “flash cooling” to reduce the duration of the standard
cooling process and avoid the decomposition of the synthesized graphene [49].

Following these preliminary results, other researchers explored wider temperature ranges
(650–850 ◦C) (Figure 1a) [40]. Guermoune et al. grew graphene from several liquid alcohols, such as
methanol, ethanol and 1-propanol. Their goal was to improve the alcohol-based growth methods
and obtain large-area, continuous graphene films with quality comparable to that obtained from
methane-CVD [40]. By monitoring the D band in the Raman spectrum of the grown samples [44,45,47],
the group found that the improvement in quality (in terms of crystallinity) strongly depended on the
temperature: increasing the temperature from 650 to 850 ◦C, the graphene crystal domain size kept
increasing in size, up to 168 nm (Figure 1a) [40].
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Figure 1. Raman spectra of graphene films grown by CVD of alcohols at different temperatures.
(a) Mono-layer graphene grown at 650, 750 and 850 ◦C, using methanol, ethanol and propanol (I2D/IG

between 2 and 3). Adapted from [40] with permission of Elsevier, Copyright 2011. (b) Integrated
intensity of D band corresponding to the Raman spectra of (a). Adapted from [40] with permission
of Elsevier, Copyright 2011. (c) Mono-, bi-, and multi-layer graphene grown at 900 ◦C, using ethanol
(t = 30 min): I2D/IG = 2.10 and ID/IG = 0.23. Adapted from [39] with permission of Elsevier, Copyright
2011. (d) Multi-layer graphene films grown at 930, 1000, and 1070 ◦C, using ethanol (ΦH2 = 100 sccm,
t = 30 min). Raman spectrum at 1070 ◦C: I2D/IG = 1.06 and ID/IG = 0.02. ID/IG and I2D/IG indicate peak
intensity ratios. Original data from our group (unpublished). (e) Corresponding ID/IG and crystallite
size, La, as a function of temperature. La was calculated according to the general equation La (nm) =

2.4 × 10−10λ4(ID/IG)−1 [50]. Original data from our group (unpublished).

Temperatures below 800 ◦C were also probed to tune the electronic properties of graphene and
use it as functional material in optoelectronics [51]. Dong et al. investigated the CVD of ethanol
at atmospheric pressure and 900 ◦C (for 30 min) [39]. The authors grew a continuous monolayer
graphene film with overall low defect density. Some small areas of the film showed Raman spectra
representative of bi- and multi-layer graphene, due to the occurrence of secondary nucleation during
the growth (Figure 1c) [39]. Higher ethanol-CVD temperatures (930–1070 ◦C) were investigated and
optimized in several studies [52–54]. Our group previously studied the effect of process duration (t)
and H2 flow rate (ΦH2—used as co-carrier gas with Ar) [52]. At 1070 ◦C, a process time equal to that
set by Dong et al. [39] (30 min) was reported to be enough to obtain multi-layer graphene with the
highest crystalline quality (Figure 1d) [52]. Multi-layer graphene could be obtained thanks to a high
H2 flow rate (100 sccm): this indicates that hydrogen has a crucial role in the process, which lies in
balancing and counteracting the etching effect of water molecules coming from the decomposition of
ethanol [52]. Meanwhile, a proper amount of hydrogen (10 sccm) and high temperature (1070 ◦C) were
needed to obtain mono- and bi-layer graphene with high crystalline quality and large crystallite size
(280 nm) in only 10 min (Figure 1e) [52].

Despite the initial effort to lower the growth temperature using alcohols rather than methane,
the aforementioned studies proved that high temperatures and a substantial flow of hydrogen are key
requirements for the growth of graphene with high crystallinity by ethanol-CVD. This seems to be in
part related to the lower mobility of carbon atoms on the metal surface when using ethanol instead
of methane, which would explain the need for a higher growth temperature [40,52]. Taken together,
those results pointed out that ethanol has the potential to replace methane as gas precursor in the CVD
growth of continuous graphene films, as long as process temperature above 1000 ◦C are set (Table 1).

2.2. Ultra-Fast Growth

In order to make the CVD growth suitable for an industrial production, it is important to reduce
the process duration as much as possible while maintaining a high material quality [55]. This both
increases the production throughput and reduces the thermal loading on the growth substrates. Usually,
the growth by methane-CVD requires rather long processes (20–30 min under atmospheric pressure,
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30 min under low pressure) [25,34]. Despite this, the possibility to decrease growth time was carefully
evaluated in the past [33,56]: as an example of a short process with methane, Li et al. reported the
growth of monolayer graphene in 2 min, by using a CH4 flow of 7 sccm (at 6 Pa) at 1035 ◦C with
a partial coverage of Cu substrate [56]. A complete Cu surface coverage was obtained in 3 min by
increasing the CH4 flow to 35 sccm [56]. Since then, the mechanism and growth rate of graphene
on copper foils have been widely investigated in an extended range of conditions and for various
precursors [39,40,57–60]. As for the CVD of ethanol, Zhao et al. reported a self-limiting growth from
ethanol occurring after 5 min at 1000 ◦C; however this was achieved with a Cu foil enclosure specifically
designed to reduce the gas partial pressure at the catalyst surface (and consequently the nucleation
rate) [61]. The graphene grown on the internal surface of the Cu foil is uniform (Figure 2a), monolayer
and with high quality, as confirmed by Raman spectroscopy (Figure 2b, I2D/IG = 2.0, ID/IG∼0.05) [61].
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Figure 2. SEM images and Raman spectra of continuous graphene films grown by ethanol-CVD.
(a) SEM image of graphene grown on the internal surface of the Cu enclosure at 1000 ◦C for 10 min
(10 sccm of ethanol and 300 Pa of total pressure) and (b) corresponding Raman spectra taken in three
different positions of the same sample transferred on a SiO2/Si substrate. All Raman spectra are
indicative of high-quality monolayer graphene and reveal the overall uniformity of the film. Adapted
from [61] with permission of American Chemical Society, Copyright 2013. (c) SEM image of graphene
grown on copper at 1070 ◦C for 20 s (0.1 sccm of ethanol, 10 sccm of hydrogen, and 400 Pa of total
pressure). Adapted from [38] with permission from Elsevier, Copyright 2014. (d) Raman spectra of
graphene, transferred on a SiO2/Si substrate, grown in different conditions (red curve: 30 s for growth
time, 65 Pa for total pressure, 2.5 × 10−2 sccm for ethanol flow rate; blue curve: 30 s for growth time,
400 Pa for total pressure, 0.1 sccm for ethanol flow rate). Original data from our group (unpublished).
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Table 1. Summary of selected methane and ethanol CVD conditions reported in literature to grow high
quality continuous graphene films on Cu foils.

C-Source Temp
(◦C)

P
(Pa)

Flow
S/H2/Ar
(sccm)

Time
(min)

Domain
Size (µm) ID/IG–I2D/IG

Electron
Mobiliy
(cm2/Vs)

Notes Ref.

Methane 1000 66.6 35/2/- 60 up to 20 -/2 ~4000 1L with <5% 2L and 3L [24]
Methane 1035 - 35/-/- 3 up to 10 - 16,000 Two step CVD process [56]
Methane 1035 2.3 0.5/2/- 60 up to 500 - 4000 Cu enclosure [34]
Ethanol 850 133.3 -/-/10 5 up to 0.2 0.13/2 ~2000 1L [40]
Ethanol 900 atm -/-/40 30 - 0.23/2 ~110 Mostly 1L [39]
Ethanol 1000 300 10/300/- 10 - 0.05/2 - Cu enclosure. Mostly 1L [61]

Ethanol 1070 400 0.1/100/20 30 up to 0.5 0.02/1.06 Sheet Resistance ~100 Ω/�.
Mostly 1L [51]

Ethanol 1070 400 0.1/100/20 20 s up to 0.1 0.2/1.2 - Mostly 1L [38]

Our group explored the initial growth stages of graphene on Cu from ethanol, demonstrating
that graphene films can fully cover the copper catalyst substrate in 20 s and less [38]. In this study,
the ethanol partial pressure was ~2 Pa and the flow 0.1 sccm, one order of magnitude less than those
typical for methane [62], demonstrating that the growth from ethanol is generally quicker than that
from methane. However, these continuous films are not entirely monolayer (Figure 2c) but appear
polycrystalline and with a high number of wrinkles where, regardless of the short growth time, some
secondary nucleation took place [38]. The films also show a residual defect-related D peak (Figure 2d,
blue curve), implying that the fast Cu coverage occurs at the expense of the crystalline quality of the
film. The graphene thickness could be reduced by throttling down the precursor gas feed. When the
ethanol flow rate was decreased from the initial 0.1 to 2.5 × 10−2 sccm and the total pressure from 400
to 65 Pa (Figure 2d, red curve), a continuous monolayer film could be grown which showed a minor
residual D peak (this peak can be further reduced only using longer growth processes).

3. Single-Crystal Graphene Grains: A Comparison between Methane and Ethanol Precursors

CVD graphene is typically poly-crystalline, and the presence of grain boundaries—along with
other structural defects—strongly degrades its physical properties, such as charge mobility, thermal
conductivity and even mechanical strength [63–65]. Many researchers explored the possibility of
growing isolated, single-crystal graphene grains (Table 2) [49,56,66–73]. To this end, the first requirement
is a significant decrease in nucleation density, in order to delay the coalescence of the grains into a
film and allow them to grow bigger. Isolated graphene grains can be designed for specific uses in
microelectronics; in this context, the ability to grow oriented grains in a specific pattern would be
crucial for their application. The nucleation density of graphene on Cu obtained by methane-CVD was
initially in the order of ~106 nuclei/cm2 [66]. Many efforts were made to decrease such a high nucleation
density, by carefully modulating the CVD parameters [28,56,69,74–77]. With the same objective,
the Cu substrates were pre-treated by thermal annealing [66,78,79], electrochemical polishing [80],
and pre-oxidation [34,78,81–83].
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Table 2. Summary of selected methane and ethanol CVD conditions reported in literature to grow high
quality single-crystal graphene grains on Cu foils.

C-Source Temp
(◦C)

P
(Pa)

Flow
S/H2/Ar
(sccm)

Time
(min)

Domain
Size

(mm)
ID/IG/I2D/IG

Electron
Mobility
(cm2/Vs)

Notes Ref.

Methane 1077 14.4 0.15/70/- 125 2.3 - 11,000 Cu foil electropolished
and long annealing [74]

Methane 1035 - -/-/- 12 h ~10 - -
LPCVD

Oxigen rich Cu foil folded
into a pocket and tube

[81]

Methane 1035 - 0.1/10/- 6 h ~2 -/3.3 5200 Cu tube electropolished [35]

Methane 1075 atm 46/100/854 5 h 1 0.1/2 - Cu foil is melted and then
resolidified on a W foil [28]

Ethanol 1065 300 0.03/300/- 22 h 5 - - Cu foil folded into
a pocket [67]

Ethanol 1035 atm -/-/- - ~2.5 0.02/2.4 - Air introduction in
APCVD [30]

Methane 1035 100 1/100/- up to 20 3 -/1 5561 Cu stacking structure
Oxygen assistance [82]

Methane 1020 480 1/500/50 150 6 - - Vertically stacked Cu foil [72]

Methane 1030 - 5/10/500 20 500 -/2 23,000 Cu (111) foil generated
from Cu foil [73]

Methane 1060 atm -/-/- 30 3 0.1/2 - Pre-oxidized Cu layer [83]

Ethanol 1070 400 0.0015/10/20 60 0.5 0.1/2.5 1355 Pre-oxidized Cu [84]

Methane 1050 8*105 26/350/- 60 up to
0.5 0.1/3.0 - Cu foil with different

annealing treatment [79]

Initial efforts (on un-treated Cu substrates) enabled the growth of mm-size graphene
grains [33,66,69]. Li et al. grew graphene single crystals with lateral size up to 0.5 mm inside
Cu-foil enclosures (Figure 3a) [34]. A small methane flow (less than 1 sccm) and partial pressure
(50 mTorr) allowed the growth of large graphene grains with ‘dendritic’ edges. The Raman spectra
recorded at two different spots (Figure 3g), one within the film and the other close to the dendrite
edge are reported in Figure 3g. The electron mobility in these isolated grains that was higher than
4000 cm2 V−1 s−1 [34]. The search for larger grain sizes pushed researchers to further optimize the
methane-CVD process: Tour’s group, for example, grew mm-sized single-crystals (~4.5 mm2) [74].
The growth mechanism was optimized to increase hexagonal-shaped domains from ~15 µm to ~2.3 mm
(Figure 3b). Figure 3h shows the Raman spectra recorded at six different spots in Figure 3b: the D
peaks are in the noise level indicating samples with very high quality. The authors also fabricated
Hall-bar FETs (on Si/SiO2) with the grown graphene, which showed a hole mobility of ~11,000 cm2 V−1

s−1 at room temperature [74]. However, until 2012, a wide variation in domain size, shape, and film
quality was recorded from lab to lab, suggesting that crucial growth parameters remained uncontrolled.
For this reason, Ruoff’s group demonstrated the possibility to suppress graphene nucleation and
promote the growth of ultra large single-crystal graphene domains by pre-oxidizing the Cu foils [81].
The group systematically compared nucleation density, growth rate, and size of graphene grains grown
on oxygen-treated Cu foils and produced for the first time cm-sized graphene single crystals (Figure 3c)
(decreasing the nucleation density below ~1 nuclei/cm2, i.e., 6 orders of magnitudes less than the initial
values) [81]. Since 2013, many groups realized that involving oxygen in the CVD reaction can efficiently
reduce the nucleation density, and several procedures were developed to exploit this effect [78,81].
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Figure 3. Growth progression of large single-crystal graphene grains on Cu by CVD of methane
(a–c) and ethanol (d–f). (a) SEM image of monolayer single-crystal graphene grain grown at 1035
◦C for 90 min (0.5 sccm CH4 flow rate and 8 mTorr CH4 partial pressure) with dimensions of up to
0.5mm and (g) its corresponding Raman spectrum within the bulk of the film and along the dendrite.
Adapted from [34] with permission of the American Chemical Society, Copyright 2011. (b) SEM image
of one large size mono-layer graphene domain (~2.3 mm) grown at 1077 ◦C for 125 min (0.15 sccm
CH4 flow rate, 70 sccm H2), transferred onto SiO2/Si, and (h) its corresponding Raman spectrum of six
different spots. All Raman spectra are indicative of high-quality monolayer graphene and reveal the
overall uniformity of the film. Adapted from [74] with permission of the American Chemical Society,
Copyright 2012. (c) Photographic image of centimeter-sized single-crystal graphene grown for 12 h
on Cu foil after oxidation for 5 min (1.0 × 10−3 Torr CH4 partial pressure). Adapted from [81] with
permission of The American Association for the Advancement of Science, Copyright 2013. (d) Optical
image of mono-layer single-crystal graphene grain with dimensions of up to 90 µm grown at 1070 ◦C
for 30 min (1.5 × 10−3 sccm of ethanol and 130 Pa of total pressure). (e) Optical image of the over
500 µm mono-layer graphene grain on Cu grown at 1070 ◦C for 60 min (1.5 × 10−3 sccm of ethanol
and 400 Pa of total pressure) and (i) its Raman spectrum after the transfer on Si/SiO2 (I2D/IG = 2.5 and
ID/IG = 0.1). Adapted from [84] with permission of the American Chemical Society, Copyright 2018.
(f) Hexagonal single-crystal graphene grown at 1065 ◦C for 22 h (0.03 sccm of ethanol and 300 Pa of
total pressure) with dimensions of 5 mm obtained with Cu pre-oxidation for 90 min. Adapted from [67]
with permission of Elsevier, Copyright 2015.

The growth of similar individual grains with large size by ethanol-CVD initially lagged behind.
In 2015, Chen et al. reported the growth of isolated hexagonal graphene grains by ethanol-CVD on
pre-oxidized Cu foils folded in enclosure [67]. The authors grew single-crystal grains as large as 5 mm
at 1065 ◦C (Figure 3f) (with a nucleation density of ~0.1 mm−2) with the following conditions: 90-min
Cu foil pre-oxidation in air, and CVD with ethanol partial pressure of 0.03 Pa, low H2 concentration
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(3%), total pressure of 300 Pa. They also demonstrated that a higher oxidation temperature with
a shorter duration (300 ◦C, 40 min), or a lower temperature with a longer duration (240 ◦C, 2 h)
could result in similar nucleation density [67]. Without the need of folded enclosures, our group
recently improved the ethanol-CVD growth of single crystals larger than 500 µm on pre-oxidized Cu
substrates [84]. This work showed that without Cu pre-oxidation the high nucleation density usually
prevents the growth of graphene grains larger than 1–3 µm. However, when using a combination
of Cu-preoxidation (60–150min), and a CVD process with a short Ar pre-annealing (1 min) and a
low ethanol flow of 1.5 × 10−3 sccm, the grain size scales up 500 µm and more (for 60 min at 400 Pa,
Figure 3e). The nucleation density in this case is less than 3 nuclei mm−2. These large graphene grains
are monolayer with high quality (Figure 3i), and showed a field-effect mobility up to 1355 cm2/(V s) [84].
These results, obtained on flat Cu surfaces without the need of any Cu structuring (e.g., folding, sealing,
using enclosures, etc.), are significant progress towards a prospective industrial production.

4. Conclusions

In the present paper, we offer a concise summary of the state of the art on the growth of graphene on
Cu by ethanol-CVD, focusing on both continuous films and isolated single-crystal grains. The reported
results were compared to those commonly obtained by methane-CVD. Similarly to methane-based
CVD, the quality of graphene films grown by ethanol-CVD was found to generally increase with
temperature; but, as a marked difference, the required time to grow fully continuous films (i.e., entirely
covering the Cu substrate surface) could be significantly reduced (down to a few seconds). Reducing
the process duration can be key to a cost-effective industrial production of graphene, and ethanol thus
seems to be an ideal carbon precursor in this respect. Concerning the ethanol-CVD growth of isolated
single-crystal graphene grains, vital both for the production of seamless continuous graphene films
and for the development of microelectronic applications, significant advancements have been reported
since 2013, when the fundamental role of oxygen to suppress graphene nucleation was discovered.
Using pre-oxidized Cu foils folded in enclosures, the size of isolated graphene grains was scaled up to
cm-size. Importantly, the growth of high-quality mm-sized graphene grains was also achieved on flat
Cu foils, removing the need of the undesired enclosure approach towards an easier production.
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