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A B S T R A C T

The development of ultrasensitive and biocompatible Surface-Enhanced Raman Spectroscopy (SERS) substrates,
able to provide uniform and reproducible signals, has become a focus of study in the last decade. Graphene, with
his advantageous properties, such as photoluminescence quenching of fluorescent dyes, chemical inertness and
biocompatibility, allows to overcome many important limitations of conventional metal SERS substrates. In this
work, we develop ultrasensitive graphene substrates by ethanol Chemical Vapor Deposition (CVD). Large-area
thin films composed of nanosized sp2 grains surrounded by disordered regions are obtained by lowering the
growth temperature from the standard 1070 °C to 700 °C. Our substrates are able to detect trace amounts of mol-
ecules, down to 6·10−11 M, which is the lowest concentration that has been achieved in Graphene-Enhanced Ra-
man Spectroscopy (GERS) with rhodamine 6G (R6G) as probe molecule. This outstanding result is attributable to
two main features: i) more efficient charge transfer due to the energy level matching between R6G and the
nanocrystalline graphene film; ii) large number of grain boundaries acting as “trapping sites” for the molecules.

1. Introduction

Surface-Enhanced Raman Spectroscopy (SERS) has attracted in-
creasing attention as one of the most efficient analytical techniques for
single-molecule detection [1–3]. SERS is a surface-sensitive technique
that allows a significant amplification of weak Raman scattering signals
originating from molecules adsorbed on a substrate, typically rough or
nanostructured metal surfaces [2]. A signal amplification of several or-
ders of magnitudes (8–14) has been achieved by exploiting the electro-
magnetic field enhancement properties of the substrates [4–7]. The sig-
nal enhancement in SERS originates from two main contributions: the
electromagnetic and the chemical mechanisms [1,8–10]. The electro-
magnetic mechanism (EM) that has dominant contribution to signal en-
hancement is due to a strong amplification of the local electromagnetic
fields near the metal nanostructures [8,10]. The chemical mechanism

(CM) is ascribed to the electron transfer between the substrate and the
adsorbed molecules [11]. The charge transfer occurs only when the
molecule is in contact or very close to the substrate with a distance
smaller than 0.2 nm [12], which is the reason why the CM is termed as
a “first layer effect” [13]. However, the signal enhancement by the CM
is typically 10–102, several orders of magnitude lower than that by the
EM [11]. Because the total SERS enhancement is the product of EM and
CM [14], coexistence of these two enhancement mechanisms makes the
SERS extremely sensitive for a single-molecule detection [14]. Never-
theless, the SERS has limits in practical application. For example, the
sensitivity of the SERS is considerably small for fluorescent molecules
because the Raman signals are hidden under broad fluorescence spec-
trum, being the cross section of fluorescence much larger than that of
the Raman scattering [15,16]. In addition, an important weakness of
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conventional metal SERS substrates is the difficulty in providing uni-
form and reproducible signals [12].

Graphene, a monolayer carbon sheet with honeycomb crystal struc-
ture, could serve as ideal SERS substrate for three main reasons [11]. i)
Fluorescent molecules adsorbed on graphene usually undergo a signifi-
cant photoluminescence (PL) quenching with a factor up to ∼103 [17],
which enables to obtain clearly discernable Raman signals [17]. ii)
graphene is chemically inert so that there is no significant alteration of
the electronic structure in the adsorbed molecules [18], but only an in-
crease of the molecular polarizability, which is in contrast to chemically
active metal substrates that form chemical bonds with the adsorbed
molecules [11]. Thus, the molecules on the graphene preserves their
Raman fingerprints with enhanced Raman intensities. iii) Biological
compatibility of graphene extends the application fields of SERS to
biosensing and drug delivery [11,19–21]. The Raman signal enhance-
ment by using a graphene substrate, termed Graphene-Enhanced Ra-
man Spectroscopy (GERS), has been widely investigated in the last
years and ascribed to the CM [11,18,22–24]. Since the EM generally re-
quires noble metal substrates (such as silver, gold and copper) with
rough or nanostructured surfaces that can effectively absorb the inci-
dent laser light (usually in the visible range) and generate surface plas-
mons, atomically flat graphene surface with low optical absorption of
2.3% and a surface plasmon in the THz region is not appropriate for the
EM [12,11].

Recently, considerable efforts have been devoted to clarify the fun-
damental mechanisms of two-dimensional (2D) CM-based SERS effect
and to further increase its sensitivity [25]. Femtomolar and sub-
femtomolar (∼10−16 M) detection for R6G molecules has been reported
in 2D transition-metal dichalcogenides (monolayer to few-layer NbSe2)
and 2D van der Waals heterostructures (graphene/ReOxSy) [26–28].
Such ultrasensitive SERS effect has been attributed to the strong adsorp-
tion energy and efficient charge transfer between the R6G molecules
and the substrate together with large DOS at the Fermi level, which in-
creases the charge transfer probability inducing outstanding Raman en-
hancement [26–28]. In the framework of graphene-based materials,
mechanically exfoliated graphene [11,29], graphene oxide [30–32],
CVD doped graphene [25,31] have been largely used as GERS sub-
strates. It has been reported that the edges of quantum dots, nanomesh,
and graphene nanoribbons are the main sites that greatly improve
GERS sensitivity [33–36]. Among the different graphene types, CVD
graphene films offer the advantage of continuous GERS substrates over
large areas. Moreover, CVD graphene is typically polycrystalline and
thus particularly suited for GERS, due to the high density of grain
boundaries [33–36]. Previously, we studied the CVD growth of poly-
crystalline graphene by using ethanol as precursor and showed the ef-
fect of the CVD temperature on the grain size control (from hundreds to
a few nm) [37]. In this work, we produced ultrasensitive SERS sub-
strates based on graphene films grown by ethanol CVD. At present, the
lowest detection limit obtained in graphene-based materials for rho-
damine 6G (R6G) molecules is 10−8 M and 10−10 M, achieved by using
CVD N-doped graphene [25] and exfoliated graphene [11] as sub-
strates, respectively. To further increase the sensitivity, we fabricated
nanocrystalline films composed of nanocrystalline sp2 grains of
5–20 nm surrounded by disordered regions (CVD temperature ranging
from 700 to 860 °C) [38]. The Raman signal intensity originating from
the R6G molecules was found to increase at smaller graphene grain
sizes. We were able to detect extremely low level of R6G molecules,
down to 6⋅10−11 M, which is the lowest concentration that has been
achieved in GERS for R6G molecules. The high GERS sensitivity of
nanocrystalline graphene films is attributed to two main features: i) in-
creased work function that allows for an effective charge transfer by en-
ergy level matching between the probing molecule and graphene; ii) in-
crease of grain boundaries, which act as “trapping sites” for the mole-
cules. Our work shows great potential of the nanocrystalline graphene
films grown by ethanol CVD at low temperature for GERS in detection

of Raman signals at single-molecule level. We demonstrate that nanos-
tructured SERS platforms based on chemical mechanism can be engi-
neered by simply tuning the CVD growth temperature.

2. Experimental and theoretical results

2.1. Structural and morphological investigation of the GERS substrates

The morphology of the CVD graphene films was investigated by HR-
TEM and Raman spectroscopy. The Gr1070, Gr860 and Gr700 indicate
the graphene films grown at different temperatures of 1070, 860, and
700 °C, respectively. As we previously reported, the samples maintain
the 2D geometry but have a different microstructure, which are com-
posed of crystalline grains and disordered regions [37]. Raman analysis
showed that only Gr1070 is highly crystalline with very low defect den-
sity, while Gr860 and Gr700 exhibited large amount of defects (Figure
S1). HR-TEM image of Fig. 1a and b show that Gr860 is a continuous
film composed of nanocrystalline grains with an average size of ∼20 nm
surrounded by disordered regions. The Gr700 showed drastically re-
duced average grain size of ∼5 nm and predominant disordered re-
gions, as shown in Fig. 1c and d. The Gr860 sample contains crystalline
grains with an average size of ∼20 nm, as confirmed by the bright spots
with six-fold symmetry in the fast Fourier transform (FFT) in Fig. 1b
(inset). Meanwhile, the Gr700 sample shows smaller crystalline grains
with an average size of ∼5 nm, resulting in a FFT with ring-like patterns
made of multiple spots (Fig. 1d, inset). As expected, a higher growth
temperature leads to samples with larger crystalline grains. As previ-
ously reported, the Gr1070 [39,40] exhibited well-stitched crystalline
graphene film without any disordered regions. Absence of D peak in the
Raman spectra of Gr1070 also supports that the higher crystallinity is
achieved for the graphene grown at higher temperature (Figure S1).

Surface morphology of Gr860 and Gr700 samples were investigated
using atomic force microscopy (AFM) as shown in Figure S2. The
Gr860 and Gr700 showed thicknesses of 1.5 and 2 nm with surface
roughness of ∼0.6 and 1 nm, respectively. The larger-than-expected
thickness of the samples might be due to disordered regions and poly-
mer residues.

2.2. UPS analysis

The work function of the graphene films was measured by Ultravio-
let Photoelectron Spectroscopy (UPS) over a sample area of 1000 μm2.
In a previous work from our group, [40,41] the work function of
graphene samples grown at 1070 and 790 °C (transferred on glass/ITO
substrates) were evaluated by Kelvin Probe (KP) method, finding values
of 4.6 and 4.9 eV, respectively. We then noticed that the work function
tended to increase when lowering the growth temperature. Here, we
implemented a specific setup and procedure to minimize any contami-
nation (see Methods) and study the work function of our GERS sub-
strates minimizing potential contamination and artifacts. In Fig. 2, we
show the secondary energy cut off (SECO) of the different as grown
samples under He I illumination (21.2 eV). The SECO trend follows that
resulting from the KP experiments performed after graphene transfer
[40]. Concerning the numerical value of the work functions, 3.9 eV for
Gr1070 and 4.5 eV for Gr700, it should be considered that the interac-
tion with copper, and with metal surfaces in general, can effectively
dope graphene and significantly shift its work function [42]. Anyhow,
from the measurements reported in Fig. 2 it is realistic to presume that
Gr700 has a different electronic structure and a higher work function
than Gr1070, also after transfer on SiO2.

2.3. CVD graphene films as SERS substrates

We performed Raman spectroscopy on R6G as a probe molecule.
R6G was deposited on the substrates via dip coating (as described in the
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Fig. 1. HRTEM images of Gr860 (a, b), and Gr700 (c, d). The graphene films are composed of highly crystalline grains surrounded by disordered regions. The crys-
talline grain size decreases as the growth temperature decreases. Inset: FFT images of the corresponding TEM images. Crystalline grains are highlighted by the orange
lines in panel b, c and d. The average size of the grains in Gr700 is slightly above ∼5 nm; however, a few larger grains were also observed and marked by red lines.
The largest area marked in blue identifies a tear in the film, likely due to the transfer process. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. SECO of the Gr1070 an Gr700 as grown on copper.

Experimental section), which guaranteed a uniform coverage over the
entire surface. Typical resonant Raman signals of R6G (6 × 10−5 M) ad-
sorbed on graphene films and on a bare Si/SiO2 substrate are displayed
in Figure S3a. When the R6G molecules are deposited on Si/SiO2 sub-
strate (purple line) no Raman is detected but only a strong PL signal ap-

pears. On the graphene films, instead, the PL intensity centered at ≈
610 cm−1 (2.26 eV) decreases and the Raman peaks of R6G appear. The
differences in PL emission intensity among the various graphene films
and the Si/SiO2 substrate is attributed to the graphene-induced PL
quenching, as previously reported [43,44]. Pristine graphene [11],
graphene oxide [45] and graphene-based derivatives [36,46–48] have
been widely used as substrates to drastically quench the PL background
and enhance the Raman signal from fluorescent molecules, allowing
their detection at low concentrations [17]. Dye molecules, as R6G, are
characterized by a large fluorescence background, which extends over
the entire visible range [49] and hides the Raman signal [17,50]. In
Figure S3b, a selected region of the spectrum is displayed to highlight
the Raman peaks of the R6G/Gr700, whose assignment is in agreement
with earlier studies (see SI) [51,52]. The comparison with the spectrum
of bare Gr700 (black line) shows that the typical D and G bands of
graphene materials (1343 and 1595 cm−1, respectively) overlap with
the Raman signal of R6G.

The Raman spectra of R6G on the CVD graphene films grown at dif-
ferent temperature are reported in Fig. 3a over a selected range. At a
first glance, the R6G peaks of R6G/Gr1070 have much lower intensity
than the peaks of the other samples. To quantify these observations, Ra-
man enhancement factors (EF) were calculated as the ratio between the
R6G SERS signal (i.e., the R6G Raman peaks intensity measured on the
GERS substrate) and the R6G Raman signal (measured on bare SiO2/Si
substrate). Details on the EF calculation process are reported in SI [7,
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Fig. 3. a) Comparison of the Raman spectra of R6G (6⋅10−5 M) on the different graphene films after PL background subtraction. The Spectra were offset for clarity.
The peak labelled with “Si” corresponds to the second order Raman Scattering of the silicon substrate b) Enhancement factors for the different R6G Raman peaks
calculated from Fig. 3a.

11,23,26]. We focused on six of the characteristic R6G Raman peaks
(located at 610 cm−1, 771 cm−1, 1180 cm−1, 1360 cm−1, 1505 cm−1,
and 1648 cm−1). The EF values are plotted in function of the R6G Ra-
man peak positions in Fig. 3b. Here we observe that R6G peaks are
greatly enhanced when deposited on Gr700 (red line in Fig. 3b) com-
pared to the other substrates, with EFs ranging from 12 to 45. More-
over, we observe that not all the R6G Raman peaks are enhanced in the
same way. Fig. 3b highlights that the EF is different for different peaks
and that the peak at 610 cm−1, which arises from the C–C–C ring in-
plane bending vibration [51], is enhanced the most. Such vibration de-
pendence of the EF is not surprising. It has been reported that the en-
hancement of different vibrational modes depends on the geometry of
the molecule on graphene and is related to the chemical enhancement
mechanism [9,11]. At the same time, at 1360 cm−1 the enhancement
may be influenced by presence of the D line of graphene (see Fig. 3b).
The uniformity of our samples has been verified by performing Raman
mapping. Representative Raman maps of R6G (6⋅10−5 M) on Gr700 is
reported in SI (Figure S4). To confirm the GERS sensitivity of the
Gr700 substrate, different organic fluorescent molecules, such as Crys-
tal Violet (CV) and Methylene Blue (MB), were used. The Raman peaks
of CV and MB were detected at a concentration of 6⋅10−5 M, confirming
the versatility of the nanocrystalline graphene for molecular sensing
(Figure S5).

In order to determine the detection limit of our GERS substrates, we
performed a systematic investigation by gradually decreasing the con-
centration of the R6G solution from 6 ⋅ 10−5 to 6 ⋅ 10−12 M. This is the
typical concentration range in standard SERS experiments [11]. Fig. 4

shows a comparison between the R6G Raman signal acquired for
every molar concentration on Gr1070 (panel a), as standard CVD
graphene film, and on the Gr700 substrate (panel b), being the one that
gave the best EF results. For both substrates the signal intensity follows
the decrease of the dipping solutions concentration. For Gr1070, the de-
tection limit was found when the R6G concentration is 6 ⋅ 10−9 M (Fig.
4a), which implies a sub-monolayer coverage of the substrates.[11] The
detection limit further improves when R6G molecules are adsorbed on
Gr700 (Fig. 4b), where well defined R6G Raman peaks can be detected
even for a concentration of 6 ⋅ 10−11 M. To the best of our knowledge,
this is the first time that a non-doped CVD graphene substrate is used to

detect molecules at such low concentrations (6 ⋅ 10−9 M and 6 ⋅ 10−11

M). Fig. 5a, b reports two bar charts summarizing the enhancement fac-
tors calculated for the main R6G Raman peaks of the two CVD graphene
substrates at the R6G concentration of 6 × 10−9 M and of 6 ⋅ 10−11 M.
We can observe that the Gr700 substrate not only enhances the R6G Ra-
man signals with EF values up to 5 times greater compared to Gr1070 at
a concentration of 10−9 M (panel a), but it also allows to detect mole-
cules at concentrations of 10−11 M with remarkable enhancement fac-
tors (ranging from 2 to 9), while no R6G Raman signal is detected on
Gr1070 (panel b). The EF values calculated for the R6G Raman peaks
on Gr860 ranges between a minimum of 0.5 and maximum of 4 at the
R6G concentration of 6⋅10−9 M. No R6G Raman signal is detected on
Gr860 at the concentration of 6⋅10−11M, as shown in Figure S6 and
Figure S7.

2.4. Role of the nanocrystalline grain size on the GERS effect

Within the aim of describing the electronic interaction of R6G with
the nanocrystalline graphene films, we carried out theoretical calcula-
tions based on the density functional theory (DFT). In line with the di-
rect HR-TEM observations, we have modelled the nano-sized graphene
grains (NGs) by hexagonal clusters, with diameters of 1.2, 1.7, 2.7 and
3.7 nm, passivated by hydrogen on the edges, as shown in Fig. 6a. The
graphene has been modelled by using a periodic supercell (Fig. 6b). The
model of R6G takes into account the interaction with the Cl− counter-
ion. We found that the role of the counter-ion is important since the
highest occupied molecular orbital (HOMO) level is localized on it (Fig.
7).

The difference between the lowest unoccupied molecular orbital
(LUMO) and the HOMO energy levels for R6G calculated with the cor-
relation functional Perdew, Burke and Ernzerhof (PBE) is found to be
0.76 eV, while the estimation of the hybrid correlation functional PBE0,
more accurate than PBE, is 2.3 eV, in good agreement with the R6G ab-
sorption maximum (approximately 530 nm). The model in which R6G
molecule is passivated with hydrogen (no counter-ion) gives a different
HOMO level and a PBE0 energy gap of 2.99 eV, which is much higher
compared to the experimental results. Liu and co-authors [35] used this
last model to describe the interaction of R6G with graphene and GQDs
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Fig. 4. Raman spectra of R6G deposited on Gr1070 (a), Gr700 (b). The R6G concentration was gradually decreased from 6⋅10−5 to 6⋅10−12 M. The detection limit
of each substrate is marked in yellow. The peak labelled with “Si” corresponds to the second order Raman Scattering of the silicon substrate. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Bar chart summarizing the EFs of the Raman signals of R6G molecules at concentrations of 6 · 10−9 M (a) and 6 · 10−11M (b) for both graphene substrates. No
R6G Raman signal is detected on Gr1070 at the concentration of 6⋅10−11M.

used as GERS substrates. We improved their model by taking into ac-
count the HOMO localization around the Cl− counter-ion. Fig. 6c shows
that the R6G HOMO level (solid orange lines) is localized in the NG gap
(between the NG HOMO and NG LUMO in black solid and dashed lines,
respectively). In other words, the R6G HOMO is not aligned with the
NG HOMO (solid black lines). However, we found an increase of the NG
HOMO levels with the increase of the grains size (Fig. 6c), leading to a
reduction of the energy difference between the R6G and NG HOMOs
(ΔH) for large clusters. Our calculations demonstrate that the R6G/NG
systems (with NG size < 3.7 nm) do not achieve an alignment of the
HOMO levels such as to favor an efficient ground-state charge transfer.
[11,24] In contrast, when R6G molecule is adsorbed in the periodic su-
percell of graphene, the R6G HOMO level is located below the graphene
Fermi level (Fig. 6d and Figure S8) favoring the charge transfer. Thus,
if we consider the graphene Fermi level as the HOMO level of a NG of

infinite diameter, we can conclude that a NG critical diameter must ex-
ist that allows the most effective ground-state charge transfer. We esti-
mate such critical diameter to be in the range 5–7 nm by fitting the cal-
culated data. Indeed, we have found significant correlation for the ex-
ponential decay of the NGs energy gap and ΔH. In this way, we can ex-
trapolate the NG size corresponding to the perfect energy level align-
ment (ΔH = 0) in the above-mentioned range (Figure S9).

3. Discussion

As mentioned in the introduction, the GERS originates exclusively
from a chemical enhancement mechanism [18], a short-range effect
based on a ground-state charge transfer between the molecules and the
substrate [18]. Two requirements must be met for a charge transfer to
occur: i) a distance between molecule and substrate below 0.2 nm

5
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Fig. 6. (a) Atomistic models of the NG grains with diameters of 1.2, 1.7, 2.7 and 3.7 nm. The corresponding HOMO and LUMO energy levels as well the energy gap
Egap are shown above each structure. C and H atoms are grey and white, respectively. (b) graphene periodic supercell model and band structure; (c) energy levels of
the R6G/NG model for diameters of 1.2 nm (NG1.2), 1.7 nm (NG1.7), 2.7 nm (NG2.7) and 3.7 nm (NG3.7). The energy difference between the R6G HOMO and the NG
HOMO levels (ΔH) are: 1.07 eV (NG1.2), 0.87 eV (NG1.7), 0.58 eV (NG2.7), and 0.37 eV (NG3.7). (d) Energy level diagram of R6G/graphene system. The R6G HOMO
level is located 0.25 eV below the graphene Fermi level.

Fig. 7. HOMO, LUMO and energy levels of R6G calculated with PBE0 (on the left) and PBE (on the right) correlation functional. C, O, H and Cl atoms are grey, red,
white and green, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(first-layer effect) and ii) a match between the energy levels of molecule
and substrate [12]. More specifically, if we consider the R6G/graphene
system (Fig. 6d), the Fermi level position with respect to the R6G
HOMO allows the electrons of graphene to contribute to the Raman
scattering. The shorter the distance between those two energy levels,
the more efficient will be the charge transfer [53].

Our results demonstrate that nanocrystalline CVD graphene can act
as highly efficient GERS substrate. At the R6G concentration of 10−5 M,
the EFs measured for the nanocrystalline graphene films (Gr860 and
Gr700) were found to be 3 to 9 times higher than that measured on high
quality monolayer graphene (Gr1070) (Fig. 3b). Moreover, Gr700 sub-
strate has shown high sensitivity for all the R6G concentrations and the
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ability to detect molecules down to 6 × 10−11 M (Fig. 5b). An experi-
mental explanation is given by the UPS results (Fig. 2): When moving
from pristine to nanocrystalline graphene, the electronic structure
changes and the work function increases, thus establishing a closer
matching with the HOMO level of R6G. Furthermore, by modelling the
atomic structure of film (made of sp2 nano-grains of different size em-
bedded in a disorder carbon matrix), a dependence of the Raman en-
hancement on the grain size emerges, possibly hinting at a role of grain
boundaries and defects too. We found that a critical NG diameter exists
that allows the R6G and NG HOMO levels to be aligned. In the case of
R6G/Gr700 system, most of crystalline grains have a size in the range of
5–7 nm (Fig. 1d) that, according to the DFT calculations, corresponds
to the highest ground-state charge transfer efficiency. Moreover, com-
pared to crystalline graphene film (Gr1070), nanocrystalline graphene
films (Gr700) have more edges and thus, under the same R6G concen-
tration, a more effective adsorption of molecules may occur. At ultra-
low concentrations (10−9 M and 10−11 M), for which the number of mol-
ecules is very low, the role played by the edge is further confirmed and
quantified in Figure S10 at the R6G concentration of 6 × 10−9 M,
where R6G/Gr700 system show a twice higher PL background com-
pared to R6G/Gr1070 one. Nevertheless, the increased number of mole-
cules is not enough to justify the full extent of the measured EFs (an in-
crease by a factor five) shown in Fig. 5a.

4. Conclusion

We developed an ultrasensitive GERS substrate, consisting in a
large-area CVD graphene film composed of nanocrystalline grains em-
bedded in an amorphous carbon matrix. Raman enhancement experi-
ments have shown the high efficiency of our GERS substrate (referred as
Gr700), which is able to detect R6G molecules down to 10−11 M. To the
best of our knowledge, such detection limit has never achieved before
with a non-doped CVD graphene film. UPS measurements revealed that
Gr700 work function increased with respect to that measured for a stan-
dard high-quality CVD graphene film, demonstrating a modification in
the electronic structure of the nanocrystalline film. Such results are in
line with the DFT calculations, performed by modeling the nano-sized
graphene grains as hexagonal clusters, and the standard graphene as a
periodic supercell. The increased work function results in a better en-
ergy matching between the R6G and the NGs HOMO levels, allowing
the involvement of more electrons in the Raman scattering and conse-
quently a larger enhancement effect in the R6G/Gr700 system. The syn-
ergistic action of the direct contact between the molecule and the sub-
strate, the energy alignment between the R6G the NGs HOMOs, to-
gether with the abundance of grains edges able to adsorb in increased
number of molecules, appear to favor an extremely high sensitivity of
our GERS substrate. Although femtomolar detection limits for R6G mol-
ecules have been achieved by using 2D materials based on transition-
metal dichalcogenides, our results are the best obtained for as grown
graphene and derivatives, not combined in heterostructure. Overall, we
have demonstrated that a nanocrystalline CVD graphene film, easily
transferrable onto arbitrary surfaces, represents a significant advance-
ment in the nano-engineering of SERS platforms, especially for biologi-
cal applications.

5. Experimental and theoretical methods

5.1. Growth and transfer of graphene-based films

Graphene was grown by CVD process as previously described [54].
A copper foils with a thickness of 25 μm (Aldrich) was used. After load-
ing of a cleaned copper foil, the temperature was increased to a desired
value (700, 860 and 1070 °C). Before growth, a mixture of Ar and H2
(20 : 20 SCCM) was inserted, then a mixture of Ar, H2, and ethanol was
provided (Ar : H2 : ethanol = 15 : 10 : 0.1 SCCM at 1070 °C for FLG, Ar

: H2 : ethanol = 15 : 10 : 0.02 SCCM at 1070 °C for SLG, Ar :
ethanol = 15 : 0.1 SCCM at 700 °C for nanocrystalline graphene). After
growth the samples can be either rapidly mounted onto a specially de-
signed support and inserted in ultra-high vacuum UPS pre-chamber for
the determination of the WF (few minutes exposure to air), or trans-
ferred onto other substrates for processing and application. Transfer of
the TEM samples was performed through the IPA method [55] directly
on TEM grids. Samples for Raman and GERS studies are transferred
onto Si/SiO2 (300 nm) using a temporary cyclododecane [56] layer to
protect graphene during the etching of copper in an Ammonium Persul-
fate solution (60 g/l) at 4 °C for a few hours. After rinsing in abundant
distilled water, the samples are scooped directly with the target sub-
strates and heated to 60 °C to remove the cyclododecane and finally
cleaned in Ethyl Acetate vapor.

5.2. Work function measurements via UPS

Since work function measurements are extremely sensitive to sur-
face contaminants and processing, we performed the measurements in a
controlled UPS experimental setup. The Cu foil substrate were precut to
the required 12 mm diameter disk size before growth. Immediately af-
ter extraction from the CVD at room temperature under inert gas, the
disks were placed onto UPS sample holders, inserted in the system high
vacuum pre-chamber and pumped down to 10−8 mbar in a few minutes.
To the best of our knowledge, there are very few reports in the litera-
ture for work function measurements of graphene on copper [57], if
any in the case of just-grown graphene or of graphene inserted in UPS
chamber via load locks. Overall this procedure granted minimal conta-
mination. The work function was measured from the secondary energy
cut off (SECO), taking into account the position of the Fermi Edge, un-
der He I illumination at 21.2 eV under −6 V sample bias, in a Vacuum
Science ESCALAB MKII. The sample holder design and analyzer aper-
tures were carefully set to gather reproducible results [58].

5.3. R6G deposition on graphene-based substrates

R6G molecules were deposited on the surface of the graphene sub-
strates via dip coating method by using a series of R6G solutions of
known concentrations. R6G (Sigma-Aldrich) was first dissolved in dis-
tilled water with a concentration of 6 × 10−5 M and then progressively
diluted in the same solvent, obtaining 7 new concentrations: 6 × 10−6,
6 × 10−7, 6 × 10−8, 6 × 10−9, 6 × 10−10, 6 × 10−11 and 6 × 10−12

M. The substrates were dipped in each solution for 2 h30 and then
rinsed with distilled water to remove the excess of R6G molecules, be-
fore being dried under nitrogen flow.

5.4. Micro-Raman/PL spectroscopy

Micro-Raman/PL measurements were performed by means of a
HORIBA Scientific LabRAM HR Evolution Raman spectrometer with an
integrated Olympus BX41 microscope using a 600 lines/mm grating
and a 100x objective. A laser excitation wavelength of 532 nm was fo-
cused on the surface with a spot size of approximately 0.7 μm in diame-
ter. Low laser power of 0.65 mW and an integration time of 1 s were
chosen to minimize the heating effect induced by laser. All spectra were
recorded at room temperature. Raman measurements were made in a
minimum of ten different points of each sample in order to account for
homogeneities. Where necessary the fluorescence background was sub-
tracted by applying a polynominal fit using the LabSpec software from
Horiba.

5.5. TEM imaging

The carbon layer grown on the back of the Cu foil was removed by
O2 plasma cleaning (O2 plasma condition: 20 sccm/100 W/5 min/
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100 kHz, Femto Science). Graphene was directly transferred to a TEM
grid to minimize potential residues [55]. The Cu foil was etched by am-
monium persulfate (20 wt%) for 2 h, followed by rinsing in DI water.
For structural characterization, we used TEM (JEOL, JEM-ARM 200F)
with low operating voltage of 80 kV to minimize any radiation damage
of the graphene samples.

5.6. AFM imaging

Amplitude modulation AFM (AM − AFM) micrographs were ac-
quired in air using an AIST-NT SmartSPM working in tapping mode.
The microscope is equipped with a scanning head providing a maxi-
mum image range of 100 × 100 µm, a conventional piezoscanner
(maximum xy range 100 μm and maximum z range 15 μm) and a four-
segment photodetector for cantilever deflection monitoring. A camera
and an optical microscope with a 100x objective lens allow precise tip
positioning. High quality AFM probes from MikroMasch (cantilever
length: 125 µm; nominal spring constant: 5 N/m) were used with Al
backside reflex coating, a resonance frequency of ∼160 kHz and a tip
apical radius of 8 nm. Measurements were performed by scanning a
minimum of five different areas for each sample. For each area, at least
10 sites were scanned. The scan rate and the oscillation amplitude were
set to 0,5 Hz and 20 nm, respectively. All the scans were acquired at
room temperature. The collected data were postprocessed using AIST-
NT image processing software. The AFM topography images were plane
corrected and the noise was removed by subtracting the mean value
from each scan line. Surface roughness values was calculated by averag-
ing the values acquired from at least five different regions for each sam-
ple.

5.7. DFT calculations

The theoretical investigation was carried out with calculations
based on the density functional theory (DFT) within the generalized
gradient approximation (GGA) with the Perdew, Burke and Ernzerhof
(PBE) correlation functional [59]. We used also the more accurate but
more computationally demanding PBE0 hybrid correlation functional
[60] in order to compare the results for the isolated R6G molecule with
those obtained using the PBE correlation. Our calculations were per-
formed using the DMol3 program [61,62] available as a part of the Ma-
terials Studio software [63]. The electronic wavefunctions are ex-
panded in atom-centered basis functions defined on a dense numerical
grid. The chosen basis set was DNP (double numerical plus polariza-
tion) where each basis function was restricted to a global cut-off radius
of 4.5 Å. The chosen cut-off value leads to atomic energies with an ac-
curacy of 0.1 eV/atom, allowing calculations without a significant loss
of accuracy. All geometry optimizations were performed using a
scheme based on delocalized internal coordinates. We set the geometry
optimization convergence thresholds for energy change, maximum
force, and maximum displacement to 10−5 Hartree, 0.002 Hartree/Å
and 0.001 Å, respectively. We have modeled the graphene clusters with
the C96H24, C216H36 and C384H48 hexagonal clusters passivated by Hy-
drogen on the edges, with diameter of 1.2, 1.7, 2.7 and 3.7 nm, respec-
tively. The graphene has been modelled by using 8 × 8 supercell and
imposing periodic boundary conditions. The width of the vacuum in the
direction perpendicular to the graphene plane is such that the interac-
tions among the periodic images of the system are negligible. We veri-
fied negligible interactions among the R6G molecule and its periodic
images, as well.
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