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A B S T R A C T

The growth of graphene on copper foil has been performed, following the well-known low-pressure chemical
vapor (LP-CVD) procedure. The as-deposited monolayer graphene clearly exhibits two different coupling be-
haviors with the metal substrate, as demonstrated by visual microscopic investigation and by other experimental
techniques, like Scanning Electron Microscopy (SEM) and micro-Raman spectroscopy. The single graphene sheet
shows both large areas where it is coupled to the metal substrate and others where it exhibits freestanding-like
characteristics. This phenomenology appears to be related to oxidation of the copper surface. In addition, we
demonstrate the possibility to induce a variation of the coupling state by visible-light irradiation above a proper
power threshold. The resulting change of the coupling with the metal substrate is associated to a local variation
of the work function. Applications in high-performance electronic devices can be suitably tailored by optical
methods and, in principle, by any local probe producing “hot spots” such as Scanning Tunneling Microscopy
(STM) tips and electron beams.

1. Introduction

The experimental discovery of graphene [1,2] opened the doors to
the world of nanomaterials. Thanks to its extraordinary properties,
graphene and its derivatives will play a critical role in nanotechnology
in the future across various technological domains [3]. A large number
of techniques for the production of graphene were developed over the
years, including epitaxial growth [4], mechanical [5], and chemical
exfoliation [6] as well as chemical vapor deposition (CVD) [7–9].
Graphene grown on metal surfaces can interact strongly or weakly with
the underlying substrate; in particular, a strong coupling is reported for
Ru(0 0 0 1) [10], Rh(1 1 1) [11] and Ni [12] while a weak interaction
involves Pt(1 1 1) [13], Ir(1 1 1) [4] and Cu [14,15] surfaces. The
ability to synthetize high quality graphene on non-interacting sub-
strates would allow to preserve the graphene’s intrinsic properties,

which is a fundamental prerequisite for graphene electronic devices
(i.e. graphene directly deposited on a dielectric surface). Unfortunately,
this route has not been developed yet. Direct growth of freestanding
graphene on a surface would eliminate the transfer step on a nearly
non-interacting substrate [16]. This last consolidate transfer procedure
usually involves the PMMA/PVA methods to transfer graphene on the
inert Si/SiO2 surface [17,18]. A good alternative proposed to this
purpose is to grow graphene directly on the metal oxides surfaces [19].
As reported by Gottardi et al. [20] high-quality monolayer graphene
can be grown on a pre-oxidized Cu(1 1 1) surface, which is effectively
decoupled from the underlying substrate (i.e. freestanding like). An-
other way to realize freestanding graphene is to grow it on metal sur-
faces and after to intercalate an oxygen layer in the graphene/metal
interface. In fact, as reported by Voloshina et al. [21], the strong-cou-
pled graphene/Ru(0 0 0 1) interface was successfully decoupled by the
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intercalation of an oxygen layer.
Taking into account all these factors, in this work, monolayer gra-

phene films were grown on copper (Cu) foil by the consolidate
Chemical Vapor Deposition at low-pressure conditions (LP-CVD). The
coexistence, in the resulting samples, of two kinds of coupling for
monolayer graphene, is evidenced by optical and electronic microscopy
as well as micro-Raman mapping. These two distinct regions will be
labeled in the following as “coupled” and “freestanding-like” graphene,
respectively, without strict correspondence to similar labels commonly
used in the graphene literature. This phenomenon appears to be related
to partial oxidation of the copper substrate. Moreover, the possibility to
induce on a microscopic scale a transition from the “coupled” to the
“freestanding-like” graphene via visible-light irradiation above a proper
power threshold is evidenced. The resulting change of the coupling with
the copper substrate is also associated to a localized work function
variation. Applications in high-performance electronic devices can be
suitably tailored by optical methods and, in principle, by any local
probe producing “hot spots” such as STM tips and electron beams. In
fact, such evidences open the doors to creation several graphene-based
electronic devices, like gas sensors [22,23], solar cells [24,25], and field
emitters [26].

2. Experimental section

2.1. Film deposition

The present graphene samples were grown on a thin copper foil
(thickness 25 µm, 99.999% purity, ESPI Metals). The growth took place
in a quartz-tube vacuum furnace where the base pressure was about
10−5 mbar [27]. The Cu surface was prepared by etching with H2SO4

0.25M for 5min and subsequently rinsed in milli-Q water. The samples
were rinsed in ethanol and dried with argon, before being placed in the
furnace. To avoid the formation of native oxide on the Cu surface, the
samples were annealed at a temperature ranging between 907 and
977 °C in hydrogen flow (0.5mbar). Subsequently, the samples were
exposed to a mixture of hydrogen (0.5 mbar, MesserGas, purity
99.999%) and methane (0.5 mbar, MesserGas, purity 99.995%) for a
time ranging between 2 and 4min [15]. The samples were cooled down
in argon atmosphere (99.999% purity, MesserGas, pressure 0.1 mbar)
with an initial rate of 10 °C/min (in the range 927–477 °C) and, later,
with a rate of 5 °C/minute (in the range 477–77 °C) [27].

2.2. Methods

A systematic characterization of different samples was carried out to
investigate their structural, morphological and electronic properties, by
Scanning Electron Microscopy (SEM) and Raman spectroscopy. SEM
images were recorded by means of a Quanta FEG 400 (FEI) system. All
of them were collected by using an electron beam of 15 keV over sur-
face areas ranging from 25 µm2 up to 250 µm2 and magnification in the
order of 10,000X. Micro-Raman spectra were collected by Horiba-Jobin
Yvon apparatus, model LabRam HR, consisting of a single spectrograph
equipped with: an objective 80X, a holographic grating (600 lines/mm)
and a He-Ne laser (633 nm emission line). The maximum laser power
flux impinging on the sample surface was about of 109 W/m2: this
power value was properly reduced by using neutral filters of optical
density (OD) ranging from 0.3 up to 4.

3. Results and discussion

Fig. 1(a) shows a large-scale SEM image of graphene on Cu substrate
where the copper grains are clearly visible on the surface. The different
shades of gray that appear in this acquisition are quite similar and
comparable in size to those shown in the Fig. 1(b), collected by an
optical microscope.

Generally, in systems where graphene covers partially or entirely

the whole surface, different shades of grey in SEM acquisitions can be
observed. One possible explanation involves the different graphene film
thickness [28–30]: lighter areas could correspond to graphene thin
films (e.g. monolayer graphene) while darker regions could represent
thicker depositions. Zhou et al. [29] clearly pointed out that secondary
electron (SE) contrast of SEM acquisitions is strictly related to work
function changes, depending on the number of graphene layers. In
particular, they show that graphene work function rises as the thickness
increases. However, other explanations are possible. Graphene work
function also depends both on the chemical composition and mor-
phology [13,31,32] of the substrate. Moreover, the specific crystalline
surface [32] and the different orientation between graphene and sub-
strate [33] can also influence the graphene work function. The lower
work function, associated to the shinier areas, can also be explained in
terms of variation of the graphene-to-metal surface distance. DFT cal-
culations performed by Giovannetti et al. [34] show that the work
function of the graphene layer on copper substrate shows an estimated
shift of 0.55 eV by passing from the equilibrium separation (ca. 3.3 Å)
to a larger distance (greater than 4.2 Å), when it assumes the free-
standing-like value. This is due to the graphene/metal electron transfer
resulting from the chemical interaction. In our case, as confirmed below
by Raman analysis, the different shade of grey in SEM analysis, i.e. the
local work function variation of graphene, is related to the different
coupling between the single-layer graphene and the Cu surface. Color
differences appear also to the optical microscope (see Fig. 1(b)), in si-
milar way to previous observations made for ambient pressure CVD
graphene on copper [35]. In the present case, comparable size of the
“dark” and “bright” areas (103–104 μm2) are observed. The regions
preserving color and reflectivity of the clean Cu surface are labeled as
“bright”. Conversely, the other areas appear brown colored, showing
decreased reflectivity and are labeled “dark” regions. Taking into ac-
count the spatial resolution of micro-Raman analysis (∼1 μm), ade-
quate physical information can be gained on these two areas from the
differences in their Raman spectra [36,37].

Two representative Raman spectra from these different regions are
shown in Fig. 2. The spectra of the “bright” areas exhibit, in general, a
very weak signal, but the intensity ratio between the G band and the 2D
overtone is consistent with graphene monolayer formation [8,35–37].
This layer appears also highly ordered, being the D band absent or very
weak. It is interesting to note that the G band falls at about 1600 cm−1,
a frequency value higher than usual [38,39]. When the G band exhibits
this high frequency value, the 2D overtone is centered at about
2660 cm−1. These evidences indicate an appreciable coupling between
graphene and metal substrate. In the “dark” regions, on the contrary, all
the Raman bands are stronger, while the intensity ratio 2D/G re-
markably increases, being the shape of 2D band still well represented by
a single mode curve. These findings are neither compatible with the
formation of multilayer graphene having typical Bernal stacking
[36,37] or with turbostratic multilayer [40]. Moreover, the G and the
2D bands shift to lower frequency, about 1572 cm−1 and 2630 cm−1,

Fig. 1. (a) SEM image of graphene on Cu surface acquired on an area of about
210×180 μm2. (b) Optical image collected by the microscope of the Raman
apparatus, with the objective 80X. The area here represented is approximately
90×70 μm2. The white spot in the center is the focus of the attenuated laser
beam (OD4).
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respectively, which are typical of “freestanding-like graphene”
[36,37,41]; finally, the rising of D band reveals some amount of dis-
order [42].

Summarizing, “bright” regions in optical images correspond to
monolayer graphene in close contact with copper substrate, while the
“dark” ones exhibit the spectroscopic characteristics of graphene more
distant from the metal (see Fig. 2).

In order to gain further information, Raman measurements have
been performed in the low frequency region of the spectra, to check the
eventual occurrence of copper oxides, which has been found in previous
works and related to the properties of graphene grown on copper
[43–45].

These measurement reveals no significant peaks for the “bright”
regions, while several Raman bands, assignable to Cu2O [46–48] are
found in all the “dark” areas. In particular, two sharp Raman peaks are
clearly observed at 145 and 215 cm−1, while other bands can be de-
tected at 300, 360, 430, 525 and 645 cm−1. Some of these minor fea-
tures could be assigned to a minority occurrence of CuO compounds
[46]. Being our main interest to correlate the oxide presence with the
graphene properties, in Fig. 3 we show only the frequency range of the
best evident peaks, comparing the “bright” and the “dark” regions of
the samples.

The 145 cm−1 peak corresponds to an IR-active mode of T1u sym-
metry, Raman-activated by the crystal disorder, while the 215 cm−1 is a
strong second order overtone of a silent mode Eu, both characteristic of
Cu2O [46–48]. This finding, confirming the previous studies of Cermak
[44] and Alvarez-Fraga [45], suggests that the decoupled configuration
of monolayer graphene is associated to the oxidation of the copper
substrate, which inhibits the graphene-metal electron exchange,

inducing changes in the graphene work function.
To improve the understanding of such phenomena, an experiment

has been performed to induce the transition from a “bright” a “dark”
region, by a proper amount of laser irradiation. Raman spectra have
been collected by using low laser power up to 25% of the full power, on
a “bright” area, (Fig. 4(a) and (b)). The spectrum in Fig. 5(a), performed
with a 25% laser power, shows the typical results: it indicates a well
ordered graphene sheet (very weak D band) closely coupled to the
copper substrate (very weak Raman signal in general), while the G band
is peaked at 1605 cm−1 and the 2D overtone at 2664 cm−1, typical of
the bright regions (see Fig. 2). Another spectrum, collected from the
same spot by using an increased laser power (50% of the full power for
600 s), is reported in Fig. 5(b), and exhibits some minor but interesting
changes. The D band is peaked at 1331 cm−1, the G band slightly
downshifts from 1605 cm−1 to 1599 cm−1 and the 2D overtone from
2664 cm−1 to 2658 cm−1, while the intensity ratio 2D/G does not
change appreciably. These variations could be explained even as a

Fig. 2. Representative Raman spectra from optically appearing different re-
gions of CVD graphene on copper foil, collected by the apparatus described in
the text, with 633 nm excitation. The bottom spectrum is collected on a “bright”
area, and is amplified by a factor 3 for comparison purposes with the top one,
coming from a “dark” region.

Fig. 3. Representative Raman spectra at the low frequency region from “bright”
and “dark” regions of CVD graphene on copper foil. The spectrum collected on
the “dark” region (solid line) shows two structures at about 145 cm−1 and
215 cm−1, typical of Cu2O. Conversely, Raman acquisition performed on the
“bright” region (empty circles) does not show these Cu2O bands.

Fig. 4. (a) Strongly attenuated laser beam pointing out the irradiated spot. (b)
Same image of graphene surface without laser beam: observe the bright col-
oration. (c) First small change in coloration (see white circle) after increased
laser irradiation (50% full power). (d) Final greater change after full power
irradiation (see white circle).
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simple thermal effect of the increased laser power. It is interesting to
note a very little change of the color for the irradiated spot, after ex-
posure to this higher laser power (Fig. 4(c)). Finally, the same spot was
exposed to the full power of the laser source for 600 s. This treatment
induced a stronger and irreversible change of the color (Fig. 4(d)),
clearly related to a different interaction with the substrate. A new
spectrum is collected from that spot, after the strong irradiation, in the
same “non-perturbative” conditions of the first spectrum (25% full laser
power): it reveals appreciable spectral changes (see Fig. 5(c)).

The D band increases in intensity, and downshifts to 1320 cm−1; the
G band downshifts to 1586 cm−1 and the 2D overtone is now at
2633 cm−1, typical values of the “dark” regions. Moreover, the Raman
signal is generally higher, as revealed by the increased signal to noise
ratio. In fact, the intensity ratio 2D/G shows an appreciable increase,
confirming once again that such Raman spectrum is due to a graphene
monolayer region and not to a turbostratic multilayer accumulation
[40], which is, in any case, very difficult to invoke as explanation of
those changes, because only a local thermal treatment in air has been
performed on the sample. Furthermore, the shape of the 2D band still
corresponds to single-layer graphene rather than bilayer and few-layers
ones [49–51]. Clearly all these changes cannot be due to a thermal
effect during the measurement, because we are using the same low
power of the first spectrum shown in Fig. 5(a). Another possible ex-
planation for the spectral modifications could be, in principle, a thermal
oxidation for the pure graphene monolayer under the previous strong
laser irradiation. However, a previous study [52], carried out to obtain
purposely the oxidation by thermal treatment of exfoliated 1-L gra-
phene on Si/SiO2, shows a quite different evolution of the Raman
spectral parameters. In fact, the frequencies of G band as well as those

of the 2D overtone were remarkably up-shifted upon graphene thermal
oxidation, while in our case we observe the opposite trend. Another
experiment [53] investigated the evolution of monolayer graphene,
deposited on insulating substrate Si/SiO2, under laser irradiation, for
impinging powers comparable to those employed in Raman measure-
ments. Once again, the resulting changes of the Raman bands do not
correspond to our results. In that case, the G band frequency appears
insensitive to the laser irradiation, while in our study we observe a
remarkable softening.

In summary, we suggest that our observed Raman spectral changes
are mainly due to a separation of the graphene single layer from the
pure metal substrate, because of the growth of a metal oxide layer in
between, favored probably by the thermal effect of laser irradiation.

As a final result, we can state that a proper laser irradiation can
modify the strength of the metal-graphene electronic interaction, which
characterize the two main configurations occurring spontaneously in
our CVD samples after the cooling. This switch between different con-
figurations is also associated to different optical properties in reflection,
generating the apparent color change before and after laser irradiation
(Fig. 4d). In fact, the deposition of a graphene monolayer in the metal-
coupled configuration do not change appreciably the Cu reflectivity, at
least in the visible range, so that these bright regions appear to the
visual microscopic analysis as almost identical to the naked copper
surface. In the dark regions, on the contrary, the graphene layer is less
coupled to the metal substrate, because of the oxide layer grown in
between, and the resulting reflectivity is lower. The weak Raman sig-
nals in the “bright” regions are ascribed to the anti-resonance effect of
the strong coupling substrate-graphene, observed on several metals and
leading to the total cancellation in some case, like Ni [54]. In this
configuration, the graphene layer undergoes also to a compressive
stress and the Raman bands frequencies result higher than in “dark”
regions, which can be considered more similar to the freestanding case
[55]. In this latter case, the Raman intensity is higher and the fre-
quencies are closer to the values found for mechanically exfoliated
samples. In fact, it is well known that graphene layers grown by CVD on
strongly interacting metals, like Ni, cannot be observed by Raman
spectroscopy when deposited on the metal, but can give a good Raman
signal after removal from metal substrate and deposition on Si-SiO2

[56]. In the case of metals not so strongly interacting, Raman spectra of
graphene were observable both on the metal and after detachment
[57], and the spectral differences between these two configurations are
comparable to those observed in the present work between “dark” and
“bright” regions.

The investigation of the effect of strong laser irradiation confirms
such hypothesis. The connection between the laser-induced local
heating and the oxidation of copper surface, which causes the graphene
detachment from the substrate, can be due, in principle, to different
mechanisms: either an intercalation of atmospheric oxygen, associated
with some fracture of the hexagonal carbon network, which penetrates
below the carbon layer and reacts with the copper, or a thermally ac-
tivated migration of the oxygen present in the copper well below the
surface [45]. The observed increase of D band intensity is a specific
evidence for carbon bond breaking. Further laser irradiation experi-
ments, followed by micro-Raman analysis, have been performed, to get
additional data useful to determine the prevalent oxidation mechanism.
The increase of D band intensity, indicating some damage of graphene
network, has been always observed, while the formation of copper
oxide can be not detected in some case. This finding suggest that copper
oxidation is mainly due to thermal activated diffusion of the oxygen
coming from below the surface, where it can be present in variable
concentration. The Raman spectral patterns after this irreversible event
become more similar to those of non-interacting graphene. Similar ef-
fects, due to copper surface oxidation, occurs, within a much longer
time scale, in the deposited samples after CVD process, generating the
many “dark” regions observed in this work, without strong laser irra-
diation. Based on our hypothesis we can expect also to find sometimes-

Fig. 5. Spectral evolution of the laser irradiated spot (the intensity scale has
been properly adjusted for easy comparison of the three spectra): (a) First
spectrum, collected e low intensity (25% of the full power). (b) Second spec-
trum, collected with higher laser power (50% of the full power). (c) Spectrum
collected with low intensity, but after irradiation at full power.
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such “detached spots”, giving good Raman signal, in CVD deposited
graphene on other metals, even in the case of strong coupling metals.

4. Conclusions

The deposition method used for the present work provides samples
where a monolayer of graphene is roughly divided in two fractions,
comparable for surface extension: regions with tight adhesion of carbon
network to the metal and areas where the graphene layer is not in close
contact with metallic copper.

An evolution from the metal-coupled graphene configuration to the
one detached from the metal can be induced by a proper amount of
laser irradiation, overcoming some power threshold. Further in-
vestigation can be necessary to better investigate this phenomenon,
which appears quite promising for the development of many possible
applications, with regard to the chemical interaction of copper surface
and oxygen. In fact, we point out that the exposure to a suitable laser
flux could allow to “write” paths of freestanding-like graphene on a
coupled graphene layer modulating in this way both its optical response
and the local work function. This could pave the way to a tailored
manipulation of the electro-optical response over large areas such those
needed for the control of the electron emission from graphene in
thermionic energy converter (TIC) [58], electro-catalytic devices [59],
graphene-based plasmonic systems [60] and many others fields.
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